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Chapter 1

Introduction or: How to Look for New
Physics

Many pressing problems in the Standard Model (SM) require solutions and approaches that are
complementary - much like the two parts presented in this thesis. Let us begin with a close look at
a historical example - the hierarchy problem which can solved using such a complementary strategy.

The hierarchy problem (See Ref. [1]| for a review of the problem and possible solutions) arises
in the SM since the SM Higgs mass is not protected against large quantum corrections by any
symmetry. This implies that the Higgs mass would be quadratically sensitive to high scales (and
thus any heavy new particle that arises at thresholds). The largest one-loop correction to the SM
Higgs mass comes from SM top quark loops. This is given by:

2

Smy ~ — fﬁ% A? (1.1)

where A is the cut-off scale of the SM when seen as an effective field theory (EFT), while y; is the

SM top Yukawa coupling. A large cut-off value for the A scale ~ Planck Mass Mp; ~ 1019 GeV!

would imply (5m%{ > m%[ with m% being the bare mass term, giving rise to the so-called hierarchy

problem. To explain the observed physical Higgs mass mzl vsical o 195 GeV, a large tuning would

be required between the Higgs bare mass and couplings entering the one-loop correction. Whereas,

if the one-loop correction in Eq. 1.1 is set to be of the order of the physical Higgs mass 125 GeV,

to avoid an unnatural cancellation between the bare Higgs mass and the one-loop correction, we
would get:

A ~ dgmbrvsieal o O(TeV) (1.2)

where we have ignored O(1) couplings. Clearly, a new physics theory with new SM-charged degrees
of freedom arising at the TeV scale would be a natural way out of this problem.

Infact, this problem was commonly solved by introducing Supersymmetry (SUSY) (See Ref. [2]
for a recent review and references within). Under SUSY, particles come as degenerate pairs of
a boson and a fermion, thus each SM particle gets a “superpartner” which only differs from it
by its spin. Loop corrections from QCD-charged SUSY top partners called stops cancel one-loop
corrections to the SM Higgs mass from SM tops. Since these new SUSY particles carry SM color,
it was expected that they would be copiously produced in collisions at the Large Hadron Collider
(LHC). So far searches at LHC have turned null results on such heavy new particles (See for example

YAt m > Mp,, particle-antiparticle creation by the gravitation field become important, thus, quantum gravi-
tational effects cannot be ignored. This sets the upper bound on the A ~ Mp; above which SM cannot be the
fundamental theory to describe interactions.
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results in [3]).

Let’s turn to alternatives to such SM-charged particles which can also resolve the hierarchy
problem: these are given by Neutral Naturalness [4, 5]. Such theories introduce a Z3 symmetry
such that the SM gauge group and particles have a mirror or twin counterpart carrying no SM
quantum numbers. The one-loop top correction to the Higgs mass can now be canceled by the twin
top partner charged under a hidden QCD. Due to the absence of the SM QCD coupling, these
top partners would not be produced in large numbers at LHC. The production of these hidden
top partners is through the “Higgs Portal”, a mixing between the SM Higgs and twin/mirror Higgs
sector. Indeed such hidden sectors barely interact with visible matter and can go completely unob-
served in high-energy detectors (missing energy) or else show up as macroscopic displaced decays
(displaced vertices). More traditional high-energy colliders are not equipped to observe long-lived
particle signatures typical of such hidden valley sectors. However, in the last decade or so, a heavy
program for dedicated experiments for searching for such physics has been underway (See Ref. [6]
for a review). Note that other (non-top) hidden sector particles can be much lighter than the EW
scale. Such hidden sectors can be probed at high-intensity experiments running at a much lower
centre of mass energy than high-energy colliders. We will explore probing such a light SM-neutral
dark sector in the first part of the thesis (see Chapter 2 and Chapter 3).

Hierarchical Structure of Fundamental Physics
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Figure 1.1: Cartoon showing various scales relevant in fundamental physics, taken from [2].

Fig. 1.1 shows a mix of energy/mass scales based on experimental measurements as well as
untested theoretical predictions. It is evident that describing both visible matter as well as new or
invisible matter requires understanding and/or creating a hierarchy of scales. Moreover, answers to
the various open problems in fundamental physics can also span many orders of mass scales. Let
us concentrate on the dark matter (DM) problem: a possible DM candidate compatible with all
astrophysical and cosmological evidence could well be anywhere between O(1072!) eV to all the




Chapter 1. Introduction or: How to Look for New Physics

way up to O(Mg) (See Ref. |7] for examples of such DM models).

Why should we care about the Dark Matter problem?

Much evidence for dark matter in the form of observational measurements has been collected across
many length scales 2. The earliest hints of dark matter arose from its gravitational effect on galaxies,
to explain the flatness of galaxy rotation curves [12-14]. The flatness (contrary to Keplerian predic-
tion) of rotation curves suggests that an extended “dark halo” reaches beyond stellar distributions.
Gravitational lensing has also been used to detect dark matter surrounding galaxy clusters [15].
Due to the strong lensing effect, distant galaxies appear as tangential arcs. These distortions have
been widely studied to deduce the distribution of dark matter around galaxy clusters (See [16] for
example).

A very important probe for establishing the cold dark matter (CDM) paradigm is the observation of
the CMB fluctuations [17|. Energy injection between recombination and reionization will affect the
thermal history of the universe during the dark ages. The measurements of the Cosmic Microwave
Background (CMB) probe the dark ages and thus, indirectly can constrain any new physics that
would lead to such energy injection. DM annihilation into SM around red-shift of last scattering
(z ~ 1000) will inject energetic particles into the photon-baryon fluid. While cooling, these parti-
cles will heat and ionize neutral hydrogen, increasing the ionization level after recombination thus,
modifying the CMB anisotropy spectrum. (See Ref. [18])

Further, the large-scale structure of the Universe is very well described by the standard cosmo-
logical model of ACDM, where the presence of CDM provides a crucial contribution via its overall
energy density and through the primordial density perturbations (See for example Ref. [19] for more
details). Moreover, the gravitational influence of dark matter [17] is also key in the formation of
structure.

Instead of being an isolated dark particle, dark matter can come alongside its own zoo of dark
particles or dark sector which is dark or hidden. Such a dark sector could either be composed of
SM-charged fields or SM-neutral fields. If the dark sector is SM-neutral, it can couple to SM either
through gravity or via weakly coupled portal interactions. Despite being feebly coupled to the SM,
such dark sectors can still give interesting phenomenological signals at experiments (see chapters 2
and 3).

This thesis attempts to solve this dark matter/dark sector problem in the two historical ways
described earlier, either via:

e a heavy SM-charged new physics sector (Chapter 5 and Chapter 6), or
e a light SM-neutral new physics sector (Chapter 2 and Chapter 3).

Let us return to the issue of creating a large separation of scales in a theory.
Can strongly coupled theories create hierarchies?

Let us remind ourselves of Dimensional Transmutation in QCD - the most concrete example
we know of how non-perturbative physics can successfully explain hierarchies. We will eventually

2An alternative to the dark matter explanation is provided by theories of Modified Newtonian Dynamics
(MOND) [8]. However, popular candidates of MOND theories give a notably worse fit to CMB and large scale
structure data compared to the ACDM fit [9, 10]. In addition, a recent analysis [11] of Milky Way observable data
is also in tension with MOND.
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see how this same underlying mechanism can be used (and is used in this thesis too) to construct
theoretical models trying to explain the biggest BSM puzzles of our times.

Let us look at the case of massless QCD with only two flavours of quarks “up” and “down”
quarks with mass m = 0. This massless QCD can be parameterized by its running coupling
constant agcp(p) where 1 is the renormalization group (RG) scale. We can begin with the RG

equation:
dop)
dinp

Bla) (1.3)

The proton mass m,, is the physical scale at which the QCD coupling becomes “strong”. For this
example of QCD with ny = 2, the 1-loop beta function coefficient is Sy = 29/3 giving

29

Blagep) = —67042QCD(M) (1.4)

We can now write the mass of the proton m,, choosing p to be the Planck Scale Mp; as:
m, = Mp e~ 1/C agop(Mpi) (1.5)

where C' = 29/67. To get the required hierarchy of my,/Mp; ~ 10718, we require agep(Mpy) ~
10~2. This is very powerful. A hierarchy of O(1072) in the UV-coupling gets exponentially stretched
to explain the IR mass parameters we anticipated. This can be the guiding principle for uncovering
BSM mechanisms that can help us address questions like the stability of dark matter.

I) Hierarchy for dark matter stability

While dark matter (DM) has to be stable over cosmological timescales, some rare decaying DM may
give rise to observable signals in the spectrum of high-energy cosmic rays. These decays would be
induced by operators involving both DM and the SM. These indirect detection bounds can constrain
the DM lifetime. Current strongest bounds on mpys ~ O(100 TeV) come from IceCube and 7-ray
measurements implying the lower bound on lifetime [20-22]:

Toar > 10% sec (1.6)

If the DM decay occurs by some operator of dimension D characterised by a coupling «, the bound
in Eq. 1.6 can be translated to a hierarchy of scales between the physical DM mass mpps and the
UV scale suppressing the operator. The DM width decaying to SM can be estimated as:
2D—-17
~ i Mpym (1 7)
2D—-8 :
8 Ay

Fixing k = 1, and Ayy to the Planck Scale, we can get:

For D=5, mpy~107° GeV = 21 1022 (1.8)
Uv
For D=6, mpa ~ 10—100 TeV = “PM _ 10-14 _19-15 (1.9)
Uv

For an SM-charged dark sector, collider signatures of SM-charged states put strong constraints
on a O(GeV) scale DM candidate. However, a DM candidate having mass ~ 10 — 100 TeV is
sufficiently heavy to be out of reach of colliders. Let us focus on such a heavy DM candidate.
The creation of such a hierarchy as given in Eq. 1.9 naturally leads us to a QCD-like theory where




Chapter 1. Introduction or: How to Look for New Physics

103! 1070
Indirect Detection Limits on DM— bb ~-ray Limits
on DM~ bb

1030 1020 L

oM [8]
cosmic rays

: w
29 . v - )
10 S g 10
ol i s / N
98 -,‘\’l : //
1028 i ; . g / _ |
i : 10 ; Fermi SWCO
; o /— HAWC — --- CTA
102. _ _ L N L - L - - - -
10° 100 10° 10t 10v 0% 10 1wt o100 10° 107 108 10f
mpu [GCV] mpu [GGV]

Figure 1.2: Left: A subset of current indirect detection constraints on the DM lifetime for decays to bb
taken from Ref. [21]. The results in particular show limits obtained using -ray [22], neutrino [20], and cosmic-
ray studies. Right: An example of the near-term improvements that will be achieved in «-ray searches for
heavy DM. For this specific channel (DM — bb), it is clear that SWGO will considerably improve reach on

DM lifetime

such a hierarchy of scales for a TeV scale DM candidate would emerge easily. Dark matter could
be a proton-like state formed out of new light quarks interacting under a new strong dark force.
This new force called dark colour (DC), confining at a scale given by Apc, can be parametrized
by the coupling constant apc(p). For 3 dark colours and 2 dark flavours, a coupling value of
apc(Auv) ~ 2 x 1072 would give the required hierarchy mpas/Auy ~ 107 for a TeV scale dark
matter. Let us comment also on the mechanism required to produce such a 10 — 100 TeV scale
DM. Thermal freeze-out for such a proton-like DM candidate gives a value of Apc ~ 100 TeV?3. It
is an interesting coincidence that the bound from DM stability on Planck mass suppressed D = 6
operators gives the same value of mpjs as the one obtained from requiring that such a proton-like
DM behaves like a thermal DM candidate. The second part of the thesis explores this theme and
the details can be found in Chapters 5 and 6. Note that such a heavy DM candidate will be probed
by future indirect detection experiments like CTA and SWGO (see right plot in Fig. 1.2).

II) Hierarchy for conformality

A large separation of energy scales in a theory A;jg < Ayy, where Aty is some IR scale while Ayy
is some UV scale, would imply that the energy dependence of physical quantities at A;g < F < Ayy
would be small. This corresponds to approximate scale invariance in the theory.

We could envisage an extension of the SM that has this scale-invariant property. Such a scale-
invariant extension of the SM would not have particle-like excitations [24]. In order to experimentally
probe such an NP extension, the scale invariance is at most approximate and it must be broken.
Any interaction of this NP sector with the non-scale invariant SM would break this symmetry.
Introducing a mass gap Ajr in this sector would also imply breaking the scale invariance, below
which the spectrum can contain particle degrees of freedom.

A possible dark sector with a large separation of scales Ajp < Ayy can be approximated as a
scale-invariant sector at energies far from the two scales Ajp € E < Ayy. Production directly in
the scale-invariant regime would mean that any energy dependence on the thresholds can be neglected.
These sectors interacting via irrelevant portals with the SM can be experimentally probed at various

3In the large N limit, baryonic DM mass ~ NApc where N is the number of dark colors.
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Figure 1.3: Compilation of inclusive data in range for hadronic R-ratio R(s) [23].

terrestrial experiments [25]. In the first part of this thesis, we use such a framework in order to
study such approximately scale invariant sectors at neutrino oscillation experiments, details can be
found in Chapters 3, and 2.

In this context, we should also highlight another interesting property of QCD: predictability in
the E — oo limit away from thresholds. The cross-section for ete™ — hadrons in the high energy
limit can be written in terms of the hadronic R- ratio:

o(ete” — hadrons) = R(s) x a(ete™ — utpu™) (1.10)

with R = N. >, Q(g¢i)? in the high energy limit. This can be seen in Fig. 1.3.
This same idea will form the skeleton of the first part of the thesis, where computing dark sec-
tor production cross-section at energies far from the thresholds can be done without many model

assumptions.

Overview of this Thesis

The work in this thesis attempts to account for New Physics in two complementary ways. Part I,
based on Ref. [26] extends the Standard Model (SM) with a putative new sector which is SM-neutral
and light ~ O(MeV). Whereas part II of the thesis, based on Refs. |27, 28|, involves extending both
the SM matter and SM gauge group with a new QCD-like strong force as well as new SM-charged
fermions which gives a dark sector with heavy dark matter ~ O(100 TeV). The backbone of this
thesis involves recycling ideas from the SM itself as a way to search for NP, in particular from QCD
itself as were highlighted in this chapter.




Part 1

How to probe a light dark sector and not
care too much about the model




Chapter 2

Introduction to Part I

In this chapter, we will lay out the main foundation for the discussion in Chapter 3. We will
introduce hidden sectors and eventually focus on irrelevant portal hidden sectors. We will view the
main strategy used for drawing constraints and results in the next chapter, highlighting its strengths

and weaknesses.

2.1 Hidden Sectors

Entire “hidden” or dark sectors with very tiny couplings to the SM have the extraordinary potential
to address the most pressing problems in particle physics. We already saw in Chapter 1 how
such hidden or dark sectors can provide alternative solutions to heavy new physics for solving the
hierarchy problem in the SM. Such hidden sectors comprise any new physics with non-SM matter
not interacting with any SM force and can arise robustly within the QFT framework. (For complete
reviews on motivations and models, see Ref. [29, 30]) In addition, they can also arise in top-down
theoretical considerations like string theory. (See [31] for example)

The feeble nature of the couplings of these sectors may lead one to regard them as inconsequen-
tial. Interestingly enough, this feebleness can be the key to their discovery. The lifetime of any
decaying particle 7 = I'™! o« k=2 where I' is the decay width of the particle and & is the strength
of interaction between the new hidden sector and SM. For a small value of k, the hidden sector
particles would be long-lived particles (LLPs). This means such invisible LLPs can be discovered
in detectors placed far from the interaction or collision point - free from the SM background. It
is already clear that with the plethora of terrestrial experiments including high-energy colliders,
high-intensity experiments as well as future-forward experiments, we can hope to explore the entire
parameter range for these LLPs (See Fig. 2.1 for an overview of how different experiments cover the
LLP parameter space).

These hidden sectors need to be categorized and this can be systematically done in terms of
portals mediating the SM-DS interaction. Any general portal can be written as:

Lyportal = Z Osm x Opg (2.1)

where Ogyr is an operator composed of SM fields whereas Opg is an operator comprising dark or
hidden fields and the summation implies a variety of portals going over many dimensions. In fact,
the portals can then be arranged in terms of their dimensionality . The most common and well-
studied lowest-dimension portals are given below:
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D <5 Portal NP Particle Operator
Vector Dark photon —ﬁBW F;/w
Higgs Dark scalars (AS+\SHH'H
Axion Pseudoscalars JéiaFWFW, J%Gwyééw, %&7“7517!)
Neutrino Sterile neutrinos ynNLH

where B*" = 0,,B, — 0,B,, is the hypercharge field strength tensor, ), = 0,4, — 9, 4], is the
field strength tensor of the U(1)p dark vector boson, H is the SM Higgs doublet, L is a SM lepton
doublet of any generation, F),,(G;..) are the field-strength tensors of the SM photon (gluon) field
while v stands for any SM fermion. Each of these SM gauge singlet operators Ogy serves as the
portal to the DS by coupling to the dark fields (in the table above): a vector A’, a scalar S, a
pseudoscalar a, a fermion V. All the portals given above are renormalizable except the axion portal
which is non-renormalizable with D = 5. These minimal renormalizable portals can be generalised
to irrelevant or D > 5 case by picking general operators with higher dimension on the DS side, Opg,
instead of single fields.

We will not review these commonly studied portals here. The reader is directed to any of the
following comprehensive reviews, and main papers on these portals: See Refs. |32, 33] for dark
photon, Ref. [34] for dark scalar case, for axion portal (D = 5) Refs. [35-41] (see |42] for a study
specific to neutrino experiments), See Ref. [29, 30, 43] for a review on these portals.

In this part of the thesis instead, we concentrate on higher dimension portals with dimension
D > 5. It is interesting to note that for D = 4 portals, for the SM-DS interaction to be weak,
the portal coupling should be small: any of the coefficients € , A ,yy appearing in the portals in
Table 2.1 must have value < 1. Whereas, for the case of irrelevant or D > 5 portal, this interaction
coupling is naturally weak due to suppression coming from the UV scale in the portal.

Next, we will review the main probes to constrain hidden sectors and then discuss the motivations
to probe portals with D > 5.

2.2 Common Experimental Probes of Dark Sectors
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Figure 2.1: Schematic summary of reach and coverage of current, planned or proposed experiments in
terms of the LLP mass, lifetime and the required parton center-of-mass energy, v/§ taken from [44].




2.3. Why Look for Irrelevant Dark Sectors

e At proton colliders: Dark sector particles with large branching ratios originating from Higgs,
Z boson can be copiously produced at high energy colliders running at large centre-of-mass
energies. These probe dark sectors in the GeV range produce very collimated SM jets due to
the large boost of the DS particle. For details on search strategies of strongly coupled hidden
sectors at LHC, see Ref. [45].

o At high intensity experiments: Hidden sector particles below the electroweak scale can be
copiously produced at low-cost experiments (with respect to high energy colliders or more
futuristic LLP experiments like MATHUSLA which require more capital investment) at the
intensity frontier. Such experiments generally have center-of-mass energies much lower than
the typical high-energy collider machines. Such high-intensity experiments involve a proton
or electron beam (or even muon beam, see ref. [46-48| for future proposals of fixed target
experiments with a muon beam) hitting a fixed target, producing a high flux of SM particles
alongside a beam of putative DS particles (see ref. [49-54] for general reviews on the capabilities
of high-intensity experiments).

e At neutrino oscillation experiments: These come under high intensity experiments but due to
the huge neutrino experiment program in progress and their multi-purpose nature, we class
them as separate probes. Short and long-baseline neutrino experiments happen to be placed
behind some of the most powerful proton beams up to date. Thus, they provide an ideal
(and low-cost) and pre-existing infrastructure for probing low scale dark sectors. Further,
a rich short-baseline experimental program for neutrinos has been planned at Fermilab (e.g.
DUNE, SBNP, see ref. [55-57] for experiment details, ref. [58-60] for recent studies on DS
search at these experiments). These new proposals will improve upon the current neutrino
experiments, using a higher number of protons on target (POT), and better detectors that
can help in reducing SM background [61], therefore leading to an increased sensitivity for DS

searches.

o At Forward and future LLP experiments: Apart from neutrino experiments, a natural setup
to probe DS is at future experiments proposed for long-lived particle (LLP) searches (e.g.
see [30, 62] for a review). See also [63] for first run results from FASER which reported no
signal events for a DS search.

In Fig. 2.1, we see an overview of how the different experiments probe the LLP/hidden sector
parameter space. In the next section, we narrow down to irrelevant portal dark sectors - the
focus of this part of the thesis and make the cases for probing these scale-suppressed portals with
dimensionality D > 5.

2.3 Why Look for Irrelevant Dark Sectors

While the case of renormalizable with D < 4 and axion portals with D = 5 has been widely covered
in literature, generic non-renormalizable portals with D > 5 have been covered in a less exhaustive
way. Here we will make a case for irrelevant portals. In this section, we will demonstrate the
properties of irrelevant portals that will allow us to construct a model agnostic strategy - something
not possible for the relevant case.

Let us look at two generic DS-SM portals which could be in the new physics Lagrangian:

K

L DK OSM ODS + ...+ O/SM O{DS s (22)
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where k, and ' are dimensionless couplings, the first term is a marginal portal with D = 4 or
[Osm| + [Ops] = 4. This can be mapped onto any of the marginal scenarios discussed previously,
for example the dark scalar case would imply Ogy = HTH and Opg = S2. Let us look at the last
term in this hypothetical NP scenario which has D = 6 or [Ogm| + [Ops] = 6. Based on naive
dimensional analysis (NDA), we can write the cross-section for production of DS from SM particles
for the two cases as:

4rK? 4rK'?
2
OpD—g ~ E T F OpD=g ~ E — (2.3)
threshold = UV threshold

where E is the energy at which we are probing this NP scenario. Here ), ... sums all the
infrared threshold contributions in the total cross-section o. These contributions can come from
weakly coupled single particle states or else bound states (hadronic resonances in the case of a
strongly coupled theory or “positronium” like bound states for weakly coupled theory).

It is clear that at low energies F < Ayy the DS production cross section from the irrelevant
portal will not be significant. Both at high E and for low Ayy however, the op—g contribution
could become important. It is clear that op_g will clearly grow with the energy of the experiment.
If we want to translate this to an experimental distribution, this would mean that the bulk of events
would be expected at high energies.

Let us look at concrete scenarios of both an irrelevant DS-SM portal and a marginal /relevant
portal. For the irrelevant portal scenario, we pick the following portal with overall portal dimension
D =6 [25]:

KR

A2 (éR'YM@R)(X’Yu'YE)X) (2.4)
uv

where a free SM-neutral Majorana fermion x couples to the SM electronic current (égy*er). The
dark UV theory has a scalar ¢ which can decay to égy via its Yukawa coupling. ' The portal in
Eq. 2.4 is generated after integrating out the mediator ¢ for mg > m, . For a stable x, this portal
can be constrained in missing energy searches at LEP2 in ete™ collisions by the OPAL [64] and L3
collaborations [65]. Fig. 2.2a taken from Ref. [25] shows the differential number of events for the
process ete™ — DS + v as a function of the recoil mass to the photon system 2 for this particular
portal. It is clear from this case that the contribution to the DS production cross-section is larger
for large DS invariant mass (or photon recoil mass).
Let us now contrast this with the case of an unparticle hidden sector portal discussed in [66]
with overall portal dimension D < 4:
(H'H)(Ops) (2.5)

Here the Opg is a gauge invariant operator for a hidden sector with Ny scalars so concretely
Ops = qﬁ;rqﬁj with operator dimension close to 2 3. This hidden sector could be produced at high
energy colliders like LHC via the partonic process gg — h* — DS where the hidden sector is
produced via mixing with an off-shell higgs. Fig. 2.2b taken from Ref. [66] shows the production
cross section for such a hidden sector and its variation with partonic energy s. It is clear that the
largest contribution to the cross-section comes from small values of s [66] in this case. Because
of the behavior of the total cross-section, threshold corrections cannot be ignored here. This is

!This hidden sector is similar to a simplified SUSY model with a neutralino x and a selectron ¢.

2This final state v are produced due to initial state radiation (ISR) from the incoming electrons, positrons at
LEP.

3This is a mass operator which develops small negative anomalous dimension so [Ops] < 2.
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Figure 2.2: Left: Differential number of events for et + e~ — v+ DS as a function of the recoil mass
(equal to the DS invariant mass) at LEP. The black and red curves correspond to the DS with one Majorana
fermion coupled to the SM through the D = 6 portal of Eq. 2.4. The portal coupling x has been set to 1
and the mediator mass Ayy has been set to 250 GeV. The two curves correspond to two different masses of
the DS fermion m shown in the plot [25]. Right: One possible shape for the cross-section o(s) to produce
hidden sector particles given in Eq. 2.5, versus partonic energy taken from Ref. [66].

Energy

very different from the irrelevant portal discussed earlier where the total budget of the cross-section
allows us to ignore infrared threshold corrections. This leads us to the next question:

Can we exploit this particular property of irrelevant portals to build a model agnostic framework?

Let us envisage a scenario in which the irrelevant dark sector in the example, is scale-invariant
much above the mass gap, Ajg (mass of the dark fermion y) 4. If the energy /s of an experiment
that probes the DS is such that Ajg < /s < Ayy, the DS states are produced directly in the
conformal regime. The cross-section to produce such a dark sector in the conformal regime opg
can be written in terms of two factorised out matrix elements® comprising the SM amplitude and
associated phase space and the DS amplitude and phase space as:

ons o [ sl Msul x 3 [ dbps (0] Ops ) (2.6)

= 21Im (i (| T{OpsOps} |2))

where the DS operator Opg interpolates a DS state |n) from vacuum |Q2) and the integration is
over the entire dark sector phase space d®Ppg. Here in the second step in Eq. 2.6, we have used
the optical theorem. This optical theorem allows us to sum over the DS phase space in an inclusive
manner and relates it to the imaginary part of the two-point function of the DS operator, which in
the conformal regime is fixed by the scaling dimension of the operator as:

Im (i (2| T{OpsOps} |2)) o (p*)>7 (2.7)

where A is the scaling dimension of the operator Opg. Inclusive DS production rates can be es-
timated using only the scaling dimension of the DS operator, along with the optical theorem. It
is this property of a scale-invariant dark sector that we deem model agnostic since computing the

4The presence of a mass gap breaks scale invariance in the IR but we can still approximate the dark sector very
well as a scale-invariant one at A;jr € F < Auv
5The physics at long-distance scale will decouple from physics at short-distance scales
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production cross-section does not require specifying the fields comprising the composite operator
Ops |25, 26]. The next natural question is:

Can we get meaningful constraints for any dark sectors under this framework?

Under the conformal approximation, the E? behaviour of the cross-sections given in Eq. 2.3 is
captured well, however, the infrared threshold corrections cannot be predicted under this approach.

It is clear that the importance of the infrared threshold contribution depends on the behavior of
the cross-section with energy or indirectly on the overall dimensionality of the portal. In the relevant
portal case of Fig. 2.2b, the resonances at threshold are given by weakly coupled bound states ¢ .
These contributions will become important due to the decreasing behavior of cross-section as seen
in Fig. 2.2b. Similar threshold contributions for the irrelevant portal case in Fig. 2.2a will not be
important in the total cross-section as the bulk of events is coming from energies much larger than
the thresholds.

More information regarding the hidden sector model and conformal symmetry breaking would
be required before saying anything meaningful in this case. Thus, we see that the prediction from
conformal dynamics is only reliable if all the kinematics of the hidden sector lies much above the
mass gap, or mg in this case (See also [66]).

At this point, we can circle back to the irrelevant portal DS we discussed earlier in Eq. 2.4 and
also Fig. 2.2a where the distribution is dominated by events from energies much above the two
mass gap values, i.e. the conformal regime of the sector. There can be multiple other scenarios
for such irrelevant portal dark sectors where the dark dynamics is well-captured by a conformal
theory at energies Ajg < E < Ayy with Ajg being the generic mass gap in the sector (where the
conformal approximation is not good) and Ayy is the mediator between the SM and dark sector.
Many examples of such sectors have been discussed in [25]. How to probe such sectors at neutrino
oscillation experiments will form the first part of this thesis which is mainly based on Ref. [26].

2.4 Caveats in our Strategy

So far we have lauded the conformal approximation approach for its implicit model agnosticism,
but in this section, we will elaborate on the possible caveats such model agnostic approaches tend
to suffer from.

I) Living without mediators ¢

Hidden valleys [31] (HV) are a popular scenario of irrelevant portal DS in literature. These
involve models of strongly coupled new dynamics that interact with the SM via irrelevant portals.
They were theorized with the hope of discovery at LHC (or Tevatron) by the open production of
their TeV scale mediators. In Fig. 2.3, the cross-section for the production of hidden valley particles
can be seen as a function of the center of mass energy E.,,. The production cross section is enhanced
due to resonance at the mass of the mediator Z/, myz = 1 TeV. By now Hidden Valley models
have come to include a much larger class of models motivated by various BSM scenarios and with
a much wider phenomenology (for example see Ref. [45]). The key point here is that discovery of
hidden valley irrelevant dark sectors was anticipated based on the open production of their heavy
mediators. Could the discovery of the light hidden sector precede that of the heavy mediators? This
is the question we have tried to address here in this part of the thesis [26] (See also [25]). We will
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Figure 2.3: Differential cross-sections for hidden valley particles as a function of partonic c.m. energy +/s.
The solid curve represents the inclusive cross-section without acceptance cuts, the dashed is with the trigger
requirements [67]

consider DS-SM portals generated after integrating out the heavy mediators and probe the dark
sector directly in the scale-invariant regime.
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(a) Continuous energy spectrum of electrons emitted (b) Figure taken from Ref. [68] to show how
in 8 decay which pointed to the existence of neutri- non-zero mass of neutrino affects the endpoint
nos - an analogy of discovery of a dark sector in its of the beta spectrum. The dotted and the
conformal regime (described in the main text). dashed lines correspond to m(v.) = 0, the solid

line to m(ve) = 10 eV.

Figure 2.4

Living in a world described by an effective field theory (EFT) where the heavy mediators have
been integrated out, comes with a disadvantage: constraints tend to become weak (and conserva-
tive). Any experimental data must be interpreted under the effective field theoretic perspective bin
by bin. The momentum flowing in the contact interaction or DS invariant mass ppg cannot exceed

2
the mass of the mediator Ayy. Imposing 11\7]238 < 1 on the experimental data implies getting rid of
any possible signal in experimental data bins with energy close to Ayy as our EFT loses validity
(See Ref. [25, 69]).

Fermi’s theory: Let us draw some parallelisms with the Fermi’s theory of weak interactions
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and the discovery of neutrinos. The continuous energy spectrum of electrons in the beta decay
n — p+e  + v, (shown in Fig. 2.4a) first led Pauli to postulate the existence of neutrinos in 1930.
Infact, neutrinos can be seen as a dark sector produced by a dimension-6 four-fermion operator
made of visible matter and invisible neutrino sector:

ijyﬂ(l - 75)7167/1(1 - '75)Ve = OViSVe

Indeed, the neutrino discovery via beta decay can be compared to the production of a conformal
dark sector as we now explain. The beta decay energy spectrum and the endpoint of the energy
distribution in Fig. 2.4a is dominated by the kinematic phase space information and is limited by
(my, — myp)? with m,, and m, being the mass of neutron and proton respectively. In fact, the end-
point of this energy distribution which led to the discovery of the then “dark” sector is much below
the UV threshold - for the weak interaction (we now know) that the mediators are W bosons hence
Ayv = myy = 80 GeV. The IR scale instead is the neutrino mass so Ajg = m, hence we see that in
some sense the neutrinos were discovered first in their conformal regime m, < /sg < mwy where
/58 ~ mp —my. For a truly conformal neutrino sector m, = 0, the non-zero mass can affect the
energy spectrum, but this effect is very small as can be seen from the Fig. 2.4b [68|. In this case, the
threshold effects do not change the prediction. Thus, the beta decay and the eventual discovery of
neutrinos form a toy conformal dark sector, analogous to the dark sectors discussed in the sections
in this part.

II) Do distribution functions favour conformal behavior/approximation?

The naive dimensional analysis expectation for an irrelevant portal cross-section points to growth
with energy. We can also see this in Fig. 2.5b where we have plotted the differential cross-section
for do(qq — DS)/dp}g for a dimension 6 portal of the form

(1/A%y)OpsOsyr.

Here, p2DS is the squared invariant DS mass. But note, that at LHC, we observe the process pp — D.S
meaning the partonic cross-section o(qqg — DS) must be folded with the partonic distribution
functions (PDFs). The cross-section for pp — DS can be schematically written in terms of the
partonic cross-section and PDFs in the standard way as:

do gz dx P2
omons = [t [0, ( oo ) oy 22 28)
DS

where f,(Q,x) and fz(Q,x) are the usual partonic distribution functions for the corresponding
partons carrying the momentum fraction x at a scale (). Let us further write the relevant PDFs
contribution to o(pp — DS) as the partonic weight W defined in the usual way in literature (see

[70]):
qu<s, \/lgs> Z/pl d;fq<\/%,x>fq<\/z§s, iDj) (2.9)

ths/s

The partonic differential cross section for an arbitrary D = 6 portal producing DS, based on
NDA can be written as:

dogg 1 p}
%4 o ~PDs (2.10)

dp12:)s $ A%Jv
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Figure 2.5: Left: Partonic distribution functions or partonic weight distribution for the pp — DS cross-
section where /s = 1 TeV. Right: Differential cross-section for gg — DS as a function of p34 for a D = 6
portal (we pick Z portal defined later in the thesis) growing with energy.

We can plot both the quantities in Eq. 2.9 and Eq. 2.10 as functions of pQDS in Figs. 2.5a and
2.5b.

From Fig. 2.5a, we can see that PDFs tend to bias the lowest accessible energy at high-energy
colliders, thereby a convolution of the partonic cross-section and partonic weight in Eq.2.9 and
Eq.2.10 does not truly grow with energy (See also Fig. 3.1 for Drell-Yan production of DS which
is the convolution of the two). Thus, the measured cross section or observed events for pp — DS
for irrelevant portal at experiments may not always follow a strict growth with /s. Of course,
the conformal approximation is much more pathological in the relevant/marginal portal case as we
have pointed out so far and as is clear from the Fig. 2.2b. This pp — DS behavior is also in sharp
contrast with measured events at an e~ e™ collider LEP for the dimension-6 portal shown in Fig.
2.2a which did grow with energy. This strict growth feature is not visible at a possible measurement
at proton-proton pp colliders or beam dump experiments where the cross-section involves interaction
between protons in the beam with protons/neutrons in the target. In our analysis, to consider events
only in the conformal regime, we impose a lower cut on the pQDS such that we only include events
compatible with pQDS / A%R > 1 only. However, note here again that a DS with a mass gap given
by Argr cannot have invariant mass lower than nAg where n is the number of lightest DS particles
produced in any DS search. We find that this kinematic condition on p2DS > n2A12R almost always
takes care that we consider events in the conformal regime. (See also discussion in B.3)

Alternatively, there can be scenarios where due to kinematics, the DS invariant mass or ppg is
fixed. This can be the case for Higgs resonant DS production h — DS where the SM Higgs h can
decay to dark sector particles. Infact, Ref. [25] concluded that the strongest constraints at LHC can
be derived from such processes for irrelevant portal conformal dark sectors. (See Fig. 5 for example
in [25]). Mesons decaying only to DS given by V' — DS is also an example where ppg gets fixed by
pQDS = m%/ where my is the meson mass. See detailed analysis in Section on Annihilation decays
and text around Eq. 3.15. Despite the cross-section growth with pQDS is not always very obvious in
production modes like Drell Yan in Fig. 3.1, note that for the bremsstrahlung production mode, the
bulk of the contribution to the cross-section comes from the peaks at ppg > Argr from the mixing

with p and w mesons.

At this point, we have outlined how we can construct a model-agnostic framework for constrain-
ing scale-suppressed irrelevant portal dark sectors interacting with the SM based on conformal
approximation. We have also highlighted why this cannot be used as a probe for relevant portals
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using concrete examples. In the next chapter, we will describe our strategy more in detail and give
specifics on the particular portals that we constrain at neutrino oscillation experiments.
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Chapter 3

Searching for Dark Sectors at Neutrino
Experiments

In this chapter based on Ref. [26], we probe SM-neutral dark sectors that interact via irrelevant
portals with the SM at neutrino oscillation experiments. On general principles we are led to D ~ 5
and D ~ 6 portals. Such dark sectors are in general very elusive due to the irrelevant nature of
the portal. The results presented here are complementary to the constraints from current high
energy terrestrial experiments and astrophysical data, presented in [25], and in specific cases, much
stronger, as we point out in the relevant sections.

In this chapter we consider various (inclusive) DS production processes. Depending on the DS

4-momentum ppg, a different production process can be relevant: meson decays (for 4/ p]%s <M, the
parent meson mass), direct partonic production (for \/p%¢ 2 Aqcp) or dark bremsstrahlung (for

p%s < Aqcp). We require the DS states to be produced away from any mass thresholds, which
allows estimating the rates based on general principles. DS particles once produced are required to
decay to SM particles inside the neutrino near-detectors placed generally ~ O(100m) downstream
from the target!.

Compared to [39, 71| in this chapter, we study a more complete set of operators, both in
production and decay of DS particles. We perform a detailed study of production modes through
irrelevant portals, such as dark bremsstrahlung and partonic production, that have either been
neglected or only considered partially [71-73]. We find that the bremsstrahlung mode can be
comparable to other modes and is necessary for a complete analysis. Compared to |25, 74] we focus
on high intensity experiments, particularly on neutrino and other proton dump experiments that
were not considered previously in this framework. We do so by adopting the model agnostic strategy
outlined in [25]. More importantly, this allows us to put bounds on strongly coupled light dark sectors
through irrelevant portals, which as far as we know is not a thoroughly studied scenario at high
intensity experiments (except in [25]. See [74-77| and references therein for searches at collider
experiments). Strongly coupled GeV-scale DS are relevant in frameworks containing composite
resonances from a new gauge group, such as composite versions of Asymmetric Dark Matter [78-
80], Mirror world models [81, 82|, some incarnations of the Twin Higgs paradigm [4] and are a
natural realization of the Hidden Valley scenario [31].

The outline of the chapter is as follows: in section 3.1 we describe the dark sector portals and
the relevant model agnostic framework for estimating inclusive rates, lifetime and multiplicity of
DS particles, also pointing out the mild model dependent assumptions we have to make to proceed.

!Far detectors are less constraining due to a very small angle subtended to the interaction point.

18



3.1. Portals and Model Agnostic Strategy

In section 3.2 we describe various DS production processes relevant at neutrino experiments, while
in section 3.3, we give an overview of the neutrino experiments we use to constrain the parameter
space, and describe our strategy for estimating signal events from DS decaying inside the neutrino
detector. Our results and bounds can be found in Section 3.4 with a discussion and summary in
section 3.5. Appendices A,B,C,C.1 and C.2 contain technical details.

3.1 Portals and Model Agnostic Strategy

In this section we discuss the relevant theoretical details for studying dark sectors with irrelevant
portal to the SM. The emphasis is towards being as model agnostic as possible, and only allowing
for minimal model dependence where necessary. We point out the assumptions we have to make
at various stages for this. This section and the following chapter build upon the model agnostic
approach first undertaken in [25], wherein more details can be found.

Dark sectors with portal interactions to the SM from irrelevant operators can be generated in a
large class of models, generically by exchange of heavy mediators charged under both the SM and
the DS. The general form of such a portal is

—5=19sm Obs , (3.1)

where Ayy is the mass scale of the heavy mediator, « is a dimensionless coupling, and Ogy; (Opg) are
local operators made of SM (DS) degrees of freedom. The dimensionality of portal D = [Osm]+[Ops]
is greater than 4 for irrelevant portals. States in the DS are further characterized by a mass gap
Atr, and the dynamics between the scales Ayy and Ajg is approximately scale invariant. A large
hierarchy between these scales is a working assumption of this scenario. In order to avoid strong
constraints, we also assume that the portal preserves both CP and flavor symmetries of the SM.
The most constraining portals are expected to be those with lowest dimension D. In concrete
examples of such DS, both weakly and strongly coupled, the two lowest dimension DS operators
are a scalar operator O (of dimension Ap < 4) and a conserved current operator JBS (of dimension
3). While the dimension of a conserved current operator is fixed to be 3 in 4D, the reason to take
the scalar slightly marginal is to ensure that the condition Ajg/Ayy < 1 is realized naturally. We
will consider Ap = 3,4 in this chapter. Specific to a given model there can be other operators
that generate portals to the SM. However in the absence of a symmetry, their dimension is either
unprotected or requires additional assumptions about the DS. We will therefore limit ourselves with
only a current and a scalar operator on the DS side. The gauge invariant operators on the SM
side that can be used to make a portal operator, with increasing scaling dimension, are HTH and
JEM = fyufs f°f, f=1qor JEM = HTiﬁ#H (see table 1 in ref. [25] for a complete list of
scenarios) 2. The lowest dimension Lorentz invariant combinations are then JBS Jy and O H tH.
In the unitary gauge, HU%)#H ~ Z,, so that for this portal the interactions with the DS proceed
through a Z-boson. We will refer to this as the Z portal. At the energy scales relevant at neutrino
experiments, Z is never produced on-shell, so we can integrate it out and generate an effective JJ
operator where now the SM current is the one that couples to Z. Therefore, considering JJ portals

2Note that we do not study the fermionic portal given by coupling the DS with Ogy = IH. Such a DS can be
realised in a strongly coupled theory (See Ref. [83]) with a gluequark () - an exotic bound state of a dark fermion
and dark gluons which can interact with the SM via the portal ({H)(G,,, """ N*) where N is a majorana dark fermion
transforming in the adjoint of SU(N)pc with SM quantum numbers = (1,1)o and G, is the dark gluon field strength
tensor. This portal is responsible for the stability of x - a DM candidate, hence, the Ayv scale suppressing it must
be ~ 10'® GeV. It is evident that studying this portal requires addressing subtle model dependent issues, thus, we
do not pursue this portal in this work.
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where the SM current is either generic or the one for Z, we cover all possibilities. We will refer to
these as the generic JJ portal and the Z-aligned JJ portal respectively.
Hence the lowest dimension portals that can be formed are

Lponat = o= OHH + 5 T5 2 S D R E

Bo- Ay Ay
RO RZ VEW ;DS

= OHTH+—JDSJ —= IS T (3.2)
ASo~? A2y, A%N my M TSMZ

where ko, Kk, kz are dimensionless coefficients, vgyw is the electroweak VEV and in the second line
we have integrated out Z, which couples the DS current to JSM 7, the SM current that couples to the
Z boson where we are including the g2/ cos Oy coupling of the Z boson current in JSM - The three
terms in eq. (3.2) are the Higgs portal, the generic JJ portal and the Z portal respectively. It is clear
that a Z-aligned J.J portal can be obtained from the Z-portal with a rescaling: kj = kz(vEw/mz).
For A < 4, all these portals are of dimension D ~ 6. In principle, a DS described by a local QFT
also possesses a stress-energy tensor ng of dimension 4, that can be used to build dimension 8
operators with SM dimension 4 operators. However, given a larger suppression compared to the
dimension 6 portals in (3.2), the bounds on them are too weak to be of any interest.

If the energy /s of an experiment that probes the DS is such that Alg < /s < Ayy, the
DS states are produced directly in the conformal regime. Inclusive DS production rates can be
computed using the optical theorem depicted in in Eq. 2.6 described in the previous chapter in
Sec. 2.3.

While for irrelevant portals, the matrix element does not decrease with energy (See Fig. 2.5b
also)(specific behavior depends on the production mode), this needs to be convolved with the
structure functions (e.g. the pdfs/form-factors/splitting functions, depending on the production
channel), and this changes where the bulk of events come from (See also discussion around Eq. 2.9
in Sec. 2.3 of the previous chapter). As long as the involved ppg values are away from Ayvy, AR,
one can ignore the events near the thresholds in a self-consistent manner. Relatedly, the two point
function of Opg will also depend on the ratio A / PpHg and pDS / A . For self-consistency, we again
need both these ratios to be small. In partlcular, the condition pDS / A%V < 1 effectively ensures
the mediators of mass Ayy are not directly produced and the effective local operator for the portal
is a good description. In ref. [25], this was enforced by ensuring that the obtained bound on Ayy
always satisfies this condition for the highest pl%s used in the calculation. In practice, this effectively
resulted in a lower limit on the parts of Ayy ruled out, or completely invalidated certain bounds.
As we will see, for neutrino experiments, where the involved energy is much smaller than LHC or
LEP, this condition is less detrimental. By restricting to Ayy = 50 GeV, we are able to get useful
bounds as well as be consistent with the EFT condition. The condition on Ajg on the other hand
needs to be imposed, which we do for each production mode.

After production, the DS states will interact and decay among each other, and eventually all the
DS degrees of freedom would decay to the Lightest Dark Sector Particle (LDSP), which we denote
by 1. We will take the mass of 1) to be of order A;g and this can be taken as our definition for
the mass gap Arg. In the absence of additional symmetry, 1 will decay back to SM states from the
portal interactions itself. Since the portal interactions are weak, the typical time for DS states to
decay among each other is much smaller than the typical lifetime of v, and can be safely ignored.
Note that the LDSP is not the DM candidate in the scenario under consideration—a DM candidate
would need to be much more long lived, and will have a missing energy signal. In this chapter we
will assume that the DS relaxes entirely to LDSPs, and leave the question of considering a fraction
of events to be missing energy, for future work.
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The signatures of 1 depend on its lifetime, and this is the first place where some assumptions
have to be made, which bring some model dependence. At high energy colliders, depending on
the lifetime of v, one can get missing energy events, displaced vertices, or prompt decays, ordered
by decreasing lifetimes. Missing energy events, being most inclusive, need minimal information
about the underlying dynamics of DS, while displaced vertices and prompt decays being exclusive,
need some information. Note that the requirement Ajg/Ayy < 1 puts us away from the prompt
decay regime, since in this limit, the lifetime increases. Focusing on neutrino experiments, since
the detectors are placed some distance from the interaction point, we are in the displaced vertex
scenario. It is possible to detect the decay of v inside the detector, or its scattering against electrons
or nucleons of the detector [84-91]. Both signatures need some knowledge of the IR behaviour of
the underlying theory, and are model dependent, however with varying degrees. For these two
signatures, the relevant DS matrix elements are:

Decay : (Q|Opg|Y) = afAﬁ%O_2 g
Scattering : ((ps)|Ops|¥(pi)) = a F(pi, py, AIR) (3:3)

where Q) is the vacuum, f is a decay constant, F' is a form factor and a is an O(1) number, all of
which are model dependent. In this chapter, we will only focus on the decay mode, as we explain
this choice now.

The model dependence that enters in the decay case comes in the combination a f. Scattering
process, on the other hand, requires knowing the form factor which can be a complicated function
of the momenta (especially for strongly coupled sectors). The functional dependence also influences
who 1 recoils against most efficiently. The spin of ¥ does not fix the portal, since one can make
multiple total spin states using two ¢. Further, depending on the spectrum, an LDSP might up
scatter to a close by state, making the scattering inelastic (similar to what happens in inelastic
Dark Matter scenarios [92]), leading to a different parametric dependence for the scattering cross-
section. These aspects make it clear that scattering processes require additional model dependent
assumptions, and we will not consider them here. Moreover, most importantly, the scattering cross-
section will be further suppressed by a factor of (Ajr/Auv)? wrt the DS decay case. A further
reason to choose decays over scattering is that they have a larger signal-to-noise ratio, and we will
have more to say about it in sec 3.3. Note that while there are weakly coupled models in which all
the LDSPs are stable under some accidental symmetry, and therefore can only be studied through
scatterings in the experiments under scrutiny (and therefore our analysis will not apply to such
scenarios), in strongly coupled models unstable resonances are expected generically.

The lifetime of 1) to decay to SM states, via the portal itself, can be estimated in a straightforward
manner. However there are differences when the decay is from mixing with a SM state or a direct
decay. For a direct decay from a portal of dimension D, the lifetime can be estimated to be

1 K2 2 /A2 \DP?
o~ AIRﬂf( IR) , (3.4)

where the decay constant f is defined by the matrix element (Q O |¢) = a f Af‘RO_Q and a is an

O(1) number taken to be 1. Further, f can be estimated to be f = \/c Ajg/4m, where ¢ is the
number of degrees of freedom of the DS. On the other hand, if the LDSP decays through mixing
with a SM particle such as Higgs, if the LDSP is spin 0, or Z, if the LDSP is spin 1 (e.g. through
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<=
OH'H or JHDSHJri D" H respectively), the lifetime in the limit Ajr < my, is given as

1 20;
— =Tysin®0;, tan20; = — , i=Z,h, (3.5)
Ty m;

where I'z ), is the decay width of Z/h evaluated at my/, = Air, and the mixing parameter d; is

Ag \ 2072
5h = Ro Uwa (AUV) s
mz AR

Mz 2R (3.6)
Aty

0z = Ky vewf

To model the hadronic decay of the scalar LDSP (that mixes with the Higgs), we use the
spectator quark model for Ajg > 2 GeV and the dispersive analysis for Ajg < 2 GeV, following [93].
For a spin-1 LDSP (mixing with the Z) we again use the spectator quark model for Ajg > 2 GeV,
and a data-driven approach for Ajg < 2 GeV, following [94, 95| for the vector and axial vector
component respectively.

The next model dependent assumption needed in order to evaluate the reach at high intensity
experiments is how many LDSPs are produced per DS shell, or equivalently how many are excited
by the DS operator acting on the vacuum. We will take two benchmark values, nypsp = 2 for
weakly coupled dark sectors and nypsp = n(p2DS) a function of the invariant mass squared p%s of
the DS system, similar to the case of QCD [96]:

n(pds) = A (log )" exp{C (log 2)" |, (3.7)

where = pho/A% A = 0.1Ar, A = 0.06,B = —0.5,C = 1.8, D = 0.5, and pdg is the invariant
mass squared of the DS system. Our results are not very sensitive to small changes in nypgp. In
particular, as argued in section 3.4, its impact on the exclusion plots will be mostly in regions in
which the LDSPs are light and long-lived.

Finally, we need to know the directional distribution of the produced LDSPs, to estimate if
they interact with the detector. In the strongly coupled benchmark where typically nypgp > 2,
we assume that the LDSPs have a uniform angular distribution in the rest frame of DS (i.e. the
frame in which ppg only has a time component), and we can boost it to the lab frame to know
its relevant distribution. A uniform distribution in the rest frame is a simplifying choice, and is
well motivated, at least for a certain class of strongly coupled theories (e.g. see ref. [97] for such
a scenario). Further, even if the distribution is not uniform per event, it can be uniform when all
the events are considered. For light enough LDSPs, which are very boosted in the lab frame, small
deviations from this assumption do not change our results significantly.

The weakly coupled case is in principle different, and the angular distribution depends on the
production mode, spin of produced DS particles and the specific form of the portal. In general we
expect O(1) differences among the possible LDSP angular distributions in the DS rest frame. For
example, in DY production the typical LDSP distribution is either proportional to sin? # or 14 cos? 6
for scalar and light fermion LDSPs respectively. The difference between the two distributions is
that the scalar distribution is more peaked around the most probable LDSP lab angle ~ 1/vpgs.
However, since the LDSP is produced with a high boost, any differences in the distribution are
washed out, and we can assume an isotropic distribution in the DS rest frame as before. We have
checked this by an explicit computation.

22



3.2. DS Production Modes at Proton Beam based Experiments

3.2 DS Production Modes at Proton Beam based Experiments

Even though at neutrino experiments the primary process is a proton interacting with a nucleus,
depending on the energy scale of the process, there are various production modes to consider. In
this chapter, we consider experiments based on 120 and 400 GeV beam energies. For such energies
there are three relevant production modes. First of all, the proton nucleus interaction creates
mesons, which may decay into lighter mesons and DS states, or completely annihilate into DS states.
Denoting the 4-momentum carried by the DS state as ppg, this requires p2DS < (Mheavy — thht)z
for the first scenario and p2DS = Mﬁeavy for the second. We will refer to these as radiative and
annihilation meson decays (MD) respectively. For pdq > A(QQCD, the incoming proton is at high
enough energies so one has to consider partonic process involving constituents from the incoming
proton and the nucleons in the target, and we refer to this as Drell-Yan (DY) production mode. For
pQDS < A?QCD? DS states can be produced from initial state emission, which we will refer to as Dark
Bremsstrahlung (DB) mode. For each of these processes, the production cross section has a different
differential distribution in p%s. Fig. 3.1 shows a comparison of the differential DS production cross-
section for DY, DB and radiative MD mode, for Z portal, at 120 GeV beam energy. The radiative
MD mode is flat in ppg, switching off when the phase space for DS production closes, which in
turn is set by the parent meson mass. The DB mode switches off around Agcp beyond which it is
not a valid description of the scattering process. The sharp peak in the DB mode is due to meson
resonance, as seen in the form factors (see App. A). The switch off of DY mode comes from the
drop in the PDFs of constituents of the proton at higher pzDS, given /s of the experiment, and is a

slower drop.
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Figure 3.1: Relative importance of various production modes: the scaled differential cross-section for DS
production at DUNE-MPD (Epcam = 120 GeV) as a function of pQDS for various DS production modes (for Z
portal). Solid yellow shows meson decay: K — m + DS mode, dotted green line shows dark bremsstrahlung
mode (p+p — X + DS), and dashed blue line shows Drell-Yan mode (p + p — DS). The reported cross-
section is per proton-on-target, and is without the geometric acceptance factor €geom (Which at DUNE is
approximately 1073 for DY and meson modes and around 10~2 for DB mode).

We remark that dependence of the production cross section on the center of mass energy +/s of

the experiment is not the one given by naive power counting (i.e. o ~ sP=%/ A%%*S), and is general

dependent on the production mode. For MD and DB modes, the typical scale of the process is not
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set by the center of mass energy of the experiment, but rather by the hadronic resonances. There is
a residual dependence on /s in the meson production cross section and in the proton-nucleon cross
section respectively, but typically this dependence is much weaker than the expected one above
the specific hadronic production threshold. DY production instead is more sensitive on y/s. These
features are easily seen in fig. 3.1.

Independent of the production mode, we need to estimate the number of DS signal events S
produced. This is generically given as

S = Nsignal = Nps Pdecay €geo » (3'8)

where Pecay is the probability for at least one LDSP to decay inside the radial location of the
detector, €geo is the geometric acceptance for the LDSP direction to intersect with the detector
and Npg is the number of DS states produced. For more than one production mode, a sum is
implied. Note that we have defined a signal event as one in which at least one LDSP decays inside
the detector. The case of more than one LDSPs can be accounted for by multiplying the single
LDSP probability with the number of LDSPs produced, and it’s included in the definition of Pyecay
(see App. C for a detailed discussion of this). As the final step to get the number of signal events
S, we have to express Npg in eq. (3.8) in terms of the (inclusive) signal cross section og as

NDS = s , <39)

where og is the cross section for DS production, Npot is the total number of proton delivered on
target during the duration of the experiment (projected years for future experiments) and opy is
the typical proton-nucleus cross section for the proton beam hitting the target, taken constant for
the center of mass energies of the experiments we consider [98]:

opn = A%7749.2 mb | (3.10)

with A the target nucleus’ atomic weight. In eq. (3.9), we are considering only DS production
in the first interaction length of the target (or the dump for beam-dump experiments), neglecting
production happening at later lengths with a degraded beam. Our computations are therefore
conservative.

Specific to the case of meson decays, for a given meson M and in a given decay channel C' (where
the decay channel C stands for any of the various decay modes via which the meson M can decay,
we discuss these in detail in the next sections), Npg is given as

Nps = Npor NyBro (M DS (+m)> , (3.11)

where Ny is the number of mesons produced per collision and Brc is the branching ratio of the
meson M to the DS (which may be in association with other mesons m).

Strictly speaking, the various factors that go into the estimation of the number of signal events
Nsignal depend on the kinematic information, the production mode, and the details of the detector
(e.g. on- vs off-axis). For example, depending on pf, the boost of the DS states and therefore its
decay probability is different. Further, depending on whether the DS is produced with a non-zero
transverse momentum or not, the angle subtended at the detector can be different. The correct
procedure would be to consider differential quantities and integrate over the allowed range.® This

3Note that for meson annihilation decay M — DS, pdg is fixed to M2
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however can obscure the relation between a given experiment and the probed parameter space. As
a way out, we use the average value of boost factor for estimating the probability, and compute
the average geometric acceptance. In app. C.2 we compare this procedure, referred to as factorized
approach, with the exact procedure, called the full approach, and show that the difference between
the two is small.

This simplified strategy to compute bounds is useful for the following reason. While produc-
tion quantities such as the cross section depend in a trivial way on Ayy and very weakly on A
via the kinematic condition p2DS > niDSPA%R, the decay probability depends on both parameters.
By using averages in the production quantities allows factorizing them from the decay probability.
This procedure therefore allows an analytic understanding of Ayy dependence on the number of
signal events. Given the vast array of cases, coming from different experiments, different produc-
tion channels (which can depend also on extra parameters like the dimension A), different decay
channels, and the strongly vs weakly coupled scenario, this factorization allows one to track the
Ayv dependence clearly, and also speeds up the computations.

We next briefly outline the details of the three production modes discussed earlier.

3.2.1 Meson Decays

The considered portals between the SM and the DS can cause mesons to decay into DS states. Once
the mesons are produced by the incoming proton hitting the target, they can decay in two ways.
The first possibility is a heavier meson M decaying into a lighter SM state (such as another meson
m) along with DS states. This is to be contrasted with the case when the mesons decay just into
the DS states and nothing else. These two are the radiative decay and annihilation decay modes
respectively. The differential production cross section for radiative decay, as shown in fig. 3.1 for
the Z portal, is flat in ppg up to kinematic threshold. The decay width for both modes can be
approximately estimated, keeping the portal generic:

”—24 % , OH'H portal,

a Mh Ay
T ~ k% g2y D(A) <J;\}”> (3.12)
e J.J portal.
uv

where k is the portal coupling, M is the mass of the parent meson, fjs is the decay constant, Ap
is the dimension of O, gg\ is a dimensionless coupling built out of dimensionless SM couplings
(like the gauge couplings, loop factors, extra SM particles’ phase space, and relevant spurions),
and ®(A) is the phase space factor coming from the integration over the DS degrees of freedoms
(e.g. see eq. (3.13)). The exponent of the dimensionless ratio (far/M) depends on the process,
and is —2 for processes coming from the axial anomaly, +2 for tree level processes from the chiral
Lagrangian and 0 for processes directly proceeding through the portal (without going through the
chiral Lagrangian). In this estimate we have ignored the lighter meson mass for radiative decay,
and have not included the meson form factors for simplicity. In our full analysis we include all these
effect. We next discuss specific details of the radiative and annihilation decays as DS production
modes.

Radiative Decays

For the radiative decay of the form M — m + DS proceeding via a flavour violating loop, the DS
state is produced either by the quark line, and/or by the internal W loop (which is necessary to
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Figure 3.2: The underlying quark level transition in DS production via Z portal in flavour violating decays
such as K — m + DS.

change the quark flavor). This depends on the portal operator. For JSMJSS portal W}Lere JEM is
the quark current, the DS is produced just by the quark lines, whereas for JEM = iHTDuH ~ Zy,
the DS states can be produced by attaching a Z to the quarks, or to the W in the loop*. The DS
states can also be produced by the Higgs portal OHTH. To understand their relative importance,
let’s consider the ratio of the branching ratios of the two different portals for DS production:

BRown 3456 T(Ap +1/2) M2 (M — m)?Ao0—6

~ - 3.13
BRyupn  m/PT(2A0)[(Ap — 1) mf  AZRo~S (3.13)

with M (m) being the mass of the heavy (light) meson, Ay the dimensionality of the operator
O, where for the higgs portal case we have used the usual effective lagrangian coupling CichiLdg%h
between the flavour changing quarks and higgs (see [25] for example) and for the Z portal case,
we have considered only the top quark contribution in the loop of the O(m?/m#,). In order to
understand this scaling, let us compare the two portals: for the Higgs Portal coupling we integrate
the W-top loop which gives the effective coupling ~ (1/1672)g3VisVip(myg, /v)(m?/m%;), while the
QCD matrix element is given by (M|J1Ld§2]m) ~ (M?—m?)/(mg,—my,) for the quark level transition
¢; — qj where we ignore the mass of the light meson/quarks for writing Eq. 3.13. For the Z portal
estimate instead, we used factors of m?/ m%/v for the top quark loop contribution and approximated
the matrix element for the meson transition as (M \J’L’mdﬂm) ~ M. It is clear that for Ap > 4,
production through the Higgs portal is suppressed with respect to the Z portal and will give weaker
bounds. We discuss this in more detail in sec. 3.4.4.

For production through a Ap = 3 Higgs portal, even though the Ayy scale probed is higher
than Z portal production case (discussed in more detail in sec. 3.4.4), the bound is still at most
only marginally stronger compared to missing energy searches at LHC [25]. In this subsection we
will mostly focus only on the Z portal production for mesons, but will make some comments about
the Higgs portal case in sec. 3.4.

Examples of radiative meson decay processes are K™ — 77 + DS, Bt — KT 4+ DS and D" —
7T + DS, and a prototypical diagram (for K™ — 7+ + DS ) is shown in fig. 3.2. In general, these
processes proceed through insertion of two CKM entries, so that for flavor ¢ going to j, the amplitude
approximately scales as ), V;SKMV,SKM f(my/mw), where my, is the quark mass of flavor k, my,
is the W mass and f(z) is a loop function [99, 100|. For D mesons, for which the underlying process
is ¢ — wu, there is no top quark in the loop, as opposed to B, K decays, which makes the D-meson
process suppressed. As a result, the D decays are not very constraining—e.g. the large number of D
mesons expected at SHiP (enhancement by ~ 10* compared to B meson production, see ref. [101])
is not enough to overcome the GIM and CKM suppression of ~ 10712 wrt B — K decays.

Due to the abundant number of K mesons produced at neutrino experiments, K — w4+ DS decay
is an important mode for DS production. For this process, and for the Z portal case, the Feynman
diagrams are shown in fig. 3.2. Note that one must include penguin diagrams as well as self-energy

4We are working in the unitary gauge.
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diagrams [99, 100]. The DS production rates can be obtained from the SM calculation for ds — vv,
but with some modifications. We can use the SM results if we keep only the penguin diagrams and
omit the box diagrams in the ds — Dv process, since the latter are specific to the neutrino coupling
(e.g. see [100]). This however must be done in the unitary gauge since the box and the penguin
diagrams are needed together to make the result gauge invariant in an arbitrary gauge, but their
gauge dependent parts vanish individually in the unitary gauge® [100]. Once these subtleties are
addressed, we can simply replace the neutrino current coupling to Z, gpw/2 cos 0w (Vryuvr), with
the DS current coupling to Z, (kjvgwmyz/ A%V)JES. This allows us to write the rate of decay of
KT — 7™ + DS, using the optical theorem, as:

1 GF JgEW COS 9W 2 m%v%wng
FK+4)7T++DS = IMp ﬁ {72 A%JV

2 3
* B d pﬂ’ 1 *
X ( Z ‘/}s‘/di(xj7xu = 0)) / (27‘(‘)3 QEWMMMV

j=c,t

X 2 Im <Jgs(st)JBS(st)> s (3.14)

where G is the Fermi constant, 8y is the weak mixing angle, ggw is the electroweak gauge coupling,
M is the mass of the K meson, vgyw is the Higgs VEV, my is the Z boson mass, E; = \/m2 + |p2|,
pDS = PK — Pry My, = (77| dy,s|KT) is the SM QCD matrix element (see App. B.1 for details),
and V;; are CKM matrix elements. The loop functions D(z;), where z; = mj2 /m¥,, sum the
contributions from various diagrams. The upper limit for p, integral is fixed by the kinematic
requirement pQDS > ”I%DSPAIZR'

Apart from the decay K™ — 7™ + DS, one can also consider the decays of Kg and Kg. We
can obtain the partial width of K? from that of KT using ref. [99] by replacing |V}2de|2 in eq. 3.14
with |Im(V;';V]d)]2 The K9 — 7¥ + DS decay is less constraining since it has a smaller branching
ratio due to the large width of K2 (see refs [60, 102]).

We next consider decays of B mesons to DS which is relevant at proton-beam experiments with
higher beam energies (e.g. SHiP and CHARM, with Epeam ~ 400 GeV, /s ~ 27 GeV). These
high energy proton beam experiments would also have a high K meson production rate but a large
number of them get absorbed in the beam dump or target. Unlike B mesons, kaons have a decay
length® which largely exceeds the hadronic interaction length (Iz7) hence they tend to be absorbed
in thick targets (for a target length of several l7s) and only a fraction of them then decay to DS
before absorption [93, 103]. For estimating this, we use ref. [103] for SHiP, and ref. [93| for CHARM.

The B meson decays to lighter mesons like K and 7 take place via Z-penguin diagrams which we
already encountered in the case of KT — 71 4+ DS (see fig. 3.2) except for the appropriate exchange
of external quark flavors (b — s/d + DS instead of s — d + DS). Of all the B decay modes, we find
that the largest contribution to signal comes from the decays B — K +DS and B — K*+ DS [70].
For example, even though the partial width for the decay of By — p+ DS is twice of B — K + DS,
the number of signal events from B, decays are suppressed due to smaller number of B; mesons
produced with respect to B* and By mesons at SHiP [101]. The contribution from B — 7 + DS is
suppressed with respect to B — K + DS by a factor ~ 20 coming from |Vs|?/|V;4|? that enters in
the respective decay widths [99]. This same suppression applies when comparing B meson decays to
vector mesons: B — p + DS is suppressed with respect to B — K* 4+ DS. We calculate the partial

5If we stayed in arbitrary gauge, the DS would also couple to the longitudinal modes of W and hence the box
diagrams would also contribute. In the unitary gauge, H' D, H ~ Z,, the DS does not couple to W, and the box
diagrams’ contributions vanish.

SThe decay length of K*, K? is ~ 3 meters > I ~ 15.3 cm for SHiP and CHARM target [93].
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decay widths for these B decays in the same way as in eq. (3.14) using the appropriate QCD matrix
elements from eq. (B.2) and eq. (B.4) in Appendices B.1 and B.2.

We do not consider DS production from radiative decays of pseudoscalar mesons like 7, 7, 7'
Their radiative decay into «+ DS through a generic JJ portal is suppressed by the loop factor from
the chiral anomaly triangle diagram, from the electromagnetic coupling and from the lightness of
the meson in the 7 case [71].7

Radiative decays of vector mesons like p and w can also produce DS via decay modes like
p? — 7% + DS, etc. These decays would occur via flavour conserving transitions producing DS
either through Z portal or SM vector quark current. The number of DS events from this mode
is sub-leading due to the large width of p meson with respect to K meson width (I', ~ 107!
GeV > I'y ~ 10717 GeV). Moreover, the radiative decays of vector mesons V' — DS + P where
P is a generic pseudo scalar are anyway suppressed since the interaction mediating the process
come from the same triangle diagram mediating pseudoscalar radiative decays like 7% — ~ + DS.
Recently [104] considered three-body leptonic decays of mesons to put bounds on leptophilic ALPs.
In our case too, DS can be produced from such leptonic charged meson decays such as from the
decay K+ — put + v+ DS via Z portal. However we find this mode to be very suppressed with
respect to K — 7w + DS, due to phase space suppression (see also [105]).

Eventually, to calculate the number of DS events from a meson decay, we use eq. (3.11). It
is clear from eq. (3.11) that the meson decay mode that gives the strongest bound would depend
on Njs, the number of parent mesons produced per POT at a given neutrino experiment. In
general, this can be estimated as the ratio of production cross section of the meson to the total
cross section between proton beam and target: Ny = opn—nm/opn. We take these numbers for
various experiments from ref. [101] (also see references within) for 400 GeV beam energy and from
ref. [58] for 120 GeV beam energy, which are obtained using PYTHIA simulations.

Annihilation decays

DS states can also be produced via annihilation decays of vector mesons through the JJ portal:
V — DS where V can be p,¢,w,J/1». We do not consider DS production from the annihilation
decay of pseudoscalar mesons from this portal since it will not be model-independent under our
approach [25]: the pseudoscalar decay matrix element is proportional to its momentum p,, which
either vanishes when contracted to a conserved DS current, or gives a term proportional to a
new, model dependent scale if the DS current is not conserved (corresponding to the internal DS
symmetry breaking scale).

In principle the same topology can happen for the Higgs portal and scalar mesons (the matrix
element for the spin 1 annihilation through this portal vanishes). However, given the uncertainties
in the details of scalar meson production and their subdominance, we do not consider this possibility
here. The leading contribution in this topology for the Higgs portal comes from FCNC CP-violating
pseudoscalar annihilation decays such as K — DS [106], and we will briefly discuss them together
with radiative decays in Sec.3.4.

For a general V', and for the case of V' — DS via Z portal, we can compute the decay width as

“For the Z portal case, one external leg of the triangle diagram would produce Z which can couple with DS. This
mode can give bounds at LSND due to the huge number of pions (Nx, ~ 10??), and we find that the Ayy probed is
comparable to CHARM in the Meson Production mode.
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Figure 3.3: DS produced via Z portal in annihilation decays of vector mesons.
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where my is the mass of the vector meson, fi is the decay constant defined by (V(p)| g7, ¢|Q) =
ifymye;,(p), €,(p) is the polarization vector for V' meson, and gz is the coupling of ¢v,q to Z
boson. Here we have again used the optical theorem to do integration over DS phase space and
used the expressions reported in [25] for the imaginary part of the correlators at my > Ajg. Out of
¢, w and J/1, the largest branching ratio to DS would be that of J/¢ because of the narrow total
width, and a partial width which is enhanced by the mass.

We find that the bounds from J/i¢ — DS are comparable to those from B — K/K*+ DS decays
at SHiP. Despite BR(J/¢ — DS)/BR(B — K/K* + DS) ~ 1072, the large number of .J/t) mesons
expected at SHiP as compared to B mesons, N;/,/Np ~ O(100) compensates for this.

For neutrino experiments based on the 120 GeV NuMI beam line, annihilation decays of lighter
vector mesons like p, w, ¢ can give contribution to signal events. Out of the three vector mesons
p, w, ¢, we find that the leading contribution to DS production is via ¢ meson decay to DS. We
can compare the branching ratio for ¢ and w decay to DS via Z portal:

BR(¢ — DS)  BR(¢ — ete) mh (— 1 + 2sin? )’

_ i) , (3.16)
BR(w — DS) BR(w—ete )md €2 4sin* Oy

where e; = —1/3 is the EM charge of strange quark. Using this we expect DS produced in ¢ decay
to dominate over w decay to DS by a factor given by: N,/N, x BR(¢ — DS)/BR(w — DS) ~
0.007/0.03 x 50 ~ 10. Here we have used numbers for ¢ meson production at 80 GeV from ref.
[107] and w meson production at 120 GeV from [71]. A similar estimate shows that the case of p
is also subleading. Therefore we only focus on the ¢ decay and do not consider p and w. Note
that p and w annihilation decays overlap with the (vector) bremsstrahlung production mode when
pZDS hits the resonance peak [90]: not including them avoids over-counting such contributions. We
do not consider the annihilation decays of heavier mesons like YT since its production will be very
suppressed at neutrino experiments due to its large mass.

Now we outline how we compute the LDSP boost entering the decay probability and geometric
acceptance factors for the meson production mode. More details can be found in the appendix C.1.1.
In order to calculate the decay probability of the LDSP, we use the following estimate for the average
boost factor for the LDSP produced from meson decays:

lab
{(Mrpsp & { (EBS)

, 3.17
nLpsp) AR (8.17)

where <E]1§§’ > is the average energy of the DS produced from parent meson decay in the lab frame. We
have checked that an honest average of (7),pgp matches this estimate very well. To obtain <E]15“S° >,
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EEP " (GeV) 7 portal production H portal production

(7>‘C5§“I‘ ‘ <'7’>5Dt§mg ‘ <W>E’B%‘P <”l’>it1ransn§ ‘ <5geu>wedk ‘ (fgeu>5tm"g ("/>}3%‘““ ‘ ("/)%S’"g <W’>f}e_)%kp <'7’>?Bosn§ ‘ <5ge0>weak ‘ <5g50>wedk
Drell-Yan
120 (DUNE-MPD) 12 12 1490 160 0.004 0.004 9 9 1600 150 0.002 0.002
400 (SHiP) 25 25 4310 400 0.63 0.63 17 17 4830 364 0.54 0.54
Dark Bremsstrahlung
120 (DUNE-MPD) 80 80 4500 655 0.040 0.040 4630 650 0.039 0.039
400 (SHiP) 270 270 15000 2200 1 1 250 250 15700 2200 0.96 0.97

Meson Radiative Decay K — 7 + DS

120 (DUNE-MPD) 31 26 215 48 0.003 0.004 26 215 48 0.003 0.004
400 (SHiP) 55 45 375 84 0.79 0.89 45 375 84 0.79 0.89
Meson Annihilation Decay ¢ — DS

120 (DUNE-MPD) 8 8 403 61 0.001 0.001 - - - -

400 (SHiP) 14 14 702 107 0.27 0.27 - - - - -

Table 3.1: Average quantities (7)ps = (EXE /pps), (¥)Lpsp and (egeo) for Z portal and H portal production,

for various production modes, and for weak/strong case. The reported numbers are for fixed Ajg = 10 MeV.
For Higgs portal, we have taken Ap = 4. The shown numbers are for DUNE-MPD (at 120 GeV) and SHiP
(at 400 GeV) target materials (which sets the target atomic weight and number A, Z respectively). The
average DS boost (y)ps depends on weak/strong case through the kinematic condition 4/ pQDS > nrpspAIr
imposed when calculating the average, and is a weak dependence. Annihilation decays of vector mesons does
not proceed through the Higgs portal due to mismatch in quantum numbers.

the strategy is as follows: for radiative decays of the form M — m -+ DS, in the parent meson rest
frame, the DS 3-momentum pi% = {(p%q)7, (pdg):} can be written using energy conservation as:

B MZ _m?f p2.)?
Pos| = \/< DS~ — ps, (3.18)

and fixes (p%g). = [pg| cos 02, where 62 is the angle that the DS makes with the meson flight
direction, in its rest frame. For annihilation decays, of the form M — DS, the DS 3-momentum in
the meson rest frame is zero by momentum conservation. We further assume that 3-momentum of
the mesons that decay to DS is perfectly aligned along the beam axis i.e. Opeson = 0.°

We next calculate (E52, (ppaP).) from (ERg, (pSg)-) using the boost and the velocity of the
parent meson in the lab (which is along the z-axis), obtained from the average meson momentum
values for various experiments from table 6 in ref. [71]. From (ppa®)., we can obtain || by
noting that the transverse component is unaffected by the z direction boost, so that everything is a

function of 9]038 and p%s. Finally, to get the average value of DS 3-momentum <’ ﬁﬁ%b

>, we average
over cos H%S, since DS is isotropic in this variable and set pQDS to its average value for each radiative
meson case. We have again checked that this matches a true average.

To get the final number of signal events as in eq. (3.8), we also need the geometric acceptance,
which we again compute as an average. See App. C.1.1 for details of these computations, and
App. C.2 for a comparison between using this average procedure with a more refined analysis.
Some typical values of (7);pgp are given in table 3.1.

3.2.2 Drell-Yan production

If the typical exchanged momentum from the protons to the DS is comparable or larger than
Aqcp, the process is able to probe the partonic constituents of the nucleon. Given the energy
scales involved, the protons are ultra-relativistic, and using the parton distribution functions (PDF)
language to model the interaction between the constituents is justified. Notice that in our case,
the condition to probe the partonic structure of the nucleon is p%s > 1 GeV?, which is a request

8A more refined analysis using [58] shows that the most probable value for the ratio between transverse and
longitudinal components of 3-momentum of decaying K mesons |p3;,eson /Pireson| ~ Omeson ~ 1072 « 1. Using a
non-zero but small value of @peson does not change our final results.
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3.2. DS Production Modes at Proton Beam based Experiments

Figure 3.4: Prototypical Drell-Yan process in Z portal for the DS production.

on the total DS system, and not on the mass Arg of the DS constituents. This is unlike what
happens in models in which the mediator is produced on-shell, such as in light dark photon models.
The production cross-section is in general dependent on the portal. A general estimate for the
amplitude of DY through a given portal can be obtained on dimensional grounds, by assuming the
typical momentum to be \/ZES , and integrating over it to get the cross section. For Higgs portal,
the partonic cross-section comes from Higgs exchange and is dominated by gluon initial states, while
for Z portal, there is a Z exchange, and the initial states are the quarks. For the Z-aligned JJ
portal, the results of Z portal apply, once appropriately rescaled, if the couplings are assumed to
be Z-aligned (both in axial-vector and isospin space). The Feynman diagram for such a process
is shown in fig. 3.4. Due to the similarity with Drell-Yan (DY) annihilation process we dub this
production channel DY.

Consider first the Higgs portal. The leading interaction at the constituent level is due to gluon-
gluon fusion (ggF') processes: indeed light quarks, while abundant in the proton, have a suppressed
coupling to the Higgs, while heavy quarks are rare in the proton. Following [70], the effective ggF
operator is, after integrating out the Higgs,

~ RO Os
LD F(8)—F—=
2 F8) a3 grm?

G G0 (3.19)

where F'(§) is a function of the center of mass energy § of the process that accounts for the loops of
internal quarks. Given that our computation is valid only for pps above the QCD scale, we retain in
F only the contributions coming from the top, bottom, charm and strange quarks. This expression
holds for center of mass energies much smaller than the Higgs mass (true for typical neutrino and
beam dump experiments).

The cross section to produce a DS shell of total momentum p%s can be computed by integrating
over the DS phase space using optical theorem:

DY (Higes) _ 4 DY (Higgs) _ Aa? kheo  T(Ao+1/2)
PP 1024 mir7/2T(2A0)T (Ao — 1)
2A0—1)

* o 2 |2 Pps
X / dppg ‘F(pDS)‘ T 2A0—4
Q3 ALV

1 X
<[ St oms.) Jy (s b (s2) (3.20)

B/

where A is the atomic number of the target nucleus, f, are the gluon PDFs?, z is the longitudinal

9To compute the PDF integral, we used the nCTEQL5 PDF values [108], included in the MANEPARSE Mathe-
matica package [109].
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momentum fraction of one of the initial gluons in the CM frame and +/s is the center of mass energy
of the protons. The lower limit of the integral over pZDS is cutoff at Q% = (1.3 GeV)Q, the lowest for
which the PDFs have been fitted, and below which the process does not probe a single parton and
the DY picture breaks down. For consistency, Q(Q) must be more than the minimum invariant mass
of the DS system, (nppspArr)?, which we impose internally.

Next consider the Z portal. Since the quark-Z coupling depends only on the up or down type of
the quark, the process is dominated by light quark-antiquark annihilations. We will consider only
contributions coming from up and down quarks, for which the couplings are given as

2
1 4 1
ggngiW <8+Sjn49W—3sin29w> ,

cos? Oy 9
2
2 JEW 1. 4q L. 2y
_ 1.1 _ 2 _ 3.21
94 = ou? . ( 3 + g Sin” 0w — o sin” O (3.21)

Unlike the ggF case, the relevant PDFs depend on whether the target nucleon is a proton or a
neutron. We approximate the neutron PDFs f7* to be the isospin-rotated PDFs of the proton f7:

o=t =1, =1 fi="rn. (3.22)

The partonic cross section for the pp/pn interaction in the limit of massless quarks reads:

4

2 2 s 1
DY(2) _ 1 JEwV kjCJ dp2 o2 x/ dﬁ X 2 3.93
Upp/pn 11527 m% cos2 QWA%V /Q(Q) PDsPDs pQDS/s S pp/pn(37 m7pDS) ) ( . )

where

Xpp(s,2,phs) =2 Y (6717 (@) 2 (phs/ (s2)))

i=u,d

Xpn(s,2,0bs) = gu F1(2) f5(0hs/ (7)) + ga f1 () £ (pDs/ (52))
+ 93 f1(@) i (bs/ (s2)) + g3 f5(x) fh(pDs/ (s2)) - (3.24)

In the PDFs used, we have taken the factorization scale to be the exchanged momentum pQDS and not
indicated it explicitly to keep the expressions simpler. Putting the contributions from the protons
and neutrons together, the total DY cross section for the Z portal is:

YD) _ oDV E) L (A~ 7)gDYD) (3.25)
where Z, A are respectively the atomic and weight number of the target nuclei. Notice that in
both Higgs and Z portal scenarios the partonic cross section increases with ppg (See also Fig 2.5b),
as expected on dimensional grounds. The drop at high ppg seen in fig. 3.1 is due to the PDF
convolutions.

In order to estimate the decay probability, we estimate the average boost of the LDSP in the
lab frame (not to be confused with the boost of the total DS system) as given in eq. (3.17). The
value for these averaged quantities is given in table 3.1.

In principle, the boost should take into account the angle in the DS frame: while particles in
the DS frame have roughly the same energy, in the lab frame particles emitted along the beam are
more boosted with respect to particles emitted in the opposite direction. We have checked that this
effect is negligible, when restricting to particles hitting the detector. For the geometric acceptance,
we notice that in the DY production mode, the DS system has no transverse momentum and is
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(target) p

(incoming) p

PDS = (PT; ZEbeam)

Figure 3.5: DS produced via Z portal in the Bremsstrahlung production mode.

collinear to the beam axis. After boosting the LDSP momentum in the DS frame we compute

DY

geos We follow the prescription given in

the angles that corresponds to the detector. To estimate €
App. C.1.

In general, in the DY production mode, events are produced with larger pzDS compared to other
modes (see fig. 3.1). We also find that the average energy of the DS system in the lab frame is
not as high as in bremsstrahlung. These lead to lower v of the DS system, a larger LDSP angular
spread and therefore a slightly smaller €ge, for on-axis detectors.

3.2.3 Dark Bremsstrahlung (pp — DS + X)

Another possibility is for the DS states to be produced directly from proton as an initial state
radiation. In this case, the exchanged momentum p%s is not hard enough to probe the partonic
structure. Following [110], we model the process using the initial state radiation (ISR) splitting
function formalism. The idea is to treat the DS as incoming from the leg of the initial beam proton,
which then becomes slightly virtual-—an almost on-shell particle participating in the rest of the
process. In the following, we will use the standard jargon: pp for the transverse momentum of
the DS system (in the plane orthogonal to the beam direction) and z Epeam for its longitudinal
momentum, where Fpean, is the beam longitudinal momentum (in the lab frame).

The splitting function formalism works well when the virtual particle is almost on shell. This
means that in order to get reasonable cross sections, we must integrate the variables pr and z in
a sub-region of their kinematically allowed values, in which the virtual proton is not too off-shell.
Denoting the momentum of the proton after DS emission as p’, concretely, we will consider the
region in which the virtuality is small:

P2 +my  2Pmi+ (1 2)phs + 7

= <0.1. (3.26)
2 — \2F2
E z2(1 —2)?F,

beam

The choice of 0.1 is arbitrary and our results are not sensitive to small changes in this. In order to
compute the splitting functions, we need to compute the vertex between the proton and the Z or
Higgs. For the Higgs, by using low energy theorems [111] we can compute the coupling between the
Higgs and nucleon at zero momentum to be goynvhNN, where goyn = 1.2 x 1072, To model the
momentum dependence of the form factor, we employ a generalization of the extended Vector Meson
Dominance (eVMD) model, in which the DS state interacts with the hadron by mixing with the
scalar, CP even hadronic resonances. The resonances’ propagators are taken to be Breit-Wigners
(BW), and the mixing coefficients are fixed by using sum rules and by fitting the zero momentum
values. The form factor is taken from [110] and the specific values used are reported in appendix
Al

We also need to take into account the fact that for too high virtuality the quasi-real proton
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stops interacting with the target proton as a coherent object, and the bremsstrahlung computation
breaks down. To do this we multiply the previous form factor by a smooth cutoff [112]:

Ay

Fo(Q) = o ot (3.27)
P

where A, = 1.5 GeV is the cutoff, taken to be near the proton mass, and Q? is the virtuality of the
intermediate proton:
Z2mp + (1 — 2)phs + v

2 12 2 p
P + mp > ( )

Finally, the cross section for the process is calculated by factorizing the total cross section into the
Bremsstrahlung part and a proton-nucleus (after Bremsstrahlung) part. The proton-nucleus cross
section UII;E,SD is calculated using the difference between the total inelastic proton-nucleus cross
section and the target single diffractive (TSD) contribution, in which the target nucleus is diffracted
but not disintegrated. This choice allows neglecting possible interference between the initial state
and the final state radiation [98, 110]. According to [98, 113], USE,SD is a slowly varying function of

energy, and for the energies involved, we can approximate it as a constant
oM TSP — 762 (4/56)"7! (1 —0.021 (56/A)°~36) , (3.29)

where A is the target atomic weight. We will now generalize the results of [70, 110] to higher
dimensional portals.

So far the discussion applies to any of the portals. However, once a portal is specified, the
involved form factors change. Consider first the Higgs portal. Putting everything together, the
inclusive production cross section is given as

O_Brem(Higgs) _ UHTSD92 v? F(AO + 1/2) KZ?QCO
N PN INN 6792 T(Ao — 1T (2A0) AZR0 1

X /dpzDSdp%pdz |Fg* x =z ((2 - ,2)2m127 —|—p2T)

2
1 2Ap—4
P ; (3.30)
(m%zz + (1= 2)phg +p%> Ps

where Fp is the Higgs bremsstrahlung form factor built as outlined before, and can be found in
App. A.1. The limits of integration are chosen to respect the kinematic condition p2DS > n%DSPAIQR.

Next consider the Z portal case. The only difference is in the form factors of the axial and
vector current of the proton. For the vector case, the production cross section is given as

2 4 4
Brem(Z, Vector) nTSD RjCJ v I9EW / 2 2 V|2
o =0 x [ dptedprdz |F ’
pN PN ol14 .4 A4 4 DSYPT Z
207t m7 Al cos by,

(2 N Apps z (pF +m2(2% + 2z — 2))>

2
2 (mpe? + (1-2)phg + )

(3.31)

The vector form factor FY (pdg) is modeled by p (iso-triplet) and w (iso-singlet) exchange. We take
three states for each tower. Details are given in App A. For the axial case, the cross section is given
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as
O_Brem(Z, Axial) _ O,nTSD "ﬁ%cJ U4 géw X /dp2 dp2 dz ‘FA‘Z
pN PN 9ll 4 m%A%v cos 9%{/ DS g
2

x 2 !
z \ m2z? + (1 — 2)phg + P
( 25(1 = 2)2 + (3 + 22m2)* + 2pdg

x (mpe? (54 (2 = 5)z +pp(1+ 27 = 2)))) - (3:32)

Similar to the vector case, for the axial form factor we take the respective iso-triplet axial vector
exchange (there is no contribution from the axial iso-singlet resonances). Details about the axial
form factor F' 24 (phs) are in App A. Combining the vector and the axial pieces we get

Brem Z Brem Z, Vector Brem, (Z, Axial
oo™ A = gl ¢ ) gl (7 Aial) (3.33)
Notice that in eq. 3.33 the interference term between the vector and axial piece vanishes, due to the
different quantum numbers under parity of the two possible states.
The vector contribution to the cross section is subdominant with respect to the axial one, due
to an accidental cancellation in the vectorial quark coupling. The vector contribution has a more

narrow distribution in p2DS than the axial one, and it’s peaked at m?:

this is because w is much
more narrow than the iso-triplet vectors and axial vectors resonances mixing with the Z. Notice
that the same exact computation holds for a JJ portal aligned (in both Lorentz and flavor space)
to the Z quantum numbers. For different coupling structure of Jgy for a generic JJ portal, we can
decompose the proton vector and axial form factors in their iso-singlet and iso-triplet components
to get the correct form factor, shown in App. A.

An estimate for the cross section can be given by exploiting the fact that the cross section
is dominated by the Breit-Wigner (BW) peaks in the form factors. The p%s integral of the BW
associated with an intermediate meson m can be estimated as 7f2m3 /(2T,), where we have used
the notation of App. A. Therefore, using the splitting function to give the correct momentum scaling,
upto an O(1) factor, the cross section for radiating DS particles through a dimension D portal made

of a SM operator and a dimension Ap DS operator can be estimated as:

2 2801

717')1]1 1\2”&“()7411‘“ : OHTH portal,
5 ~ oo B ®(D) (3.31)
5
Ag\l]‘}m : JJ portal ,

where, as in the meson case, ggn is a dimensionless SM factor built out of dimensionless couplings
(like the gauge couplings), ®(A) is the phase space factor coming from the integration over the DS
degrees of freedoms, fy is the coupling of proton to the meson m and 'y, mpy, is its decay width
and mass respectively (see App A). In presence of multiple resonances, the estimate can be done
by restricting to the leading contribution of the BW. For both the Higgs and Z portals the DS is

produced as a collimated state forming an angle with the beam 6pg ~ pr/ E};‘g = pr/(2Fbeam). The

brem
geo

differ much from the one obtained by replacing fpg with its average. Details of the computation

average acceptance € is computed by averaging over all the kinematic variables, and it doesn’t

of the geometric acceptance are given in App C.1. To estimate the average decay probability, we
use the average LDSP boost, as defined in eq. (3.17) (see also table 3.1 for typical values), with the
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Figure 3.6: A cartoon of DS events produced at a typical neutrino detector (drawn not to scale): both
on-axis and off-axis cases are shown. In general the DS state may not be produced along the beam-axis, as
shown, though this is dependent on the production mode: annihilation decays of Mesons and DY production
modes produce DS along the beam-axis, while radiative decays of Mesons and DB production mode produce
DS at a small angle from the beam-direction.

only difference being that the probability distribution is given by the splitting function. The typical
energy of the DS system in the lab frame is roughly (3/4) Epeam for all the portals considered, larger
than in DY case.

3.3 Experimental Setup, Signal, and Background Estimation

In this section we briefly discuss the experiments we consider for obtaining the bounds on the Ayy
and Ar scales, and the assumptions we make when obtaining these bounds.

As explained in Sec. 3.1, the relevant characteristics of high intensity experiments are their
beam energy FEpeam, their integrated luminosity (reported as the total protons on target Npor)
and geometric details of the experimental setup. Further, the detectors in these experiments can
be placed on-axis (i.e. along the line of the incoming beam) or off-axis (see fig. 3.6 for a cartoon of
the experimental setup), which can change the geometric acceptance if certain production modes
are forward peaked. Specific to the MD production mode, the number of meson INy; produced at a
given experiment is an additional input, as seen from eq. (3.11). This depends on the target details
as well as the energy in the centre of mass frame, \/s & \/2Ebeamp.

In this chapter we consider a representative set of past, present and future experiments. Table 3.2
gives the list of considered experiments with the relevant parameters.

We show bounds from recasts of BSM search results from past and current experiments, and
projections from current and upcoming experiments, considering a few representatives from each
category. We will also consider a future dedicated LLP search experiment, SHiP, for comparison,
since it has a broad reach in typical DS models (e.g. see ref. [114]). We will take the SHiP parameters
to be very optimistic, to have a conservative comparison with the neutrino experiments. A more
comprehensive analysis that also considers other dedicated LLP experiments can be useful, and will
be done in future. The best bounds from the high intensity experiments that we consider are from
the currently under construction DUNE experiment and the proposed SHiP experiment. We also
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show bounds coming from other experiments running at the same beam energies of these two (120
GeV and 400 GeV respectively).

Out of past experiments, we show CHARM, a beam dump experiment that ran on the CERN
SPS (400 GeV) beamline in the 1980s. CHARM searched for the decay of axion-like particles
(ALPs) into a pair of photons, electrons and muons and found no events [115], and we will recast
this search for our bounds. Our choice of the past experiments are representative, and not based
on the strongest bounds, but rather on considering similar beam energies as DUNE and SHiP (e.g.
PS191 and vCAL, with beam energy of 19.2 GeV and 70 GeV respectively, can give a slightly better
bound than CHARM, but are much weaker than the advocated future experiment DUNE. We will
comment in sec. 3.4 about these two experiments).

We do not recast Heavy Neutral Lepton decay searches of CHARM or other past experiments
like BEBC, or dark particle scatterings as done for example in [116, 117], given the different final
state topology.

From existing experiments, we choose the MicroBooNE and ICARUS experiments, based on
the 120 GeV NuMI beamline. These are two of the three detectors of Fermilab’s Short-Baseline
Neutrino program (SBNP) [55].10 For MicroBooNE, we will use the analysis in ref. [118] for dark
scalars decaying into electron-positron pairs. For ICARUS, we will use the results in [60], which
studied DS coupled through the renormalizable Higgs portal.'! DM searches at another current
experiment, MiniBooNE, based on 8 GeV BNB beamline, use scattering [85, 119], and as explained
in Sec. 3.1, they require additional model dependent assumptions, so we will not consider them here.
Another currently running NuMI-based experiment is NOvA. We are not aware of any search for
DS decays done at this experiment (for a scattering analysis, see [85, 120], based on [121] ). Since
NOwvA is currently running, we show a possible prospect of such a search. We assume that it will
be possible to reduce the backgrounds to negligible amounts, given the good angular resolution of
the detector.

For future experiments we look at the Deep Underground Neutrino Experiment (DUNE). Ref. [58|
has proposed the use of the multipurpose, high pressure gaseous chamber- the Multi-Purpose De-
tector (MPD) present in DUNE near detector complex for DS searches. We show projections for
our DS scenario for the future DUNE-MPD as well.

Another class of future and existing experiments that are worth considering are the ones that
are built in a region directly forward of the beam interaction point at LHC, like the already running
FASER [122] and FASERv [123] (see [124] for the recent analysis) and SND [125], and the proposed
experiments at the Forward Physics Facility (FPF) [126]. These experiments are in spirit similar
to proton beam dumps, given that unlike traditional collider experiments they are put directly in
the forward region, but have a much higher beam energy. This can potentially be relevant for non-
renormalizable portals. The reach of these detectors have been thoroughly studied in the recent
past in the context of Dark Sectors: a non-exhaustive list of works includes [102, 127-129] for
renormalizable portals at FASER, [130] for ALPS at FASER, [131] for SND prospects, [132] for a
strongly coupled dark sector at the FPF, [133, 134] for renormalizable portals at the FPF and [70]
for FASER2 prospects. We will briefly comment on their reach on these models in Sec.3.4.

In order to estimate the sensitivity of the selected current and future experiments, an assessment

0The third detector, SBND, is too far off-axis with respect to the NuMI beamline and therefore its geometric
acceptance is too low to give meaningful constraints. These three detectors also run on the 8 GeV Booster Neutrino
Beam (BNB), which is at a lower energy than the NuMI energy, 120 GeV. We find the bounds to be subleading
compared to DUNE (but better than other detectors), and do not consider it.

HGince the target specifications for NuMI beamline experiments are the same as that of proposed DUNE-LBNF
beamline, we recycle the meson production numbers for DUNE-LBNF [58] also for the NuMI beamline experiment
ICARUS.
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Experiment Npor (total)  Epeam (GeV) @ (m) d (m) Off-axis angle, Oget (rad)  Oace (rad)
CHARM [115, 135, 136] 2.4 x 10'8 400 480 35 0.01 0.003
NOvA-ND [85, 121] 3 x 10%0 120 990  14.3 0.015 0.002
MicroBooNE (KDAR) [118] 1.93 x 102 120 100 10.4 - 0.013
ICARUS-NuMI [55, 60] 3 x 10% 120 803  19.6 0.097 0.005
DUNE-MPDI58, 137] 1.47 x 102 120 579 5 0 0.004
SHiP [103, 114] 2 x 1020 400 64 50 0 0.078

Table 3.2: The relevant parameters for the experiments considered in this chapter. The quantities [ and d
are defined in fig. 3.6. A4 stands for the position of the detector centre with respect to the beam line, with
the origin taken at the interaction point. Entries with zero 04.¢ indicate that the detector is placed along
the beam axis. 0, stands for the detector half angular opening. Note that for MicroBoone KDAR analysis,
the K mesons are produced at rest (in the lab frame) so that 04ey is irrelevant. The angle 0, for this case is
measured with the origin at the NuMI hadron absorber, placed O(600) m from the interaction point [118].

of the background is needed. We assume that beam dump experiments can be made background
free by imposing cuts with O(1) signal efficiencies, as seen in past searches, e.g. at CHARM [115].
On the other hand, at neutrino experiments, the neutrino beam itself can be a source of background
events. At these experiments the typical mass of the LDSPs probed is O(10-100) MeV, therefore the
available channels for the LDSP decay to the SM are mostly photons and electron-positron pairs,
which produce electromagnetic showers in the detector. Heavier decay products, such as muons,
will be reconstructed as tracks (but for all practical purposes, we will treat them similar to the
showers in this section). The following discussions hold for any of the decay products.

In principle, the two shower signature has no irreducible background. Reducible background
events come from hard radiation of a single photon, or from neutral-current v scattering against a
nucleus producing a 7°, which then decays into . The produced photons then can convert into
ete™ pairs, that mimic the signal. However, it’s not guaranteed that the two daughter particles
will be reconstructed as separate showers.

The typical condition in order to reconstruct the two particles involves an isolation cut between
the decay products, or in other words an angular separation cut. The specific implementation de-
pends on the specific detector and analysis strategy. We will briefly review what has been suggested
in previous works. However many of the relevant aspects can be understood more generally, which
we will elaborate with a relevant prototypical experiment in mind.

For the ICARUS experiment, as suggested in [60], an angular separation of 10° is enough to
be able to separate the two showers. Background events instead have a narrow separation between
the charged particles, or potentially two showers that do not originate from the same vertex. The
angular cut reduces the background events to a negligible amount. In [84] the authors elaborate on
an analysis with less stringent cuts but with (@(100) background events. Indeed a strong isolation
cut has low efficiency for lighter, and therefore more boosted, LDSPs. This is especially true for the
models under consideration here, in which DB and DY production modes are non-negligible and
generate LDSPs more boosted than the ones coming from meson decays. For example, in DB, for the
weakly coupled case nypsp = 2, Aig = 100 MeV, we expect the daughter particles to be separated
by an angle of 1/vrpsp ~ 0.15°, which is smaller or comparable to the angular resolutions of some
of the detectors. This highlights a potential problem in our framework, when reconstructing the
signal. For this reason, we suggest that at ICARUS, it might be better to avoid a stringent cut in
angular separation and work with O(100) background events [84], possibly reduced with an energy
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cut and a cut on the direction of the DS system with respect to the beam. Interestingly, for strongly
coupled DS we expect the angular separation condition to be less stringent on the signal. Because
of a larger nrpgp, the energy is split among more LDSPs, leading to a suppression of the single
LDSP boost factor. For such sectors, assuming an average nypsp of O(10), the average separation
angle is typically O(1°) for DB and 100 MeV masses, and less for other production modes. Since
this is of the order of the angular resolution of ICARUS, it should be feasible to reconstruct the
signal events as separated tracks for masses not too light.

Specific to the DUNE-MPD detector, in [58, 138, 139] it has been shown that boosted signal
events have a narrower angular separation compared to the more isotropic background distributions.
Due to this difference the search can effectively be rendered background free. Even in this case the
two decaying particles must be reconstructed as separate particles, which these references claim to
achieve. In these studies, the typical opening angle between the decay products is comparable to the
weakly coupled scenarios we consider in this work. Therefore we take this search to be background
free.

If instead the two decay products are not separated, the event will be reconstructed as a single
electron event. The background to this kind of event comes from v, charged-current scattering,
from v-e elastic scattering events or v neutral-current quasi-elastic events. The idea of decaying
particle hiding behind the single electron signature has been explored in [140, 141]. In these works
it is shown how to recast the analysis of the LSND experiment (with a beam energy of 0.8 GeV)
that looked for v, charged-current scattering (142, 143] to put bounds on BSM particles decaying
into e~e™, hiding as single electron events. In particular, the decaying particle would present as an
excess of high energy electron events near the maximum value of the energy analyzed (200 MeV)!?

Considering now a higher beam energy experiment, searches for charged-current at NuMI based
experiment (with beam energy 120 GeV) typically look for neutrino with GeV energies, a bit lower
than the typical LDSP energy (see for example [144]). Other scattering analysis typically look for
v-e elastic scattering. The cuts imposed require a low energy recoil, and a very forward electron.
It’s unclear whether or not they can be used to put stringent bounds on misidentified e~e™ pairs.
It will be very interesting to explore this signature of single electron hiding in the high energy tail
of scattering events at high beam energy experiments, but we will not study this signature here.

We would like to point out that it should be possible to run the neutrino experiments in a
beam dump mode, essentially removing all the background, while keeping almost all the signal
(except the one coming from charged meson decays). A beam dump proposal for DUNE has been
studied in [145], showing that indeed running in the beam dump mode allows neglecting all the
SM backgrounds in the DUNE detector, albeit at a reduced luminosity of roughly two orders of
magnitude (one order of magnitude, for the optimistic scenario). The idea to suppress neutrino
background by steering the beam off the target (as in the beam dump mode) has been already
implemented at MiniBooNE [119] (although looking for DM scattering events) and MicroBooNE
experiments. We will recast the MicroBooNe search, which however is quite different in spirit from
the typical beam dump search, as it is optimized to look for Kaon Decay At Rest (KDAR). The idea
is to look for the decay products of Kaons decaying at rest in the NuMI hadron absorber, which have
a very peculiar directionality: in usual cases, the decay products of produced kaons are collected
by a detector placed further down the beamline, whereas here the MicroBooNE detector is placed
on the back side of the NuMI hadron absorber (e.g. see fig. 1 in ref. [118]). This peculiarity allows

12WWe do not recast LSND bounds in the DB and DY modes, even if the intensity is one of the highest. For DY,
due to a very low beam energy of 0.8 GeV, the integration range of the partonic center of mass energy is very small.
For DB, the condition on the integration domain of eq. (3.26) is very constraining. Relaxing the condition, by setting
the RHS of eq. (3.26) to 1, the bounds are still worse than DUNE.
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the signal events to be easily distinguished from background events, with an estimated efficiency of
0.14 on signal selection.

In addition to the backgrounds discussed so far, there is an extra component coming from
neutrino trident events, in which a neutrino scatters against a nucleus in a purely electroweak
process, to produce a lepton-antilepton pair. As argued in [58, 146], the expected number of events
is O(10) events at DUNE-MPD, while it is lower in other liquid Argon detectors like ICARUS. In
more conventional detectors like NOvA, O(10) e et trident events are expected [61]. Given the
rather peculiar kinematics, it’s possible to bring down these background events and neglect them
in the analysis [58].

For all these reasons, we will compute the signal yield contours for 10 and 100 event lines when
discussing prospects for DUNE-MPD. Indeed 10 events represent a reasonable proxy for an almost
background free search in the presence of O(1) experimental efficiency, although this number could
be brought down in specific experiments by a more careful analysis of the reducible backgrounds.
The 100 event lines instead can be representative of some signal loss due to selection cuts (which
could be present for example in the weakly coupled case due to a small angular separation) or for
a reduction in NpoT, for example due to running in dump mode for a limited amount of time.

From the experimental analysis we recast, we use 95% confidence level, including the signal
efficiencies reported. For CHARM [115] which observed 0 event, we set a bound at 95% confidence
level of Ngignat < 3, using efficiency of 0.51 and 0.85 for the eTe™ and pp~ modes respectively.
For MicroBooNE KDAR [118] which observed 1 event compared to a background expectation of
1.9 events, we require Nggnal < 3.8 at 95% confidence level, with a signal reconstruction efficiency
of 0.14.

3.4 Analysis Results and Discussion

In this section we present our bounds on the parameters Ayy, Ajr. As we have argued before, the
dominant production mode is through the Z-portal, but the decay can proceed through either Z-
portal or Higgs portal. As discussed in section 3.2, there are three production modes for DS states,
each of which has a different distribution in ppg and therefore contributes differently depending
on the energy and the detector geometries. In fig. 3.7 we show the exclusion regions individually
for the three production modes, keeping to the Z portal decay for simplicity, for both weakly and
strongly coupled benchmark scenarios. We will assume that the LDSP has spin 1 in order to fix
the decay parametrics. In fig. 3.8, we show the combined bounds from this work, for both Z and
Higgs portal decays, and compare against bounds from LHC and LEP from ref. [25]. The bounds
for the Z-aligned JEMJSS portal can be obtained from the Z portal bounds simply by re-scaling
the signal cross section as of /od’ ~ (k%/K% ;) (v?/m%). The case of generic J.J portal is obtained
from the Z-portal by an appropriate combination vector/axial parts of the current and a rescaling
of the couplings.

One can understand the general features of the excluded regions. The right edge of excluded
region (on the high Arg side) is due to the LDSPs being too short lived. Therefore the bound
is roughly set by Bvcr ~ Llietector- Given that typically for high Arg, nrpgp for the weakly and
strongly coupled cases are very similar, the right edge of the excluded region is almost identical for
the weakly and strongly coupled cases. The left edge of the excluded region is instead due to the
LDSPs being too long lived, 8vcT > letector- In this case the exponentials appearing in the decay
probability (eq. (C.2)) can be expanded to linear order and it’s possible to get the slope of the left
edge. For example, in the weakly coupled case with both production and decay through Z portal (or
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any generic 6D operator) the left edge is set by a constant (A% /A%,) line, where the factors come
from the exponential expansion to linear order and the 1/ A%JV in the production cross-section. For
the strongly coupled case the n%DSP factors have a non trivial dependence on AR, and in general it
is not possible to get the slope. Its effect is to increase the total signal events since the number of
LDSPs is larger than in the weakly coupled scenario considered. This enhancement asymptotes to
the weakly coupled case when Ajg is close to threshold due to the behaviour of the chosen function.

In all these exclusion plots, regions bounded by solid lines show the excluded parameter space
from recasts of past and recent DS searches (CHARM [115] and MicroBooNE [118]). The region
bounded by dashed contours in our plots show the potential of current and future upcoming neutrino
experiments: NOvA-ND and ICARUS (current), and DUNE-MPD (near future). To compare their
potential with future DS experiments, we also show the projections coming from the future beam
dump experiment SHiP. For these projected exclusions, we have shown the 10 signal events line
assuming 100% reconstruction and detection efficiency. Following our discussion in section 3.3, for
DUNE-MPD, we also show the 100 events line in fig. 3.8.

There are several features of the bounds which make the neutrino experiments a very powerful
probe for dark sectors, in the parametrization considered in this work. First of all, we find that the
bounds from current and upcoming neutrino experiments are comparable to dedicated DS experi-
ments, with a reach of Ayy in multiple TeV range, for Aig in the MeV-GeV range. This is similar to
the ranges probed in high energy experiments like LHC and LEP (as done in ref. [25]). The typical
scale [ at which the detectors are placed is much larger than the corresponding scale in the LHC
DV searches, and the typical boosts involved are also different, which together select a somewhat
larger 7 and hence a smaller Ajg region compared to LHC. Importantly, neutrino experiments fill
the gaps in the parameter space coming from trigger!? and event selection requirements at LHC and
LEP, since they are sensitive to much lower energy activity in the detector. Even more importantly,
in portals which are not enhanced by a resonant production, the EFT condition (pzDS)maX < A%v
makes LHC and LEP bounds inconsistent, an issue which is again alleviated at neutrino experiments
due to a smaller /s involved. All these features are seen in the bounds in fig. 3.7, 3.8.

In the following subsections, we will discuss in detail how prospective DS searches at neutrino
experiments can complement current bounds for different portals considered in this work. We will
also emphasize the difference between the production modes, especially on how a particular detector
geometry can favor one mode over the other.

3.4.1 Z Portal Production

Consider first the MD production mode through the Z portal (fig. 3.7 first row), where we show
bounds from various experiments. We also show bounds coming from the MicroBooNE KDAR
analysis [118] which is only relevant for the MD mode. We find that for neutrino experiments
based at 120 GeV proton beam, in general the strongest bounds come from radiative decays of K
meson (K — 7+ DS) due to the large number of K mesons produced with respect to other mesons.
However, for the strongly coupled DS case where the kinematic condition on p%s is stronger due to
a larger nypsp, we find that at DUNE and ICARUS, ¢ — DS decays can give a stronger bound on
Ayv as compared to K meson bounds. For experiments based on 400 GeV proton beam, heavier
mesons like B, J/v can be produced in large numbers and can contribute to bounds at CHARM
and SHiP. These heavier mesons can in principle probe larger Ajg due to the relaxed kinematic
condition nypspAir < M, where M is the mass of the decaying meson. The Ay reach is correlated

13This could be improved with dedicated trigger designs, as done in [147] for CMS in a different lifetime region
than the typical one of the gap
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with the Ayy reach, for fixed lifetime. At SHiP, we indeed find that J/1 decays probe the highest
Ayv scales as opposed to K meson decays which suffer from the kinematic condition. However, we
find that K mesons can still improve reach on lower Ajg values relative to J/v, B mesons due to
larger geometric acceptance for K — 7+ DS and larger number of K mesons. At CHARM, we find
that J/¢ — DS decays give the leading bounds which dominate those coming from K — 7 + DS
decays.

For the Drell-Yan (direct partonic) production mode (fig. 3.7 middle row), the best bounds
come from SHiP, and the other experiments only give subleading bounds. Within them, due to the
collinear nature of the produced DS beam, detectors of the on-axis type are more sensitive to this
mode. Note that compared to the DB mode, the average DS boost is smaller for the DY mode, so
that the LDSP spread is more and the off-axis detectors are penalized less.

For the case of dark bremsstrahlung (fig. 3.7 bottom row), the DS is produced very collimated
along the beam line, favoring detector geometries closer to it. We find that the best bounds from
neutrino experiments for this mode come from DUNE-MPD. These are comparable in Ayy and only
probe slightly smaller Ajg values, as compared to the future beam dump experiment SHiP. This
is because in bremsstrahlung the typical p%s is cut roughly around QCD scales, and an increase
in /s at SHiP as compared to DUNE does not lead to a large increase in the production cross
section. The other experiments shown, ICARUS-NUMI, NOvA and CHARM give subleading reach
in both Ayy and Arg. Despite an increase in the number of POTs with respect to NOvA, ICARUS
still has lower sensitivity due to a reduced angular coverage. Both ICARUS and CHARM, due to
their off-axis nature, miss out signal events from the forward DS beam, characteristic of the dark
bremsstrahlung mode.

Combining all the production modes, in fig. 3.8 we show the final excluded parameter space, for
both weakly and strongly coupled benchmarks. We also show the results from [25] which studied
resonant DS production through Z portals at high energy colliders and presented exclusion regions
from ATLAS monojet search [148], displaced vertex search [149, 150], and from total Z width
bounds from LEP [151]|. The bounds presented here probe different parts of the parameter space, in
particular in AR, even if the Ayy reach is comparable to before, and also probe gaps in parameter
space in earlier work which came from trigger requirements. The complementarity of the bounds
at neutrino experiments, as compared to missing energy and displaced searches at LHC is due to
the peculiar position of the near detectors of neutrino experiments, placed at O(10%) meters. We
also find that the bounds are stronger than past beam dump searches like E137 and NA64 (whose
results can be found in 25, 71]) due to a larger NpoT, and in some cases, a larger beam energy.

From fig. 3.8 we see that one of the current strongest bounds for Z portal DS still comes from the
indirect Z width measurement at LEP, Ayy > 525(k?,c J)l/ 4 GeV [25] which is independent of Aig
till the kinematic threshold. This bound is stronger than CHARM and MicroBooNE. Additionally,
CHARM and MicroBooNE are also weaker than the LHC monojet and displaced vertex bounds
except for the strongly coupled case (fig. 3.8 top right) where they probe slightly higher Aig values.
Prospective DS searches at current Fermilab neutrino facilities, [CARUS and NOvA-ND, improve
on CHARM and MicroBooNE, but they are still weaker than the LEP bound.

Most importantly however, we find that future neutrino detector DUNE-MPD will be sensitive
to Arr in the range O(0.1 — 1) GeV for Ayy of few TeVs, a region not covered by LHC exclusions.
Future LLP experiment SHiP based on 400 GeV proton beam would further improve sensitivity
with respect to DUNE-MPD and LHC searches. These improvements are either due to a higher
geometric acceptance from being on-axis or from having a wider detector, or due to a higher beam
energy.

Another past proton beam dump experiment vCAL, with a beam energy of 70 GeV, has searched
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for the decay of a scalar particle [152, 153]. Recasting this search [154, 155] gives bounds slightly
better than CHARM, excluding in roughly the same Arg region, and with Ayy up to 1 TeV. This
is due to the fact that the bremsstrahlung cross section for this energy is the same as of CHARM,
given the proton virtuality cutoff, the experiment has a similar luminosity, but it is closer to the
beam and target. The bounds are still weaker than DUNE and SHiP. Recasting the Heavy Neutral
Lepton search of PS191 [156, 157, as suggested in [158, 159|, gives bounds better than CHARM
but worse than vCAL and DUNE. We do not show these bounds to keep the plots uncluttered.

Emphasizing the complementarity of neutrino experiments with respect to the LHC searches,
we note that for the strongly coupled case (fig. 3.8 top right), the LHC (ATLAS) searches are
not sensitive in a gap of parameter space values close to Ayy ~ 500 GeV — 2 TeV and Ay ~
0.1 — 0.5 GeV. We find that both future neutrino experiment DUNE-MPD and dedicated LLP
experiment SHiP would remarkably fill this gap in the Z portal DS parameter space. These gaps
were due to trigger and event selection requirements.

So far we have only considered decay through the Z-portal, but the decay can also proceed
through the Higgs portal. Before proceeding with that, a couple of comments about the interplay
of the quantum numbers of LDSPs and the relevant decay portals is in order. According to the
Landau-Yang theorem [160, 161], a massive spin-1 particle cannot decay into two massless spin-1
particles. This implies that if the LDSP is a spin-1 particle then for values of A;g < 2m, it will not
decay into any visible SM particles, so that the only signal is a missing energy. If instead the LDSP
is a spin-0 particle, there is no such condition. However for such small values of Ajg, the LDSPs
are too long lived and cannot be efficiently constrained at the experiments considered here. For
this reason it’s crucial to realize that while production from the Higgs portal is very suppressed, it
might be relevant for decays if its the only available decay mode. We should clarify that if multiple
portals are available for decay, one has to consider the dominant one. When considering the LDSP
decay through the Higgs portal, we are assuming it to be dominant compared to other portals. Note
that a spin-1 LDSP cannot decay through the Higgs portal due to quantum numbers.

In the bottom row of fig. 3.8 we show the bounds where the LDSP decay occurs through the
A = 4 Higgs portal. The longer lifetime of the LDSPs, due to a very small coupling to leptons and
the extra AIQR / m%l suppression factor, effectively shifts the exclusion regions to higher Ajg regions.
However, bounds from such values of Ajg can be suppressed due to being too close to the edge of
allowed phase space, effectively chopping off the bounded region. This makes these bounds typically
weaker than colliders, in their Ayy reach, although they still cover regions unconstrained by Z portal
decays at higher (Ajgr/Ayy) ratio.

Finally, for completeness, we will now tabulate constraints coming from invisible meson decays
where the LDSP is long-lived enough to escape detectors. Overall, we find that these bounds are
weaker in their Ayy reach than the ones coming from both LHC and neutrino detectors.

For the Z portal (both production and decay), the strongest constraints from invisible meson
decay come from flavour changing decays of B and K mesons (updated w.r.t ref. [25]). We take the
BaBAR upper limit for BY — K+ decays [162]: B(BT — KTvv) < 1.6 x 1075, which gives

Avvy
GeV
Ar

MeV

> 60 ("<‘72J CJ)1/47

< 108 (k%cy) 702 (weak) , 65 (k%cs) %2 (strong) (3.35)

For the case of K — m 4+ DS, we take the upper limit from the NA62 Collaboration [163]:
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B(K* — 7t 4+ ov) < 1.06 x 10719 which gives

Auy 1/4
GeV > 68.8 (k% cp)V4,

MeV < 83 (k5¢;)7%2 (strong) (3.36)

The bounds for a weakly coupled DS are similar. For the case in which the LDSP decay is via Ap
= 4 Higgs portal instead, the bounds for the B and K meson decays respectively are:

Auv

Ar
/4 2 \—0.14
GV 60 (k4 cy) for Gov < 1.6 (k5cy) (3.37)
Ayy 2 1/4 Ar —0.14
Gov > 68.8 (k5cy) /%, for MoV <L 77 (K3e)™

(3.38)

In the above, the condition on Arg has been calculated assuming a strongly coupled DS, and they
do not change significantly for the weakly coupled case.

The invisible decays from J/1) which have been searched for by the BES Collaboration [164]
set an upper limit on B(J/v — vv) < 7.2 x 1074, However, we found the resulting bound on Ayy
to be weaker than those coming from the BaBar and NA62 limits on B, K decays, and we do not
report it here.

A preliminary study of FASER and SND, using an integrated luminosity of £ = 150 fb~! and
3 signal event exclusion, shows that the exclusion power of these experiment comes mostly from
the decays of SM forward object like mesons or on-shell Z, whose spectra can be taken from the
FORESEE package [165]. For the decay through Z portal, the bounds are comparable to DUNE but
are in a slightly different A1 region due to a different boost, and a different distance at which the
detectors are located, while for decays through Higgs portal (A = 4) they can improve the bounds
up to Ayy 1 TeV: this is because for resonant production through Z portal, pDS ~ m?2, allowing for
larger LDSP masses to be produced and tested. Future experiments like FASER2 can exclude up to
10 TeV given the larger luminosity and the dimensions of the detector, compared to its predecessor.
These will be studied in detail in a future work, together with other experiments at the lifetime
frontier such as MATHUSLA and Codex-b.

3.4.2 JJ Portal (Z-aligned) Production

Even though the Z-aligned JJ portal and Z-portal are equivalent at neutrino experiments after
an appropriate rescaling of the x, there is a distinction between them at high energy experiments
that can produce a Z on-shell. Contrary to Z-portal case, for the Z-aligned JJ portal, the LHC
bounds are generally weaker due to the lack of resonant production and EFT consistency condition
on Ayy. For the same reason, there is no bound coming from Z-width. In this scenario, the bounds
on Ayy come only from LEP missing energy searches (see fig. 8 in ref. [25]). Therefore regions in
the parameter space with too short lifetimes are not tested due to the requirement for the LDSP to
decay outside the detector. On the other hand, the bounds coming from high-intensity experiments
such as neutrino experiments are essentially unchanged with respect to the Z-portal case, so that
all the discussion from before applies: they are able to exclude a larger portion of Ayy by roughly
one order of magnitude in the large lifetime region (low Ajg), compared to the LEP/LHC detector
size, while it excludes a completely unexplored region at small lifetime (or large AjR).
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3.4.3 JJ Portal (generic) Production

The previous sections can give us an insight on how high-intensity experiments can put a bound on a
generic J| EM Jgs portal, where J EM is a generic flavor-conserving SM current. Missing-energy bounds
coming from LHC will still hold provided O(1) couplings to light quarks, although as explained in
the previous section they are limited by the EFT condition. If these are absent, (e.g. for evy*e JES
portal) the leading bounds come from LEP mono-photon searches (Ayy > 102 GeV for Ajg < 100
MeV), while electron beam dump experiments like E137 and missing energy searches at NA64 put
weaker bounds, see ref. [25].

Proton-beam based neutrino experiments cannot probe hadrophobic current interactions given
that couplings to quarks are essential for all production modes. Since neutrino experiments typically
exclude LDSP masses for Ajg < 2my, if the decay proceeds through generic JJ portal, we need
non-zero couplings to electrons. If that is small, the Higgs portal may be relevant depending on
couplings. This feature is not present in missing energy searches at high energy colliders and high
intensity experiments, which only probe the production mode. This problem can be circumvented if
instead of looking at displaced vertex signatures (where LDSP decays inside the detector), in which
both DS production and DS decay into SM are required, scattering events are also considered. As
mentioned in previous sections, we do not look at such signatures due to the extra assumptions
needed with respect to LDSP decays.

We remark that no big difference is expected from changing the axial or vector nature of the
SM current as long as their coupling is of the same order. While for Z portal the axial contribution
to bremsstrahlung is larger than the vector counterpart, due to the accidentally small coupling of
the vector component, this is not necessary for a generic case. A similar argument also hold for
DY mode, while for MD mode the quantum numbers of the SM current select the relevant meson
processes (see App B for details). To conclude, as long as DS has a coupling to proton and electrons
in Jé‘M, we expect the results to not change dramatically at fixed magnitude of the couplings: the
bounds presented in sec. 3.4.1 apply.

3.4.4 Higgs Portal Production

The bounds at neutrino experiment for production through Ay = 4 Higgs portal OHTH are very
weak: assuming decay through Z portal Ayy < 102 GeV for DB and DY modes since these modes
are suppressed by a small Higgs coupling. Only radiative meson decays happening through a top loop
do not suffer from such a problem. The strongest bounds for this case then come from meson decay
K — DS where for DUNE-MPD, we get Ayy < 12 GeV. This exclusion is much weaker than the
bounds coming from missing energy searches at LHC and Higgs coupling fits [25], Ayy = 450 GeV.
For A > 4 the rate is suppressed with respect to the Z portal as explained in Sec. 3.2.1. The
situation is slightly improved for high-energy beam experiments like SHiP (where Ayy < 74 GeV
is excluded for the B — K + DS meson decay), but is still not competitive with the ones coming
from Higgs resonant production at LHC. For this reason, we do not show any plots for production
through the Higgs portal.

For a Ap = 3 Higgs portal, at DUNE-MPD, K — DS decay gives the leading bound, Ayy <
540 GeV. At SHiP, we find that the leading bounds come from B — K + DS decays which give
Ayyv < 10 TeV for Ajg ~ 1.8 — 2.8 GeV. The DUNE-MPD bounds are weaker than the LHC
missing energy searches (which exclude Ayy < 8 TeV) whereas the SHiP bounds are stronger.

The forward experiment FASER does not put strong constraint on DS production and decay
through resonant Higgs portal. Only FASER2, due to a higher luminosity and geometric acceptance,
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can put bounds that are comparable with the conventional LHC searches in a narrow lifetime regions:
up to Ayy = 10 TeV for A = 3, while up to Ayy = 1 TeV for A = 4.

3.5 Summary

Secluded sectors that interact very feebly with the SM have the potential to be probed at the high-
intensity frontier, particularly at neutrino experiments (as has been previously explored in refs. [58,
60, 89, 166], see also refs. [154, 155]). Most of the past work has focused on the case of relevant
portals, while the case of irrelevant portal DS scenario has only recently been explored [25, 71, 74,
139, 167|. In this work, we have considered the sensitivity of DS that interacts with SM through
a dimension 6 irrelevant portal, at past and current neutrino experiments, and its prospective
discovery in both existing and future neutrino experiments based on proton beams.

We have performed a detailed study of the possible production mechanisms of DS through
non-renormalizable portals: meson decays (M — m + DS, V. — DS), direct partonic production
(gg — DS, gg — DS), and dark bremsstrahlung (pp — DS+ X). The interplay between the various
production mechanisms as a function of the DS invariant mass squared p%)s can be summarized
in the plot shown in fig. 3.1. Compared to previous works on irrelevant portals, we have added
production details, and also considered strongly coupled dark sectors, and done so in a model
agnostic framework. Further, we have constrained such dark sectors using past and current analyses
at beam dump/neutrino experiments, also showing projections for prospective searches at existing
and future neutrino experiments. In order to emphasize the importance of these bounds, we have
also compared our results with previous bounds on such portals.

In an earlier work of this scenario [25], the most stringent bounds on DS excitations produced
from the decay of Z bosons was set by LHC monojet searches [148] and LHC displaced vertex
search [149, 150], in a range of (Ayy, Air) values dictated by various factors such as the energy of
the experiment and the lifetime of the DS etc. In the present work, we have tried to address the
question if neutrino experiments, being placed farther from the interaction point (as compared to
say the ATLAS detector at LHC) could probe a lower Ajg range, thereby testing a complementary
parameter space with respect to high energy colliders for such elusive dark sectors. Our main
summary plots can be found in fig. 3.8.

While the present work focuses on the utility of neutrino experiments for probing dark sectors, we
would like to mention the status of other probes of the dark sectors considered here, for completeness.
Colliders and beam-dump probes produce the DS states directly. Other setups that also produce
DS states directly result in astrophysical bounds from Supernova cooling, from lifetime of horizontal
branch stars and from positronium lifetime. Due to kinematics, bounds coming from astrophysical
objects such as Supernovae can’t probe the Ajg = 100 MeV given the lower typical temperature.
Therefore they are subleading in the region in which neutrino experiments are competitive with
respect to LHC bounds, and we will not show them. However in the much lower Ajg regime, they
can become the most competitive bounds, as can be seen for example by recasting the results of
[168]. Complementary to those are indirect probes where the initial and final states are SM states,
and DS degrees of freedom propagate internally. Examples of such probes are electroweak precision
tests (EWPT), fifth-force constraints, torsion balance experiments, molecular spectroscopy, etc.
Depending on the process, these indirect probes are UV sensitive (and in that case they do not
probe the dark dynamics directly) or give weaker constraints. A careful analysis of all these direct
and indirect effects was already carried out in ref. [25] and we refer the reader to there.

In this work, for the case of Z portal DS production, we find that past analyses and prospective

46



3.5. Summary

DS searches at current neutrino experiments give weaker bounds when compared with the current
bounds from LHC and LEP in resonant production scenarios. However, future neutrino experiments
such as DUNE-MPD would improve on this, and will be sensitive to Ag in the range 0.1 — 1 GeV
for Ayy ~ 1 TeV. The current displaced vertex searches at LHC are already probing Ayy as high as
few TeVs, but only in the Ajg range ~ 0.6 — 2.5 GeV for the strongly coupled DS case. The ATLAS
DV searches lose sensitivity in the range of A;g ~ 0.1 — 0.6 due to trigger requirements (as can
be seen from the gap on the right plot in fig. 3.8).14 Future neutrino experiment DUNE-MPD will
have a unique sensitivity to access this gap in the parameter space for a range of Ajg ~ 0.1 —1 GeV
for Ayy of a few TeVs.

We have also compared these results with projections from the proposed experiment SHiP which
serves as a benchmark for LLP experiments. As can be seen from fig. 3.8, SHiP will improve on
the reach of DUNE-MPD by probing Ayy of few TeVs for a range of Ajg ~ 0.1 — 2 GeV. This is
mainly due to its higher proton beam energy of 400 GeV and larger geometric acceptance (€geo ~ 1
for the production modes bremsstrahlung and DY and €geo ~ 0.1 — 0.9 for K and J/1 decays).

As we have described in the previous section, we can recycle our bounds at neutrino experiments
on Z portal also for the case of JEMJSS portal where JSM = fyvuf, FruY°f, f =1, q. The earlier work
in [25] found no bounds from LHC for this portal, once EFT considerations were taken into account.
The only constraint presented is the one for JEM = e, e from monophoton searches at LEP (see
fig. 8 in ref. [25]) where the excluded space is restricted to Ayy < 200 GeV for Aig S 0.1 GeV.
These bounds are much weaker than the bounds we get at neutrino experiments. Therefore neutrino
experiments are a useful tool to study DS that do not directly mix with the Z and that are not
enhanced by resonant production at colliders. We have already explained how our Z portal bounds
can be recycled for a JJ portal, since a JJ portal can be obtained from Z portal after integrating
out Z mediator.

For the case of the Higgs portal OHTH production (for Ap = 4) the bounds from neutrino
experiments are very weak, and are limited to values of Ayy much below the electroweak scale.
Whereas, in comparison, bounds from Higgs resonant production derived in ref. [25] coming from
missing energy and displaced vertex searches at high energy colliders are much stronger.

To map our results to the dark photon (DP) portal results, we can make the DS emission
diagrams for the Z portal case by replacing the dark photon field AL as

(ee)A;L — (mZ/A%V)(ng/mz)st (3.39)

(See also [25, 167] for similar a rescaling discussion). This rescaling can allow us to see Z portal in
a very crude way as a dark photon portal with an effective mixing parameter given by

2 2,2
phs \ k!
ff = N2 dme (3.40)

In Fig. 3.9 we show the parameter space for the dark photon scenario excluded by the past ex-
periments, as well as projected sensitivities from various operating and future experiments. In
Fig. 3.9, DUNE will be sensitive to € in the range ~ 5 x 1078 — 3 x 107 for mass of dark pho-
ton myr ~ 0.2 — 1 GeV. Using Eq. 3.40 and the bounds we get for the Z portal scenario in our

MThe trigger requirements imposed in [25] depend on the nipgp distribution. Events where the number of LDSPs
produced has a downward fluctuation can loosen the cut, but will also affect the total cross-section, the decay
probability and the geometric efficiency. Including this effect systematically will reduce the un-probed region but not
entirely.
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(logio(Ar/Auv), Auv) parameter space (See Fig.3.8), we can very crudely translate our constraints
to constraints on e.fr. For DUNE®, we find that the projected reach would be constraining an
€cff ~ 2 X 1076 for Ajg ~ 1 GeV (where A is the DS mass gap). This rescaling allows us to
effectively check our model-dependent bounds against bounds given in literature.

The bounds presented in this chapter here are derived under a model agnostic approach and
are applicable to a large class of DS models (see [25] for explicit examples). Knowledge of the
underlying dark dynamics can be used to study other possible signatures like DS scatterings with
SM particles, but will need to be done on a case-by-case basis, and hence is out of the scope of this
work. We have discussed in detail our assumptions and limitations of our approach in section 3.1.
Our results are conservative and can be improved if the full theory is defined explicitly. Despite
this, we claim that our approach can be very useful in giving a qualitative picture.

The point of this work is to convey the usefulness of a model agnostic approach to exploring
dark sectors, and the potential of neutrino experiments (both current and future) as unique probes
of irrelevant DS-SM portals. Future proposed LLP experiments at LHC interaction points like
MATHUSLA, CODEX-b, ANUBIS are designed to improve reach on Ajg scales for such elusive
DS. However, future neutrino experiment DUNE Multi-Purpose Detector (MPD) [137] running at
the LBNF (Long Baseline Neutrino Facility) would probe low Arg scales in a shorter timescale.
The forward LHC detectors like FASER and SND (see [169] for a recent status report), built for
searching feebly interacting particles would be taking data during the LHC Run 3, and could also
give useful bounds for our DS. We hope our study would motivate analyses of neutrino-detector
data for the search of such elusive dark sectors.

Bhere to get €eff We are plugging gz = gu defined in Eq. 3.21
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Figure 3.7: Constraints on DS production and decay from D = 6 Z portal for various production modes:
Meson Decay (top row), Drell-Yan (mid row) and Dark Bremsstrahlung (bottom row), for weakly coupled
(left) and strongly coupled (right) benchmark cases. Exclusions are shown in solid lines, while future pro-
jections are shown in dotted lines. The superscripts indicate the beam energy and the on/off axis nature of
detectors for each of the experiments considered. The black dotted lines show the LDSP lifetime 7 isocurves,
while the gray dashed lines show Ag isocurves. The region with 7 > 1 s is excluded by constraints coming

from BBN (cosmology). The bounds assume p3 /A%y, < 0.1 for EFT validity which is satisfied by restricting

to Ayyv > 50 GeV. All plots assume x2¢c; = 1, where i labels the portal, x is the portal coupling and c is a

measure of degrees of freedom of the DS.
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Figure 3.8: Constraints on DS production through the D = 6 Z portal, and decay through the same Z
portal (top), or through D = 6 OH'H portal (bottom), at various neutrino experiments. We have shown
both the 10 event and the 100 event lines for DUNE. For comparison, bounds from high-energy colliders
(obtained in ref. [25]) are also shown in gray (monojet searches with solid boundary and displaced vertex
searches with dashed boundary). The left (right) plots assume weakly coupled (strongly coupled) dark
dynamics. The exclusion from the Z invisible width measurement at LEP is shown by the horizontal solid
black line. We restrict to Ayy > 50 GeV for EFT validity. All plots assume m%ci = 1, where 7 labels the
portal, x is the portal coupling and c is a measure of degrees of freedom of the DS.

50



3.5. Summary

1079

107

107"k

10

T T
l\‘[u:ﬂoll

N

D

4

8

=9 |

T

i LHCD

L
E /
F LDMX (DMNT

Experimental Approach

e'e Collider
———  pp Collider
pp LLP

——— ¢ Fixed Target ]

p Fixed Target

———  Muon Decay

Line/Shading Types

Excluded

Operating & DUNE

1077 10!

ma [GeV]

Figure 3.9: Constraints on the visible dark-photon parameter space taken from Ref. [53]: Nearterm and fu-
ture opportunities to search for visibly decaying dark photons interacting through the vector portal displayed
in the dark photon mass (m/;) — kinetic mixing (e) parameter space. Constraints from past experiments
(gray shaded regions) and projected sensitivities from operating and fully funded experiments and DUNE
(colored shaded regions). Line coloring indicates the key experimental approach used (e*e™collider, pp col-
lider, LHC LLP detector, electron fixed target, proton fixed target, muon decay), highlighting one aspect of
the complementarity between different facilities/experiments. Collectively, these experiments are poised to
cover large regions of open dark photon parameter space
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Part 11

How to hope for grand unification and
not overclose the universe with dark
matter
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Chapter 4

Introduction to Part 11

In this chapter, we introduce new physics that is heavy ~ O(100 TeV) and charged under the SM -
a composite dark matter model with an SU(5) — GUT UV completion [27, 28|. This introduction
gives the main motivations for this work, drawing some analogies with bound states in QCD.

4.1 Composite Dark Matter

The Standard Model (SM) can be considered paradigmatic for many of its remarkable properties.
In particular, global symmetries in the SM arise accidentally in the infrared and explain conser-
vation laws violated only by UV-suppressed higher-dimension operators. A minimal solution to
the cosmological stability of dark matter can be given using accidental symmetries in analogy with
the proton stability arising due to baryon number conservation in the SM. This was demonstrated
in Chapter 1. Such models are free from any ad-hoc symmetries (like R-parity or Z3) generally
imposed by hand in many DM models. A simple way to get an accidentally stable DM state is to
extend the SM gauge group with a new confining gauge force. (See [170] for an example where SM
accidental symmetries make the DM stable instead). Such composite dark matter models (See [171]
for review and references within) can give a variety of possible DM candidates which are either:
“meson-like”, “baryon-like”, “glueball-like” or even more exotic states like the “gluequark” [83].

In this part of the thesis, we follow this possibility that has been explored previously in [83, 172,
173] where the dark sector content comprises new dark quarks transforming as real or vectorlike
representations under the SM gauge group and as fundamentals under the new dark gauge group.
This framework - dubbed vectorlike confinement was first introduced in [174] and allows mass terms
for the dark fermions without much impact on electroweak precision observables. ! We concentrate
on a baryonic DM which is more robust due to its stability (wrt mesonic DM candidates - See
section 5.1 for more details on this). In addition to getting a stable SM-neutral DM candidate, we
also want the SM gauge couplings to unify.

4.2 Gauge Coupling unification

The trajectories of the Standard Model gauge couplings at low energies when extrapolated using
Renormalization Group Equations (RGE) come close to each other in value at a high energy scale
Mgaut ~ 10" GeV as shown in Fig. 4.1. This experimental observation can hint at the intriguing
possibility that the SM gauge group unifies under a Grand Unified Theory (GUT) (See [176] for a

! Adding chiral dark fermions, in contrast, is much trickier due to non-trivial anomaly cancellation (See Ref. [175]
for example).
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Figure 4.1: SM Renormalization Group Evolution (RGE) of gauge couplings gi at 1-loop written in terms
of a; = g2 /4. The label “i = 1,2,3” denotes the U(1), SU(2) and SU(3) SM subgroups respectively with
the normalization g1 = /5/3¢" where ¢’ is the SM hypercharge coupling.

review). The simplest scenario of non-supersymmetric (SUSY) minimal SU(5) GUT where the SM
matter is unified in the 5 and 10 SU(5) representations has been already excluded [177]. The GUT
gauge bosons lead to the prediction of proton decay and the proton lifetime bounds put a lower
constrain on the Mgyt scale of around Mgyt > 10 GeV.

The evolution of the SM gauge couplings is sensitive to any new fields with quantum numbers
under the SM gauge group SU(3) x SU(2) x U(1). Unification, thus, can be used as a guiding
principle to parametrise any new physics (NP) content (see [178| for example). As is evident, there
is a vast number of theories and models that can arise to give composite DM states. However, we
will find that demanding that any new particles mitigate (and not worsen) gauge coupling unification
in the SM puts severe restrictions on these models. In fact, we find that very few models pass our
criteria (see details on benchmark model in Chapter 6) for gauge coupling unification under our
unification criteria (See sec 5.2).

4.3 Dark Spectrum

In this section, we discuss the various mass scales that appear in the dark sector and how they
appear from both top-down and bottom-up considerations.

The non-Abelian dark gauge group (SU(N)pc or SO(N)pc) confines in the IR at the dark
confinement scale given by Apc. We consider the regime where the dark fermions are lighter than the
confinement scale with mass m < Apc. Requiring that the stable dark baryons formed from these
light fermions reproduce all the observed dark matter relic abundance [17] gives Apc ~ 80 TeV [172]
(See also Sec. 6.3.4). This scale can vary by O(30 TeV) if uncertainties on the non-perturbative
cross-section for baryonic annihilation (oan,v) are considered.

These dark fermions come as SU(5) GUT fragments. In a consistent SU(5)-GUT theory, the
GUT partner fermions of these dark fermions would be introduced. These GUT partners have mass
of scale My > Apc. This mass scale My is fixed from gauge coupling unification considerations
and can vary within a range of values under our optimistic unification criteria. (See section 5.1.2
for more details).

It is evident at this point that such a strongly coupled dark sector with both light m < Apc
and heavy My > Apc fermions would have a rich spectrum of bound states below confinement.
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The spectrum comprises light baryons (also the DM candidate) with mass M ~ NpcApc, light
mesons with M < Apc, heavy mesons with mass M ~ My > Apc, heavy baryons with mass
M ~ My > Apg, heavy-light mesons with mass M > Apc, heavy-light-light baryons with mass
M > Apc, and some more states. For more details on the interplay and the impact of these bound
states, see Chapter 6.

Analogy with QCD bound states

Let us look in parallel at QCD now: bottom and charm quarks with masses mg are very
distinguished from light strange, up, and down quarks. In fact, the hierarchy mqg > Aqcp leads to
simplified dynamics for these quarks. However, they are still light enough to have a rich spectrum
of bound states given by heavyonium, heavy-light mesons (mesons formed of one heavy and one
light quark) and so on. Indeed, the top quark is too heavy to have this effect since it decays too
quickly. Bound states formed by these heavy quarks bottom, charm share many rich interactions
in the SM.

In the dark sector discussed in this part of the thesis, the cosmological history and dark matter
phenomenology are controlled by the GUT partner mass My (See section 6.3 for details). The
My value also controls in addition the spectrum of the theory. For the bound states with mass
My > Apc, we rely on heavy quark effective theory for modeling the mass of the bound states
(See Sec. H.2 for details). In order to describe the dynamics below the dark confinement scale, we
rely on lattice QCD results.

In the dark theory, we find that for very large M, the fermions are short-lived and cannot sur-
vive till dark confinement. This leads to no cosmological consequences for the DM phenomenology
and we reproduce the standard light baryonic DM picture. This is in analogy with the SM top
quark which decays too quickly to give interesting bound states in QCD.

For lower My mass values, the GUT partners can form dark bound states with light dark
fermions which leads to a recombination period during the cosmological history (See details in
Sec. 6.3.2).

4.4 Why GUT completion?

Demanding gauge coupling unification from composite dark matter models introduces an additional
theory prior - we will find that this is very constraining on the number of theories that give a viable
baryonic DM candidate. In addition to this, the impact of GUT partners is non-trivial on the DM
cosmology as we show in Sec. 6.3.4. We find that to accommodate a realistic GUT model, we need
non-trivial reheating dynamics such that the GUT partner abundance is suppressed. In addition
to this, another crucial prediction of the benchmark model is the production of SM-colored dark
mesons (NGBs) in the theory (See Sec. 6.2 for more details on the meson spectrum).

Imposing SU(5) — GUT UV completion also leads to systematic classification of composite dark
matter models from an EFT point of view. In the low-energy dark effective theory at scales much
below the GUT scales, the decay of bound states relies on non-renormalizable operators breaking
symmetries. For any viable model with a baryonic DM candidate, this implies operators that will
make other bound states decay fast enough. Working in a GUT UV completion, we find that these
higher-dimension operators in the IR Lagrangian must be generated at the renormalizable level in
the GUT Lagrangian. We use this to systematically classify all viable models and write their parent
GUT theory. A full list and more details on this GUT approach of model building can be found in
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Sec. 5.1.2.
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Chapter 5

Composite Dark Matter in SU(5) Grand
Unified Theory

In this chapter and in chapter 6 based on |27, 28|, we explore scenarios of extending the SM by
the addition of dark fermions that can give SM gauge coupling unification and give a baryonic dark
matter stable due to the dark baryon number. An effort in this direction was already made in [172].

The main motivation of this chapter is to systematically describe the SU(5)-GUT UV completion
of composite dark matter models. The dark fermions added transform as fundamentals under the
dark color gauge group Gpc (SU(N)pc or SO(N)pc) and are light with masses below the dark
confinement scale, Apc. These dark fermions come as SU(5) fragments. In a consistent SU(5)-
GUT theory, the GUT partners of these dark fermions are introduced. We are thus led to ask the
following question: how relevant are the GUT partnerst of these dark fermions and how do they
impact the low-energy model building and dark matter cosmology? We systematically address this
question in this chapter and in chapter 6.

The dark sector in the UV is invariant under Gy x Gpeo with Gy being the unified group SU(5).
At Mgur, the unified group giving Gy — Gsm. From Mgyt down to the dark confinement scale
Apc, the theory is then invariant under Gsy X Gpe.

The requirement for SM gauge coupling unification would set the mass scale of the GUT partners
which would imply the following hierarchy of mass scales in our dark theory:

m S Apc < My < Mgur.

Here m is the mass of the light dark fermions, My is the mass of their GUT partners and Mgyt
is the scale at which the SM couplings unify.

Before describing our dark sector, we would like to discuss previous works that have performed
studies similar to ours. We are not aware of many works in the literature that consider accidentally
stable dark matter models in the context of SU(5) unification, apart from Ref. [172]. In [172], the
authors perform a classification of viable DM models that give an accidentally stable light baryonic
DM in strongly coupled theories. Models are characterised as either golden class - models where
all species symmetries are broken at the renormalizable level, or silver class - models which can
be made viable either by requiring higher dimension operators to break species symmetries or via
additional model building. Instead, our model classification is done from an SU(5)-GUT approach
and it systematically classifies all viable models based on allowed symmetry-breaking operators.

tembedding low energy dark fermions in SU(5) multiplets would mean they come alongside the remaining SM
fragments or GUT partners.
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5.1. Model Building and Classification

Indeed, we reproduce the silver class models of Ref. [172] and find them to be viable models giving
an accidentally stable DM baryon. We describe this process in detail in Sec. 5.1.1. Moreover,
Ref. [172] studies gauge coupling unification, relying on perfect unification, and analyses only three
viable models. Our criteria for unification discussed in Sec. 5.2 is much more relaxed and not based
on perfect unification (where the three couplings meet at a point in the (ai_l, log 1) plane). Infact,
we also consider SM extensions that simply improve upon the unification found with the minimal
SM content. This implies that for some scenarios the GUT partner scale or My can be as low
as Apc ~ 10° GeV. Moroever, when discussing unification, Ref. [172] considers a common mass
scale for the GUT partners. We on the other hand, also consider some scenarios of mass splitting
between the GUT partners, this can be found in Sec. 5.2.3. Finally, Ref. [172]| does not study the
impact of GUT partners on DM cosmology. We study this in detail and details can be found in the
next chapter.

For models raising the question of SM gauge coupling unification in the context of technicolor
theories, see Ref. [179] for example. There are also other models that aim at solving the DM
problem and unification in literature [180-183|. However, none of these models utilize accidental
symmetries to stabilize DM.

Our benchmark model for unification (See Sec. 6.1) and DM coincides with the model in
Refs. [172, 183]. In Ref. [183], the SM is extended by a new multiplet x = (3,2),/s charged
under a new confining SU(3)y gauge group. The DM is a composite state called GUTZilla DM
with masses much above the scale of 10 GeV. Such a high scale DM is not thermal and is produced
before the end of reheating. The stability of DM is guaranteed by imposing a Zo symmetry. Our
thermal DM candidate instead is stable due to accidental symmetry which is much more elegant.

In the proceeding sections and chapters, it will become evident that our analysis extends the
analysis done in Ref. [172] relying on a more comprehensive model-building approach. With respect
to DM models given in [180, 182, 183|, our analysis adopts a different approach utilizing accidental
symmetries for stabilizing DM.

In this chapter, we give the details about the classification of viable models (Sec. 5.1) and the
analysis of SM gauge coupling unification (Sec. 5.2) for each of these models. The lists of all viable
models can be found in Appendix 5.1 and the analysis of unification under our unification criteria
can be found in Appendix E.

5.1 Model Building and Classification

We consider an extension of the SM with a new confining gauge group Gpc (dark colour) and new
Dirac fermions Q (dark fermions) which transform as fundamentals under Gpc and as vector-like
representations R (possibly reducible) under the SM gauge group Ggy;.

Adding vector-like SM representations takes care of Ggy anomaly cancellation and allows us to
write a mass term for the dark fermions.

The dark fermions come as SU(5) fragments, thus, at Mgy, they are unified with the remaining
SM representations in the SU(5) multiplet or their GUT partners. The masses of these GUT
partners can be in the range m < My < Mgur, more precise reasons for this will be explained
in the later sections. The only scalar we consider at energies much below the GUT scale is the
elementary Higgs boson?. We can write the renormalizable lagrangian in the dark sector at energies
much below the MayT scale:

ZNote that in our UV theory which is an SU(5) theory, we have a scalar transforming as an adjoint of SU(5) to
spontaneously break SU(5) — SM
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Ns
1 . . . . . .
L= Lsm— Fgﬁy + ) Qi —mo)Q +y; Q' HPLY + y}Q'"HPRrQ + h.c. (5.1)
DC i=1

where G, is the dark gluon field strenth and gpc is the dark gauge coupling. The index ¢ in
Q' denotes the different dark species (or multiplets of the SM gauge group) in the models and we
show a summation over all the dark species from 7 = 1,... Ng. Each dark model will be further
distinguished by the total dark flavours Npg which is the total number of representations which
are fundamentals under dark colour (this is analogous to flavour in QCD).

The total number of dark flavours Npr and dark colours Npc in a dark model is restricted due
to the perturbativity of SM coupling as well as asymptotic freedom of dark colour. We will describe
this in detail in the next section on model classification Sec. 5.1.2. Depending on the SM quantum
numbers of the dark fermions Q, yukawa couplings with the Higgs boson can be written, as can be
seen from Eq. 5.1.

It is evident that the renormalizable £ in Eq. (5.1) is left invariant under a phase rotation of
all dark fermions. This is the dark baryon number symmetry, U(1)pg which can make the lightest
baryon stable (see also [172]). In addition to the dark baryon number, the renormalizable Lagrangian
in Eq. (5.1) can also have additional accidental symmetries which can lead to the stability of other
bound states. For example, dark mesons Q°Q’ have been considered in the literature [172], stable
due to the accidental symmetry called species symmetry (which rotates each dark fermion species
Q' by one phase).

Next, we discuss the suitable nonrenormalizable operators that can be written to break all the
accidental symmetries arising in Eq. 5.1.

5.1.1 Breaking of Accidental Symmetries

Each dark theory comprising dark fermions can have a certain set of accidental symmetries, as is
evident from Eq. 5.1. One or more of these are required to stabilise the DM. Determining the level
at which these symmetries are violated implies classifying the non-renormalizable operators that
break these symmetries. This also allows us to classify the dark bound states that can be viable
DM candidates.
Let us consider a bound state of mass M that decays to SM through a generic higher dimension
operator of overall dimension D given by
k
WODSOSM (5.2)
uv
where k is a dimensionless coupling and Ayy is the UV scale suppressing the symmetry-breaking
interaction. Here, Opg is the combination of dark fields and Ogy is the combination of SM fields.
The decay width of such a dark bound state via this operator in Eq. 5.2 can be estimated to be:

k2 N, M\ 2P
DC / ( )

T 8ri6n2 \Apy (5:3)

Indirect detection DM searches [22, 184, 185] imply a lower bound on the DM lifetime of

M > 107 . (5.4)
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5.1. Model Building and Classification

This translates to a lower bound on the Ayy scale suppressing the nonrenormalizable interactions
responsible for spoiling the DM stability. For thermal DM, the mass of DM in our model should
be ~ 100 TeV. We can now get the bounds on Ayy scale for the symmetry-breaking operator that
destabilises DM. These bounds for dimension-5 and dimension-6 operators are:

M 3/2
For D = Auv 2 103 V 2Npo) /2 22 .
or ) 26 x 10 GeV x (k DC) 100 ToV (5 5)
18 2 1/4 Mpy 5/4
— > V e
For D 6 AUV = 2.5 x 10°° GeV x (k ND(j) <100 TeV> (5.6)

To ensure the stability of DM in our theory, from Eqs. (5.5)-(5.6), it is clear that only D = 6
operators are appropriate. We will now discuss why a good DM candidate is given by the lightest
dark baryon and not light meson.

Why can light mesons not be good DM candidates if the dark sector is seen as an EFT?

The lightest bound states in any dark sector that are neutral under the SM (1, 1) are considered
to be good DM candidates provided their lifetime does not violate indirect detection bounds given in
Eq. 5.4. An SM gauge singlet light meson can either be i) neutral under species number QiQ! or i1)
charged under species number Q?Q7. Ref. [172] considered light mesons stable due to “G-parity” (See
also Ref. [186] for the first discussion of this model) as a good DM candidate in the SU(3)pc dark
model V' where V' denotes the dark fermions with the SM charges (1, 3)o. We explain now why such
gauge singlet mesons cannot be robust DM candidates. For all these scenarios, symmetry-breaking
dimension-5 operators of the following type can be written:

QiIQ'HH, QIQIHTH,  Qic"Q'B,, (5.7)

Here the last operator is responsible for breaking G-parity.

It is evident that meson-stabilising accidental symmetries (species symmetries or G-parity) can
always be broken by dimension-5 Mp-suppressed operators.? From the Ayy bound in Eq. 5.5, it is
evident that mesons are never good DM candidates in a viable dark model.

Infact, Ref. [186] comments on the G-parity breaking operator given in Eq. 5.7 noting that extra
suppression must be imposed to guarantee the cosmological stability of the meson. Indeed, some
additional symmetry arguments can be imposed to prohibit the operators of Eq. 5.7 from appearing
in the dark Lagrangian , thereby making the light meson cosmologically stable. For our dark theory
which we consider as an EFT, light mesons cannot be good DM candidates.

Dark baryons, in our scheme, are stable due to dark baryon number which can only be broken
by dimension-6 or higher operators 4 making them a good DM candidate. We can thus identify, the
lightest dark baryon as a robust DM candidate.

How can we deal with other long-lived dark bound states?

3For our dark sector, we restrict ourselves to dark fermions that are fragments of SU(5) representations which are
at most rank 2. There could be more exotic higher dimensional SU(5) representations that prohibit such symmetry-
breaking dimension-5 operators.

4for example for Np¢ = 3, leDSM/A%V breaks U(1)pg where the SU(N)pc indices are contracted and tsn is
an SM fermion required to write an SM gauge invariant O(®.

60



5.1. Model Building and Classification

In every dark theory, in addition to the DM candidate, accidental symmetries can also give rise
to other long-lived bound states. These can be characterized as (i) light mesons (at the light-dark
fermion level ~ Apc), (i4) heavy baryons, and heavy mesons (at the GUT partner level ~ Mp).
All these bound states are metastable (due to species symmetries) and hence subject to strong
cosmological constraints coming from BBN i.e. Tyonpm S 1 s where Ton.p is the lifetime of the
meta-stable bound state. The decay of these bound states via the symmetry-breaking operators
can be generated at any of the following scales:

1. Reduced Planck scale Mp (for operators appearing in the UV-GUT Lagrangian),

2. GUT scale Mgur (for operators generated by integrating out GUT bosons &), and GUT
scalars Hj),

3. GUT partner scale My scale where Apc < My < Mgyt (for operators generated by inte-

~

grating out GUT partner fermions).

We now begin with discussing the Ayy bounds on the operators responsible for the decay of
the light mesons. The lightest mesons in the dark theory can have mass m < Apc ~ 100 TeV (See
also discussion in Sec. 6.2 on the mass spectrum of light mesons). Imposing the BBN bound on the
lifetime of these light mesons of Ton.pm S 1 s, we can use Eq. 5.3 to get the following lower bounds
on the Ayy scale as:

M, 3/2
For D = Ayy <6 x 10%7 2Np)l/2( meon :
or 5 v S6x 107" GeV x (k*Npc) 100 ToV (5.8)
11 2 14 M o
_ < meson
For D 6 AUV = 2.5 x 10°* GeV x (k NDC) <100 T6V> (59)

where Mieson 18 the mass of the long-lived light meson. From Eq. 5.8, it follows that accidental
symmetries broken by Mp suppressed dimension-5 operators can mediate a fast enough decay for
light mesons, with mass m < 100 TeV.

However, following Eq. 5.9, accidental symmetries broken by dimension-6 operators cannot be
generated at a scale Ayy = Mgur, Mp. Such D = 6 interactions should be generated by the
exchange of GUT partners at a scale Ayy = Mp < Mgyt to mediate a fast enough decay for light
mesons.

In addition to this, we can also have D = 6 interactions generated at the My scale via the
exchange of GUT partners and an insertion of a dimension-5 operator. For such operators, the
Ayv scale can be written as Ayy = (MpMH)l/2 or Ayy = (MGUTMH)1/2 depending on the scale
suppressing the dimension-5 operator, Mp or Mqgur. For such operators, we find that the BBN
bound on long-lived states is not violated only if My < 10% GeV. Since this My scale is too close
to Apc ~ 100 TeV, we do not consider the generation of such operators.

We can now concentrate on the possibility of D = 6 and other higher dimension operators
generated by the exchange of GUT partners H at the My scale. As explained®, such operators
are always generated at Ayy = My through diagrams involving only renormalizable couplings i.e.
Yukawa couplings between the SM Higgs boson h and dark fermions. Examples of these diagrams

5Note that our dark theory does not have any additional dark coloured scalars, hence the only possibility for
nonrenormalizable interactions generated at Auv < Mgut are those obtained after integrating out GUT partners at
My scale.
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5.1. Model Building and Classification

Figure 5.1: Tree level exchange diagrams of GUT partners H involving Yukawa couplings which will give
D = 6 operators generated at Ayy = My after integrating out the GUT partners. Here h is the SM Higgs
boson and Q are the light dark fermions.

are shown in Fig. 5.1 and they will give the resulting corresponding D = 6 operators °:

2 3
y — . . y — . .
@Q’WQJHTD“H M—I?IQZ Q'HHH (5.10)
Here, y denotes either of the Yukawa coupling in the dark sector ¥, or yg shown in the dark sector
Lagrangian in Eq. 5.1.
The D = 6 operators above can be generalized for any D > 6 operator with n couplings with
the Higgs and we can write even higher dimension operators suppressed by powers of My:

y2n . y2+n .
T QY (HD'H)* = OQ'Q'H*H" (5.11)
My M,

Such My scale suppressed D > 6 operators can lower the Ayy bound for symmetry-breaking
nonrenormalizable interactions required for fast enough decay of long-lived states.

In fact, we can have a D = 9 operator given by 0'Q7(H D, H)? /M breaking species symmetries.
Such a D = 9 operator will allow long-lived mesons to decay fast enough. Imposing 7 < 1 s will
give the upper bound on Ayy as:

Mmeson >11/10 (5 12)

Aoy = Mit £ 3.0 % 107 GeV x (KNpc) /0 siesee

This My value is allowed under our assumption that My /Apc = O(10?) and is also compatible
with the EFT description.

We do not need to classify any D > 9 species symmetry-breaking operators, we comment on
this now. Since such operators contain a single dark quark bilinear, it follows that to break all
the relevant species symmetries it is sufficient to consider operators with at most four SM Higgs h.
Indeed, let us consider the dark fermion bilinear made by the SU(3). color singlet T' (See Table 5.1
having the EW quantum numbers (3, 1) under the SU(2);, ® U(1)y. The bilinear 7T then gives the
largest electroweak quantum numbers D (5,2) under SU(2)r ® U(1)y out of all the dark fermions
considered in this work. This TT should be coupled with H* to make an SM gauge invariant
operator in the dark Lagrangian. We can see now that increasing the dimensionality of the operator
would imply adding (HTH)", which does not break any new dark species symmetries. Hence, we
can conclude that no additional species symmetries are broken by D > 9 operators.

With this, we can conclude the discussion on the issue of the metastability of light mesons. In
addition to light mesons, as we noted earlier, we can also have heavy baryons and mesons formed

SNote that these D = 6 operators will only be relevant when a D = 5 operator Q'Q7 HH breaking the same
species symmetries cannot be written. This occurs for models in which the D = 5 operator vanishes identically for
example, when the H H forms an isosinglet with unit hypercharge.
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o' ‘ SU(5) ‘ SM Quantum Numbers ‘
N 1 (1,1,0)

DaL 5 (3,1,1/3) & (1,2,-1/2)
UsE®Q 10 (3,1,-2/3) @ (1,1,1) & (3,2, 1/6)
QeTa®S 15 (3,2,1/6) @ (1,3,1) @ (6,1, —2/3)

VeGaXaoN| 24 | (1,30 (81,000 (3,2,5/6)® (1,1,0)

Table 5.1: All dark fermions Q' and their corresponding quantum numbers under the SM gauge group
SU(3). x SU(2)r, x U(1)y along with the SU(5) representations embedding them.

from GUT partners. In general, GUT partners can be long-lived due to accidental symmetries since
they can introduce new species symmetries in the dark theory. Bound states made by these GUT
species could be SM-charged hence, their abundance will be subject to constraints from BBN as
well. This would impose a constraint on their lifetime 7. Thus, a hierarchy between the GUT
partner mass and the mass of dark fermions forming DM, i.e. My > Apc, is crucial. We address
the issue of metastability of these GUT partner states in Sec. 6.1

The higher dimension operators generated by the exchange of heavy GUT partners also influence
the UV-GUT model or parent GUT theory. We discuss this in detail in the next section (Sec. 5.1.2).

5.1.2 Classification of Models

In this Section, we outline the general procedure to classify viable models that can give an ac-
cidentally stable baryonic DM. Each viable dark sector model is identified by a set of species of
degenerate dark fermions Q' having mass m < Apc. The choices of dark species and dark colours
are determined by the dark coupling and SM coupling behaviour in the UV as we will describe
next. At Mgyt these low energy dark fermions unify with their GUT partners whose mass scale
Apc < Mp < Mgur is dictated by the requirement for unification (see Section 5.2). Each low
energy dark sector model thus can be embedded in a dark SU(5)-GUT model, we also describe the
procedure for this. In Table 5.1, we show the notation for the dark fermions Q' we use throughout

the thesis and their respective SM quantum numbers.

SU(N)pc Models

For a (Weyl) dark fermion Qp, (Qf) transforming as a fundamental (anti-fundamental) of SU(N)pc
and as a (possibly reducible) representation of SM, we extend the SM by adding:

Qr® Q% = (0, Rsm) & (O, Rsm), (5.13)

Note that in our notation the dark fermions Q° transforming in the conjugate SM representation
are denoted with tilde Qi, however, they transform as a fundamental under SU(N)pc. For the case
in which representations are real under SM, like for V, G and N, we have V=V, G =G, N = N.

The classification of accidentally stable composite dark matter in this section described has an
overlap with all the models listed in Ref. [172]. Our classification procedure results, however, in
also additional models obtained after relaxing some simplifying assumptions made in Ref. [172]".
In the following, we describe our general procedure for the case in which the dark gauge group

“In [172] the so-called silver class models that were considered have at most two flavors of dark fermions, this
leaves out many viable models.
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Gpc = SU(N)pc while in Section 5.1.2 we cover the scenario in which the dark gauge group
Gpc = SO(N)pc:-

We begin with a ‘bottom-up’ approach which allows us to identify the light dark fermionic
content in each dark sector model. This selection is done by scanning all dark fermions made by the
SM fragments of SU(5) representations given in Table 5.1 subject to the following requirements:

1. Dark Colour Confinement: The dimension of the SM representation R i.e. the allowed
number of dark flavors Npgp and the numbers of dark colors Np¢ dictate the UV behaviour
of each dark sector model. These have to be fixed in order to not break the perturbativity of
both SU(N)pc and SM. A lower bound on Npc of light dark fermions comes from requiring
that the dark fermions preserve the asymptotic freedom of the dark color coupling apc.
Using renormalization group equation do;” 1/dlog Q = —j3;/27 to define gauge the 3—function
coefficients, we get the following requirement for SU(N)pc gauge group:

Bpc = _%NDC + %NDF <0 (5.14)
This, however, is not a sufficient condition for confinement. For the dark colour gauge group
to confine, the number of dark flavours Npg in the theory should be below the lower edge of
the conformal window or Negnt i.e. Npp < Neonf- This value of Neonr is a non-perturbative
value and has been calculated by lattice simulations for QCD [187] to be equal to Neons = 12.
Following [175], we generalise this lattice result for a generic number of dark colours Npc and
require that our SU(N)pc models have:

Npr < 4Npc (5.15)

for dark colour confinement.

2. Perturbativity of SM couplings: We want the selection of light-dark fermions to be such
that the SM couplings do not develop Landau poles below the SM “GUT scale” where we
take this scale for to be Mg%T = 6.5 x 10" GeV. At the GUT scale, the heavy GUT gauge
bosons provide a further negative contribution to the S-function of SM couplings (; thus
improving the perturbativity of the unified model. These conditions are met if the additional
contributions from the new physics content to the §; function coefficients satisfy:

which translates into an upper bound both on the number of colors Npc and dark flavors
Npr of dark fermions.

3. Presence of DM candidate: We select the models with at least one viable DM candidate.
This for us is the lightest stable dark baryon with no color, no EM charge and no hypercharge.
For example, for Npc = 3 these DM candidates for the case of SU(3). colored dark fermions
are given by:

QQD, DDU (5.17)

or for the case in which the dark fermions have only SM EW charges, we can have:

LLE, LLT, VEE, VLL, NEE, NLL, VVV, VVN, VNN, NNN (5.18)

64



5.1. Model Building and Classification

4. All species symmetries must be broken: We select the models in which all species
symmetries are broken either by Yukawa couplings or by the allowed higher dimensional
operators discussed in section 5.1.1. In Table 5.2 we provide the full list of operators for the
SU(N)pc case.

operator type dim
HQD, HQU, HLE, HLT, HLN, HLV Yukawa 4
LLHH, NViH'o'H, EViH o'H, ET'Ho'H, T'NH 0 H Q,Q;HH 5
No™ViWi,, Ec"TW,, G'o"NGS,, SoUG,,, Dipole 5
LEHHH, TTHHH Q,Q;HHH 6
DyUH®'D,H, Ey*NH®D,H 9'Q;HD,H 6
T'Ti(H o' H)(H 07 H) Q,Q,HHHH 7
EE(HD,H)? QiQ;(HD,H)* 9

Table 5.2: List of operators for SU(N)pc models breaking species symmetries in viable models.

We note that in our classification no operator couples an SU(3). colored dark fermion to one
with purely SM electroweak quantum numbers (under SU(2)r, x U(1)y). This can be verified from
the list of operators in Table 5.2. Regarding SU(3). charged dark fermions, we note that the
operators generate couplings only among Q, D and U (or @, D and U) This means that any viable
model must be either a combination of SU(3). singlet dark fermions or a combination of Q, D and

U (or Q, D and U).

Identifying minimal parent GUT theory: In order to determine the UV completion of each viable
model, we must identify the corresponding minimal parent GUT theory. The higher dimension
operators required in any low energy viable model to destabilise the light mesons (discussed in
Sec. 5.1.1) impact this. These higher dimension operators are generated by integrating out GUT
partners at My scale. The minimal set of SU(5) GUT representations required to embed both the
light-dark fermions as well as these integrated out GUT partners at My define the parent GUT
theory. We will next see that by our intrinsic definition of minimal parent GUT theory, there are
no accidental species symmetries in the dark GUT lagrangian. We will demonstrate this using the
example of the L & FE model given below.

In Appendix D, we provide the list of all viable models along with their parent GUT theories.
Note that the same minimal parent GUT theory may be the origin of many low-energy models. Now
we discuss two examples of SU(3)pc models to clarify how we identify the parent GUT theory:

e Q@D model: Here the DM candidate is QQD where all the species symmetries are broken by
the Yukawa QDH in the low energy theory. The parent GUT theory for this model is given
by 5 ® 10 where the GUT level Yukawa couplings are:

Laur > UsdiWio. (5.19)

Here, U5 and Wy are the GUT multiplets that embed Q and D, whereas ¢5 is the GUT
representation that embeds the SM Higgs.

e L@®F model: In this model, the gauge singlet DM candidate is given by LLE. Unlike the Q+D
case, in this scenario, the simplest GUT representation embedding L and E fragments, given
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by 5 @ 10, cannot be identified as a viable parent GUT theory. Additional GUT multiplets
must be added to this to introduce Yukawa couplings which can generate higher dimensional
operators in the low energy theory. These operators are crucial for destabilizing the light
mesons in any theory that can violate the BBN bound as we discussed in Sec. 5.1.1. Indeed,
the parent GUT theory for this model is identified as 5 & 10 @& 5 @ 1/24. The GUT
multiplets 5 and 10 must be added to break all GUT species symmetries as:

Laur 2 V10¢5Ys + Wy j04¢5V5 + W55V o4 (5.20)

The additional GUT multiplets 5 and 24 embed the auziliary GUT fragment fields given by
L and N which must be integrated at My to generate the higher dimension operator (See
also Fig. 5.1) in the low energy theory, LEHHH. As we hinted earlier, the same parent GUT
theory can be the origin of many low-energy models. This parent GUT theory can indeed,
also give rise to the low energy model given by L& E & L @& N.

In order to further clarify how we characterise the parent GUT theory, let us use another embedding
for this L ® F model to demonstrate how it will not fulfill the criteria we demand. We can envisage
a scenario where L ® F is embedded in 5 @ 5 @ 10 where the auxiliary GUT multiplet 5 has been
added to break the accidental species symmetry. At the GUT level, we can now write the following
gauge invariant terms:

_ 1 .
Laur = VYipps¥5 + ﬁp‘l’s‘l’g%% (5.21)

It is evident from Eq. 5.21 that in this parent GUT theory, the GUT species symmetry associated
with 5 remains unbroken at the renormalizable level and is broken only by the Mp suppressed
dimension-5 operator. To attain the L @& FE model, we must now integrate out the auxiliary GUT
fragment embedded in 5, in this case, given by L. This would result in the higher dimension operator
in the low energy theory given by:

1

piiH

00 ~ LEHHH (5.22)

This dimension-6 operator would mediate the decay of the light meson LE. However, it was already
shown in Sec. 5.1.1 (See also Eq. 5.9) that such dimension-6 operators can only mediate the meson
decay complying with the BBN bound for My < 10° GeV. Considering this M scale is too close
to Apc, such operators are not considered to be generated in our low energy dark theory. Note
that in this example the addition of operators with the GUT breaking scalar ¢o4 will lead to a
contribution to the mass matrix. In principle, a higher dimension GUT invariant operator of the
type @5\1'10¢24¢£ can be written, however, it will not break any additional GUT species symmetries.

Theorem: By our definition of parent GUT theory, any unbroken GUT species symmetry will
be inherited by the low energy model. If there is an unbroken species number at the renormalizable
level in the GUT Lagrangian (like in Eq. 5.21, the GUT theory will not provide the necessary
embedding for the low energy model complying with bounds on higher dimension operators already
discussed in Sec. 5.1.1.

In section 5.2, we discuss the possibility of gauge coupling unification in the models found in our
classification. We distinguish between the two groups of dark fermions as: (i) light dark fermionic
content of the low energy model at a mass m < Apc, (i) the heavy dark fermionic content at
a mass scale My, comprising both the remaining GUT representations or GUT partners and the
additional heavy quarks integrated out for the generation of the nonrenormlizable interactions.
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SO(N)pc Models

In this section we identify the viable models for Gpc = SO(N)pc. The dark fermions transforming

under (fundamental) vector representations of SO(N)pc are real. This leads to two consequences:

(i) there is no difference between baryons and antibaryons, (ii) dark mesons can be Q;Q; states.
In this case we can write the dark sector matter content added to the SM as:

Q= (0, Rsm) @ (O, Rsm)  if Ry is a complex representation under SM (5.23)

Q = (O, Rsm) if Rgy is a real representation under SM

Both species numbers corresponding to Rgy and Rgy must be broken now to enable the decay
of stable, dangerous mesons, since now both Q;Q; and Q; Qj states exist.

Similar to the case of SU(N)pc case, we identify all the possible species symmetry breaking
operators including the allowed nonrenormalizable interactions.
The Yukawa interactions now are given by:

HQ(D or U), HL(EorTor NorV), HDX (5.24)

The higher dimension operators between the electroweak charged dark fermions remain the same
as in the case of SU(N)pc given by Table 5.2 where LLH'H and EE(H D, H)? are replaced
respectively with LLHTH and EE(H' D, H)? for the SO(N)pc case.

As for SU(N)pc case, the SO(N)pc dark fermion flavours Npp and the number of dark
colours Npc are constrained by demanding the asymptotic freedom of the dark color coupling.
For SO(N)pc case the condition on the one-loop beta function will be given by:

11 2
/BDC = —E(NDC — 2) —+ §NDF <0 (5.25)

where we have used the normalization for Tr(T*T?) = §% for the generators in the fundamental
of SO(N)pc. Given the dark fermionic flavours, this imposes a lower limit on the number of dark
colors. We do not impose the stronger bound on the number of dark flavours Npp coming from
confinement i.e. Npp < Ncops for the SO(N)pc case. We are not aware of any lattice studies
evaluating Neonf for SO(N) theories.

5.1.3 Mass Splitting

In this section, we address the issue of producing a natural hierarchy between the mass of dark
fermions and their GUT partners given by m < Apc < My where m is the mass of the light-dark
fermions, and My is the GUT partner mass. Note that Apc ~ 100 TeV to account for the thermal
DM abundance. The hierarchy My > Apc is required as already mentioned in Sec. 5.1.1 due to
bounds on the GUT partner lifetime coming from BBN (See also discussion in Sec. 6.1). Moreover,
the hierarchy of My > Apc is also necessary (as we will discuss in the next section on unification
Sec. 5.2) for gauge coupling unification. Thus, a hierarchy My > m is crucial for our dark sector.

In this section, we find that there is no way to get the hierarchy My > m at tree level without
tuning the GUT parameters. We further verify if the tuning is maintained by including higher
dimension operators to the mass spectrum. In the second half of this section, we use a spurionic
argument to demonstrate that the tuning is not technically natural.

For our demonstration, we consider the SU(3)pc model with dark fermions given by Q & D
model and the GUT partners given by the fragments U, E, and L. The following hierarchy is
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required:

mqQ,mp < My, mg, Mj.

We can explicitly compute the tree-level mass spectrum of dark fermions for this model:

2
my = mig + 7Z=Y10VGUT
2 V30
mp = M5+ 7=Y5VGUT
D 730
5= 30 10 =< mg =mip — —=Y10VGUT (5.26)
o 3 V30
myp  =Mm5 — T%?%UGUT 1
mQ = mio — 5Y10VGUT

where ms, ys, y10 are GUT mass and Yukawas appearing in the SU(5) invariant Lagrangian
(See Eq. F.3 in Appendix), and vgyr is the SM-preserving vacuum expectation value of the GUT
breaking scalar. This tree-level spectrum above was computed for the scenario in which the GUT
breaking scalar transforms under the adjoint 24 of SU(5). (See Appendix F for details on this
computation). We can also consider various possibilities of SU(5) GUT breaking scalars in addition
to the minimal 24 case (see Appendix F for these scenarios).

The desired hierarchy mg, mp < my,mg, mj can be obtained at the renormalizable level
(only) if ms 10 = ys5,10vquT ~ Mp. This requires the introduction of two tunings in this model: one
tuning between ms and ysvgyur and a second tuning between mqg and y1gvguT-

The next question is whether the required tuning is natural or not, i.e. if it is stable under
radiative corrections.

Spurionic argument:

In this subsection, we demonstrate that the tuning of SU(5) mass parameters needed for mass
splitting in the model Q @ D is not technically natural.

Let us consider the mass terms and Yukawa couplings for the Q + D model embedded in 5@ 10
of SU(5) (with scalars in 24 and 5):

L =—msp — migAA — ysidaat) — yr10AdaaA — yL%a%AR - yRiRstAL +h.c. (5.27)

where ¢ € 5, A € 10 of SU(5). In the following, we focus on ¢ € 5 and we consider the
generation of a large hierarchy between the mass of D and L. The desired hierarchy m p < mj can
be achieved by setting ms and ysv to large values, as already explained. We will see that such a
choice is not radiatively stable.

The mass matrix for ¢ can be decomposed as two SU(5) structures given by 5 x 5 =1 + 24:

5T M55, My =my -1+ mgy - 24 (5.28)

where [ is the identity matrix and we consider the matrix structure of 24 to be aligned to (®24)
where (®g94) is the GUT-breaking vev (See F.2). We can now write m; and mgy in terms of the
bare Lagrangian mass terms in Eq. 5.27:

mi1 =ms+ ... (529)

Mma4 = Ys5VGUT + ..

where ... contains all contributions encompassing both tree-level and higher dimension operators
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and their respective radiative corrections. For example, diagrams such as those shown in Fig. 5.2
can contribute to these effective terms mq, and moy.

// /Q% n \\
VT e v
) ————— 1) (p24) (4524/) (\¢24> <¢24'> <\¢24>
(a) (b) (c) (d)

Figure 5.2: (a) Example of diagram contributing to the mass term m; of Eq. 5.29 for the fermion ¢ € 5
of SU(5). (b) Example of diagram contributing to the mass term moy4 of Eq. 5.29 for the fermion ¢ € 5 of
SU(5). (c¢) Example of diagram contributing to both m; and mo4 mass terms for the fermion ¢ € 5 of SU(5).
(d) Radiative correction to the diagram in (c¢) contributing to both m; and mo4 mass terms for the fermion
¥ €5 of SU(H).

In the same spirit, we can write the mass matrix for A € 10 using the SU(5) structures given
by 10 x 10 =1+24+75:

Mig=m1-T+mos-24 +mr5-75 (5.30)

where we can write my, mo4 and mrs in terms of the bare Lagrangian mass terms:

mi1 =mig+ ... (5.31)
mo4 = Y10VGUT + -.- (5.32)
mys =04 ... (5.33)

where from Eq. 5.27 it is evident that the tree-level contribution to mys is 0 for the minimal SU(5)
case in which the SU(5)-breaking scalar is in the adjoint.

Let us now focus on the case of hierarchy between mpz < mj. After SU(5) symmetry breaking
(see also Eq. F.4), we can write the mass of the SM fragments in ¢ in terms of effective masses m;
and mey as:

2
mp =mi + —==ma4

V30

; (5.34)
mi; =mi3 — —m
To get a hierarchy of mp < mj, solving Eq. (5.34) in terms of m; and mgy gives
v30 v 30 ~
my_ V30 (mst.) 5 5 Mp (5.35)
o (ysv + ...) mj

For perfect gauge coupling unification, we find (see also next sec. 5.2) that m; ~ 10" GeV for
mp = 10° GeV implying a small value of the ratio mp/m; in Eq. 5.35 of O(107°).

Any tuning between two parameters is technically natural if it is respected at all orders. Indeed,
if loop contributions to the ratio in Eq. 5.35 are less than O(107%), the tuning would be technically
natural. Radiative corrections from diagram (d) in Fig. 5.2 will contribute to both m; and mag4,
thereby, spoiling the tuning given in Eq. 5.35.

A similar argument can be repeated for the case of tuning in A € 10.
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5.2. Gauge Coupling Unification

5.2 Gauge Coupling Unification

In this Section, we describe our procedure for analysing the viable models for successful SM gauge
coupling unification. As hinted earlier, in our analysis we diverge from point-like coupling unification
where the SM coupling constants a; unify at one point in the (o ! log ut) (this was also used in
Refs. [172, 183]). We analyze the viable composite dark matter models requiring that they minimally
mitigate the coupling unification achieved with the SM (shown in the left Fig. 5.3 ) Our approach
described in the next subsection despite being very optimistic shows that assessing composite dark
matter models from a GUT point of view greatly reduces the number of viable theories - our main
results of this section can be found in the summary plot in Fig. 5.4.

Below the unification scale for any two SM couplings p, the SM couplings «a; evolve as per
the usual RGE. We do not consider any contributions coming from the strong dynamics below the
dynamical Apc scale. Considering the contribution of light dark fermions above Apc and those of
the GUT partners above My > Apc, at 1-loop, we can write:

1 1 oM ABE - My ABSUG)
_ B log -+ A; — Bi log Mt _ B log -

5.3
ai(p) (M) 2 M, 2 Apc 27 My (5.36)

where gPM = (%, —2. —7) are the three 1-loop SM beta functions (with the notation g; =
\/%gy where gy is the SM hypercharge coupling), A; encapsulate all the IR and UV threshold
corrections & which we will ignore in our calculations, AﬁZL is the 1-loop beta-function contribution
coming from the light-dark fermions in each model and AB5Y() is the corresponding SU (5) invariant
contribution coming from the 1-loop beta function of the entire SU(5) multiplet.

The main part of this analysis was done assuming a common mass scale My for all the GUT
partners of the SU(5) multiplets. However, we also checked a few models, namely ¥ = L & E and
U =V, assuming non-degenerate mass scales for heavy GUT fermions (see Sec. 5.2.3) to quantify

unification in these models.

5.2.1 Unification Criteria

80+ Minimal SM — () 80t Q+ D, My = 10° GeV e
60 a™"(K) “ a™" ()
— 03-1“1) — 03_1(‘1)
= =
T.. 40t = T 4
3 ﬁ\ 3
o7 ! (m2), log p12)
ol 2F N (a5 ' (23), 10g 123)
<a;‘<m>,logwm
0 1 I I I I 1 0 L ) ) ) . ‘
5 10 15 20 5 10 15 20
logm(,u/GeV) ]oglo(u/(}e\/)

Figure 5.3: We show the one-loop renormalization group evolutions of the gauge coupling constants in the
SM (left) and in the BSM model (right) to depict our definitions of the SM triangle Agy and the BSM
triangle Aggy defined in the main text. For the BSM model, we consider the SU(3)pc model Q + D where
the GUT partner scale is fixed to 10 GeV.

8in our effective theory we have integrated out the GUT states, so on matching our effective theory with the full
GUT theory at the GUT scale, we would have threshold corrections which can be easily ignored.
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5.2. Gauge Coupling Unification

Instead of accepting only scenarios that give a perfect gauge coupling unification after running
with the BSM model content i.e. the dark fermions as well as their SU(5) GUT counterparts,
we accept a triangle formed in the (a; ' versus log ) plane (for an example, see Fig. 5.3 (right)).
We only aim at achieving a unification scenario better than the one obtained in the SM thereby
excluding a necessary requirement of “perfect” unification.

Here we note that minimal SM unification has already been ruled out [177]. The non-observation
of proton decay puts a lower bound on the GUT scale of Mgyt = 10 GeV which is higher than
the SM GUT scale of Mgl]\]/[T = 6.5 x 10" GeV.

Under our optimistic approach of achieving unification, we do not exclude the SM for unification
and cast a net wide enough to not lose any composite DM model for SM coupling unification. Once
we get a model that can better the unification in the SM, we then require that more precise threshold
corrections would improve the unification scale bound.

Our unification basis can be parametrised in terms of three degrees of freedom: the area of the
unification triangle, the value of unified coupling gy, and the value of the unification scale Maur.
These were used to scan for any possible viable models giving a DM candidate and successful (albeit
imperfect) gauge coupling unification and to constrain the mass scale of heavy GUT partners M.
We now expand on these constraints further:

¢ Quality Constraint: we require that the area of the triangle A formed in the (a; ! log 1)
plane be lesser or equal to the one obtained in the SM Agys . We use the barycentre of this
“unification triangle” to define the values of GUT coupling agyr(Mp) and unification scale
MGUT(MH) for a range of values of the mass of GUT partners, M.

e Vertical Constraint: requiring perturbativity of the GUT coupling agyr < 47 constrains
the centre of the triangle to be always above a(_;(le =1/4m.

e Horizontal Constraint : we require that the barycentre of the unification triangle, Mayr
be above its SM value Mé(]}/[T = 6.5 x 10 GeV (to be less excluded by proton decay than
the SM). Additionally, we do not want the unification scale Meur to exceed the Planck scale
Mp, so we allow for corresponding My values for which MGUT(M ) < Mp.

In addition to these three unification degrees of freedom, we also impose an additional fourth
constraint:

e aguT Landau Poles: We do not want the GUT theory to have landau poles below the
Planck Scale Mp.

An additional requirement for model consistency is imposed by the requirement that the dark
coupling apc does not lose its asymptotic freedom even after adding the heavy GUT partners. This
would imply that 55)((])(5) < 0 where ﬁg(é(5) is the 1-loop beta function contribution to apc coming
from the entire SU(5) multiplet.

5.2.2 Unification Check for Viable Models

SU(N)pc Models

We analyse gauge coupling unification for all the viable SU(N)pc models under our three criteria
listed above under the assumption that the heavy GUT partners have a common mass scale M.
The results are presented in table E.1 in Appendix E.

We find that only two models are viable candidates after this check. These are:
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5.2. Gauge Coupling Unification

e Q3 D: For Npc = 3, our basis for unification requires that the mass scale of the heavy
GUT partners (U, E and L) be 6.5 x 10 GeV < My < 5 x 10'* GeV giving a unification scale
3x 10" GeV < Mayr < Mp. The lower bound on My comes from imposing the proton decay
bound on the GUT scale. This model, in addition, gives a perfect gauge coupling unification
at a scale Mgpr = 1 x 1017 GeV for My = 1 x 10! GeV. (See also Refs. [172])

e N : This model satisfies our unification requirements trivially since this model gives unification
as good as the SM giving Mayr = 6.5 x 10' GéV. Requiring agyr < 47 puts a lower bound
on the mass scale of the heavy GUT partners (V, X and G) requiring My > 1.2 x 10° GeV
for Npc = 3, assuming the GUT parent theory to be given by 24.

To investigate why such few models make it past our relaxed unification criteria, we show a plot
of various low energy viable models in the plane (412, d32) in Fig. 5.4 where 0;; = 0; — 6;. Here,
d; for any SM extension contains the running from both the light dark fermions and their GUT

partners:
ABE - My ABSUG) L
;= ——21 — 1 .
0 2m 8 Apc 27 ©8 My (5:37)

In Fig. 5.4, the grey region shows the universal region in the plane (412, d32) in which we
mitigate SM coupling unification with respect to the SM following our criteria described earlier.
For a fixed value of My this represents a point in the plane (412, d32).

The degree of unification in a BSM viable model can also be parametrized in terms of the size
of the threshold corrections required at the unification scale (See [180] for example). We use the
common definition used in unification literature for this and define the threshold correction required
at the Mgur scale Ny, as [180]:

Ny
27

In order to get unification in the SM at a scale of Mgyt ~ 10'® GeV, |Ny,| ~ 15.
From Fig. 5.4, it is evident that models like L & E perform very poorly even under our relaxed

a; ' (Mgur) — a3 (Mgut) = (5.38)

unification criteria. The size of threshold corrections Ny, required in this case at Mgyt ~ 10% is
~ 60 (where to compute this we fixed the scale of the GUT partners at 10'° GeV).

SO(N)pc Models

We perform a check for SU(5) unification for all the SO(N) p¢ viable models under our three criteria
listed above under the assumption that the heavy GUT partners have a common mass scale M.
The results are presented in Table E.2 in Appendix E.

No SO(N)pc model compatible with our criteria of unification is found assuming a common
mass for GUT partners. However, we will see in the next section how assuming non-degenerate
masses between GUT partners can give good unification in the SO(3) V model.

5.2.3 Case for Non-Degenerate Heavy Masses

We extend our unification analysis for two models, namely SU(3) pc models ¥ = LG FE, and ¥ =V
as well as SO(3)pc ¥ = V considering non-degenerate masses for the heavy GUT partners. This
analysis clarifies the conditions needed to improve the gauge coupling unification in these scenarios.

e SU3)pc L@ E : This SU(3) pc model giving DM candidate LLE does not give unification
under our criteria with one common heavy mass scale My. The parent GUT theory for this
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Figure 5.4: Summary plot showing some viable composite dark matter models and their respective positions
in the (612, d32) plane for different values of heavy fermion mass My. This plot is drawn for fixed Np¢ = 3.
The gray shaded region shows the universal allowed region under our unification conditions that gives
unification better than the SM. The black point marks the SM for ;5 = 0, d32 = 0. In red, olive, green, and
blue we show the 812, ds9 contribution for the models L+ E, V + L, V, and Q + D coming from the running
of light dark fermions and the heavy GUT partners at My. At My = 105 GeV, all models give unification
as in SM due to running of the complete GUT multiplet from M. The region above (below) the light gray
dashed (light blue) line shows the region constrained due to a too fast proton decay (GUT scale > Mp).

model is given by 5 @ 10 & 5 @ 24. Using different combinations of splittings between heavy
partners, we find that splitting them as H, = L& U and Hy = D& D & Q gives us an allowed
region in the parameter space of the two heavy scale masses My, and Mp,. Fig 5.5 shows

the allowed values of My, and My, which give successful unification for this case.

e SU(3)pc V: Introducing two heavy mass scales for the V' model does not improve unification

for any combinations of mass splitting between the GUT partners. Further, we find that even

with three mass splittings, we are unable to achieve successful unification under our criteria.

Fig 5.5 shows the unification region for this model in the (M, Mp,) parameter space, in
which Hy = G ® X, and Hy = Xxt.

e SO(3)pc V: Non-degeneracy between masses of GUT partners gives successful unification in

this model as compared to the SU(N)pc case. In Fig. 5.6 we show a comparison between

the two mass splittings for the V' model in the case of SU(N)pc and SO(N)pc respectively.

For the SU(N)pc case, no allowed region is found in the (Mp,, My,) plane since agyur is
not perturbative for low values of My, (where G = Hj). For the SO(N)pc case G is a
Majorana fermion and hence agur remains perturbative also for lower values of My, unlike
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Figure 5.5: Left: Allowed region for gauge coupling unification for non-degenerate masses under our basis
for L & E model in the My, , My, parameter space. Right: No overlapping region under our unification
basis for model V for any of the cases of non-degenerate heavy fermion groupings. Shown here in the case
in which H; = X + G and H, = XT.

in the SU(N)pc case.

We note here that despite in the L & E model we improve unification by splitting the heavy
quarks, we also introduce more number of tunings needed. With non-degenerate GUT partners, we
will now have the following scales in the theory: m, My,, Mu,, Mcur.

With the degenerate GUT partner scenario, as described in Sec. 5.1.3 we must fine-tune the
parameters to create the hierarchy between dark fermions and their GUT partners m < Mpyg.
Introducing more hierarchies would make the tuning more pathological.

5.3 Summary

In this chapter, we have systematically studied and classified SU(5) — GUT completions for com-
posite dark matter models where the DM candidate arises as an accidentally stable dark baryon.
These are gauge theories where the SM matter is extended with dark fermions that transform as
fundamentals under the dark color gauge group SU(N)pc or SO(N)pc and as vector-like repre-
sentations under the SM gauge group Ggn. We assume that the dark quarks are light with masses
below the dark confinement scale Apc, at which the dark colour gauge group confines. An effort in
this direction was already made in Refs. [172].

Due to the GUT nature of the dark theory, the dark fermions come with their GUT partners
where the mass of the GUT partners My is set by gauge coupling unification. Ref. [172] considers
perfect gauge coupling unification which sets My to one particular value that corresponds to the
unification scale of the theory given by Mgur. In this work with respect to Ref. [172], we have used a
less conservative requirement for gauge coupling unification and required that the viable dark model
only mitigates the coupling unification achieved in the SM. We have given details of this unification
criteria in Sec. 5.2. With respect to Ref. [172], we have included a much more detailed classification of
viable models based on an analysis of higher dimension operators generated by GUT partners. Our
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Figure 5.6: Comparison between SU(3)pc V model and SO(3)pc V model on the allowed region for
unification with splitting in mass between GUT partners. Left: Shows SU(3)pc V model in the My, , My,
parameter space with grouping as H; = X + X T and H, = G showing no allowed region for good unification.
Right: Shows the same V model with dark colour group SO(3)pc and allowed region for good unification.

rigorous analysis of operators and classifying these models can be found in Sec. 5.1. Moreover, with
respect to Ref. [172], we have also addressed the question of creating a natural hierarchy between
the light-dark fermions and their GUT partners i.e. My > m. Our discussion can be found in
Sec. 5.1.3. We find that the GUT mass and Yukawa parameters, ms, mig, YsvVcquT, Y10VquT Mmust
be tuned to obtain the required hierarchy mp, mg < mj,mg, my at tree level. We further clarify
that this tuning is spoiled when radiative corrections are included.

In this chapter, we conclude that requiring gauge coupling unification in viable composite dark
matter models highly restricts the number of theories. We find only two viable models: a trivial
scenario with SM singlet IV, and our benchmark model with SM-colored dark fermions Q + D. Note
that these two are the viable models for the case in which all the GUT partners are at the same mass
scale M. In addition to these two models, we also find that the two models SU(3) pc model L& E
and the SO(3)pc V model can give good unification for non-degenerate GUT partners masses My,
and Mp,. This, however, implies, introducing more number of tunings to get the split spectrum,
hence we will not discuss the phenomenology of these scenarios any further. Our main results of
this section can be found in the summary plot in Fig. 5.4 and Figs. 5.6-5.5 (see also appendix E).

In the next chapter, we discuss the details of the benchmark model Q & D. With regard to this
model, we will describe the phenomenology of NGBs as well as the dark matter cosmology in the
light of GUT partners.
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Chapter 6

Benchmark Model: Symmetries and
Cosmology

In this Chapter based on work in prepartion (with R. Contino, S. Bottaro) |27, 28] we discuss the
NGB spectrum and the relevant cosmological details of the benchmark model: Q4+ D. The detailed
analysis of the methodology for picking this model can be found in the last chapter. In this chapter,
we first discuss how considering the GUT partners enhances the overall accidental symmetries of the
renormalizable dark sector leading to charged long-lived bound states (See Sec. 6.1). We then further
discuss the dark matter cosmology of this model in the presence of GUT partners in Sec. 6.3. We
are not aware of any other study that considers the impact of GUT partners on composite baryonic
dark matter phenomenology in such detail.

6.1 Benchmark Model: Q & D

To write the SU(5)—GUT theory for a composite dark matter model, we first define the content of
the theory in terms of SU(5) multiplets. The SM matter fields are unified in the usual way in the 5
and 10 representations. The scalar sector is composed of the minimal representations required for
the spontaneous breaking of SU(5) — Ggy in addition to the SM higgs: 24y and 5g. Our dark
theory has no dark coloured scalars. By implementing the UV completion in a GUT, we introduce
the doublet-triplet splitting problem between the SM Higgs and the GUT colored partner Hs, we

1

do not try to address it here.! Finally, we can embed the dark fermions @ and D (where we use

the nomenclature as in Ref. [172]) into the following irreps of Gpc x SU(5):

5P5 = (0,5) = (0,1,2,1/2) & (d,3,1,-1/3) (6.1)
i b
1095 = (0,10) = (0,3,2,1/6) @ (0,3,1,-2/3) & (0,1,1,1)
0 U E

Here, the dark gauge group Gpc is SU(N)pc and as denoted, the dark fermions transform in the
fundamental representation of Gpc. Note that the SU(5) breaking scalar is a singlet under the dark
color gauge group. As is evident from Eq. 6.1, the dark fermions @Q and D are accompanied by their
GUT partners - L, U and E.

!This can be potentially solved by embedding the dark model in an extra-dimensional GUT, we leave this for a
future work.

76



6.1. Benchmark Model: Q & D

Dark Species
5 10
Symmetry | L | D | @ | U | E
Ulpg | +1 | +1 ] +1 ] +1] +1
Ulpr | +1]| 0| 0| 0 |+1
ULy | 0] o]0 |=+1]0

Table 6.1: Quantum number assignments for the dark matter fields for the accidental symmetries
U(1)pe, U(1)pL,U(1)y to arise at the renormalizable level in the dark lagrangian. For the conjugate fields,
the assignments are opposite to the ones in the table.

The most general gauge invariant lagrangian describing the SM matter fields and dark fields of

Eq. 6.1 can be written as:
Lsym D y9M 555510507 + y50 1050551052 + hec. (6.2)
Lps D —m55F5F — ml()l_OFlOF — y55F24H5F — y101_0F24H10F (6.3)
— yLSFPR5LH)F — y35FPL5J}{10F + h.c.
where Pr, g are the left, right projectors. Note that in Eq. 6.2 and Eq. 6.3 we have only written

the mass and Yukawa terms for simplicity. Once SU(5) is broken down to Ggas, we can write the
Yukawa terms between the dark fields in terms of the broken phase SM fragments:

Ly =y (HIDLUg + HYL1QR) + yo(H'DLQgr + H' L Eg) (6.4)
+yr(HIDRUL, + HILrQr) + yr(H'DRrQp + H' LrEr) + h.c.

where H denotes the SM higgs weak doublet whereas Hj is its GUT colored partner. Integrating
Hj out, the dark theory at scales y < Mgyt will be given by:

Ly =yr(H'DLQr + H' Ly ER) + yr(H' DrQr + H'LREL) (6.5)
- Zﬁ# (DLUR)(LLQR) — %\’;‘g’% (DRUL)(LrQL) + h.c.
H3 HS

At the renormalizable level, it is evident that there are accidental symmetries in addition to
dark baryon number that leave the dark £ invariant. These are:

e U-number U(1)y: Rotating the U dark quark field by a phase clearly leaves the dark £
invariant due to the absence of U-number breaking yukawa terms in eq. 6.5. As is evident
from the second line in Eq. (6.5), this symmetry is broken by dim-6 operators obtained after
integrating out M, (~ Mgur).

e Dark lepton number U(1)pr: This symmetry acts only on leptonic (QCD singlet) dark
fields. Asis evident, the second Yukawa term in Eq. 6.5 involving dark leptonic fields conserves
this number. This is broken by dim-6 operators as the one shown in eq. 6.5.

We summarise the dark field assignments of quantum numbers under these accidental symmetries
in Table 6.1.
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6.2. Spectrum of Dark Mesons

H SM H SM

H, X
L SM L SM

Figure 6.1: Heavy GUT partners H can decay to the light d.o.f.s (dark fermions L and SM) via tree level
exchange of the GUT colored higgs H3 and GUT gauge bosons X.

Due to these accidental symmetries, the lightest heavy hadrons carrying these charges are long-
lived. They can decay through higher dimensional operators violating the accidental symmetry.
The abundance of dark baryonic states (non-DM) made of GUT partners (I~/, E or U fields dark
fields) with long lifetimes 7 would be disfavoured due to cosmological constraints. Constraints
from Big Bang Nucleosynthesis (BBN) would exclude lifetimes 77 > 1 s. The GUT partners can
decay to the lighter degrees of freedom (SM d.o.fs as well as dark fermions) via the exchange of
GUT leptoquarks & and the SU(3) triplet GUT scalar Hs. For example, for the exchange of Hj
(~ Mgur), we can write the tree level DL—number and U—number violating operator as:

yrysM

L5 (DLUR)(dRuf) (6.6)
GUT

y*ySM L

T (QrLr)(arlr) (6.7)
GUT

where dg,up is the SM R — H down type quark and up type quark, g7, is the SM L — H quark
doublet, and Iy, is the SM L — H lepton doublet. From the BBN bound which requires 77 < 1 s,
we can obtain a lower bound on the mass scale of the GUT partners Mp:

0.1\%/ 1 \?/10°\°/ Mcur\"*
<l1ls=1 - 6.8
T Sec(l/L) <y§M> <MH> ( 10") (68)

Here, we have used the value of Mgyt = 107 GeV for perfect unification in this model.

These accidental symmetries can also be broken by tree-level exchange of GUT &), bosons. An
example of such a dim-6 U-number breaking operator is:

2 —
A’ﬁ# (QrY"Ur) (urVuaL) (6.9)
GUT

This would lead to a similar lower bound on My as in Eq.6.1. Dim-6 operators leading to box
diagrams with an exchange of both H3 and X would lead to less stringent bounds on Mg due to
the loop suppression.

6.2 Spectrum of Dark Mesons

The lightest states in our dark theory are the mesons (pseudo) NGBs resulting from the SU(Npp), X
SU(Npr)r — SU(Npr)v breaking of the dark flavour symmetry after dark confinement where for
the benchmark model Npr = 9. These light dark mesons transform under the adjoint representation
80 of the unbroken SU(9)y group. The phenomenology of dark mesons charged under SU(2); x
U(1)y was recently studied in Ref. [188] (See also [172, 174]). Dark mesons (depicted by 7p) in the
benchmark model Q + D are shown in Table 6.2. In this model, there are no accidental symmetries
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protecting the dark mesons, thus, light mesons cannot be long-lived. Depending on their quantum
numbers under the SM (see first column in Table 6.2), these dark mesons can decay to two SM
gauge bosons via anomalous couplings of the form:

Noo &y
1672 f

ZgéMgéM”DF;SQF“V ) (6.10)
i’j

where ¢ is the anomaly coefficient, F;(L?,) is the field strength tensor of the SM gauge boson AL

to which the dark pions decay and géM is the SM gauge coupling. Here f is the dark pion decay

constant given in the large-Npc limit by f ~ 7Vf71r3CADC. In the following Table 6.2, we classify the

dark mesons according to the quantum numbers under the SM gauge group and decay modes to
SM gauge bosons:

SM quantum numbers | dark meson | decay mode to SM
(1,1)0 QQ — DD BB, WW
(1,2)11/2 QD + conj fsn fsm
(1,3)o QQ WB
(8. 1)o QQ. DD 9B
(8,2)11/2 QD + conj. hg
(8:3)o QQ Wy

Table 6.2: Table showing all the NGBs and their SM quantum numbers along with their decay modes to
the SM. Note that the dark meson QD is a composite Higgs and will mix with the SM Higgs, we describe
this in the main text.

6.2.1 NGB Spectrum

Here we describe the NGB spectrum using the NGB potential for the @) + D model. In the absence
of weak gauging and Yukawa couplings, the dark Lagrangian is invariant under G = SU(9)1 x
SU(9)r x U(1)pp symmetry which will be explicitly broken by the dark fermion mass terms. We
can promote the parameters in the dark Lagrangian to spurions. Indeed, we can associate three
spurions of the broken global symmetry and write their transformation rules:

1. Dark fermion mass: We can write the mass matrix M, as

'Cmass > Q/GLMq@Z)R + Q;Z)RMJTZJL (611)

Here ¥y, — L ¢, where L € SU(9)r and ¥r — R ¢r where R € SU(9)g. 91 r contains all
the 9 dark flavours. Under G, we can write the transformation rule for Mj:

M, — LM,R' (6.12)

2. Gauge couplings of Ggjr: We can write the SM gauge couplings that appear in the kinetic
term of the dark lagrangian as:

Lrinetic > 95T A% = T (gsn6"") A = TAxA AL (6.13)
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where the spurion (gg64?) = x4 transforms as i) an adjoint of the global dark symmetry
group G and as ii) an adjoint of the SM (gauge) symmetry group Ggps. This spurion breaks
the symmetry group down to the diagonal group.

3. Yukawa couplings: Finally, the Yukawa couplings in the dark Lagrangian can be written as
9 x 9 matrices Y p:

Lyukawa 2 VLY H* R + YrYFH 1, + hec. (6.14)
Above, a is the SU(2), index and the spurion Y7 p transforms as:

Under G: YP - LYf R, YR RYSL! (6.15)
Under Gsm: Y/ g transformsas (2,1)_1 (6.16)

Let us construct the NGB potential at lowest order using the spurionic transformation rules de-
scribed above. This will allow us to write the mass contributions to the NGBs. We will construct
the effective potential by adopting the standard non-linear representation for the NGB fields

2imA(x)T4 } (6.17)

f

At the lowest order in M, the NGB potential is the same as that of the QCD pion. We can write
the G x Ggys invariant potential term using M, and the scalars:

S(z) = exp{

VM) = By(Tr(STM,) + Tr(XM])) (6.18)
Under G, ¥ — LY.R'. The coefficient By has dimension 3 and can be estimated using NDA:

NDC 3

By will be fixed to this value from the vacuum energy contribution to the quark mass in the UV
theory. Expanding Eq. 6.18 around m = 0, we can read off the meson mass contribution from the
dark quark masses which scales linearly (exactly like for the QCD pion):

smZ_ ~ Apc-m (6.20)

where m is the dark fermion mass. Let us now compute the contribution to the NGB mass from
the SM gauge bosons using the spurion introduced earlier y4%. The leading contribution from 4%
only arises at O(x?), exactly like in the case of composite Higgs (See Ref. [189] for a review). We
can once again write the invariant potential term as:

V@ = OT[st T/ © 7B Ay Pe (6.21)
Here, ¢9) can be estimated to be:
Npc
9 gy AL (6.22)

Thus, the SM gauge fields contribute to the mass of NGBs as:

2

2
OMp ~ 12\

(6.23)
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Finally, we can write the NGB potential terms using the Yukawa spurion Y} . The Yukawas can
directly contribute to the NGB mass by a direct contribution from the NGB potential terms arising
at O(Y?):

v = s vE S VT 4 e (6.24)

+ TSty ey + T[Sy Te[sTy el
+ O TSV T Y] + hee,
The potential in Eq. 6.24 is the most general potential at O(Y?) which is invariant under Ggys and
formally invariant under parity. Under parity the transformation rules of the fields and spurions
are given by:
P: ¢Yre<vp =T exf (6.25)

The Yukawa terms of Eq. 6.24 will preserve parity if the spurion transforms as:
P: Y+ Yy (6.26)

The coefficients ¢(Y) can be estimated as:

N
Y) o _'DC A4 (6.27)

¢ (1672)2°PC

Finally, we can write the contribution to the NGB mass coming from the Yukawa couplings as:

2

)

where the coefficient y? conserves parity and can be written as:

y? ~ Relyryg] + (lyc* + |yr[*) (6.29)

We can finally write the NGB mass as a sum of all these contributions given in Eq. 6.28 Eq. 6.23
and Eq. 6.20 as:
2 93 42 y* o
mﬂD ~ ADC m + ]_6?ADC + @ADC (630)

Mixing with SM Higgs: In addition to contributing directly to the mass of the NGBs, the
Yukawas can lead to a mixing term with the SM Higgs. In order to derive the mixing angle between
the composite Higgs NGB given by QD and SM Higgs, let us consider the low-energy effective
lagrangian for NGBs and Higgs H:

Lo g = cp{Te[2TY2] 4+ Te[SYE]}HC (6.31)
+h.c. + O(H?)

Expanding to the lowest order, we can write the mixing terms between the NGBs and Higgs as:

C C
Loy~ Ly, — Yr)T(1,2)H + ]TI;

¥ (yr +yr)T )T H (6.32)
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where 7 9) is the composite higg NGB while 7(; 1) is the SM singlet NGB. Finally, the coefficient
cyr can be estimated using NDA as:

N
DEA3 .~ Apc - f2 (6.33)

CH ™ 162

As is evident, the first term in Eq. 6.32 implies a mixing between the NGB m(; ) and the SM higgs.
Finally, the mixing angle can be written as:

_A
0~ yziDCfQ (6.34)
Map = My
where we have defined y_ = (yr, — ygr). In the limit in which the dark fermions are massless, and

y— < 1, the NGB mass in Eq. 6.30 will be dominated by the SM gauge contribution term, thus we
can write the mixing angle as:

6 ~ 47/ Npo—— (6.35)
9sm
where we have used mfrD ~ (g%M / 167r2)A2DC. Thus, we can expect a large mixing angle between
the NGB and SM Higgs for y_ ~ O(1).

6.2.2 Production and Decay of NGBs

In this subsection we will comment briefly on the production and decay modes of NGBs at colliders.
In our parameter space for the dark sector, the most plausible value for Apc (compatible with
DM abundance) is ~ 100 TeV. For these large values of Apc, the NGBs will be too heavy and
thus, cannot be probed at colliders. For lower values of Apc, however, the value of GUT partner
mass My is very tuned (as can be seen from our result plot in Fig. 6.4). In this tuned part of the
parameter space, one can hope to produce NGBs at future colliders.

NGBs with anomalous couplings with SM gauge bosons can be produced at colliders via vector

boson fusion. The neutral component of the composite higgs QD NGB 77?1 ) will be produced from

+
“ (1,2)
will be produced via associated tt production at colliders. The SM singlet NGB will be very weakly

the SM Higgs via processes such as ggF (gluon gluon fusion). The charged component instead 7

coupled and light in the limit of y_ < 1, to be produced at colliders.

Let us now comment on the various decay modes of NGBs and the respective partial decay widths.
The decay modes of NGBs to SM gauge bosons have been summarised in the Table 6.2. Note
that the NGBs can also decay in addition to other (lighter) NGBs alongside an SM field - gauge
boson V or Higgs h. For example, a decay 7'(‘?1’2) — h+ 71'?171) can occur. The coupling for the case
of an associated gauge boson V' will be derivative suppressed, while for the case of associated h
production, the coupling will be proportional to the Yukawa couplings in the dark sector as can be
seen from the second term in Eq. 6.32.

The decay width for the dark mesons decaying to 2 SM gauge bosons can be written as:

i 3
i 2 YSM %M M
Lrpovy 2 (c)) TATDZ (6.36)

For prompt decays of the SM-singlet pion to v, we expect the dark mesons to have the lifetime
2 2 3 2
80 TeV
) e S [ AEM Mo 6.37
T *\0.17) \0.007) \500 Gev ) \ Apc (6.37)
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The SM-singlet pions do not receive any SM gauge contribution in the mass term. In the limit
in which the dark quarks are massless m & 0, the only contribution to the singlet mass comes from
the Yukawa term. For y_ < 1, the mass of the m(; 1) can be as light as 500 GeV for Apc ~ 80 TeV.

The decay of the meson W?LQ) will instead occur via mixing with the elementary SM Higgs h as

Top = (sin®0) Thlmy=ma, (6.38)

where I'j, is the total decay width of the SM Higgs (defined as the sum of the partial decay widths
into the accessible SM final states) evaluated at mj = m,,. Here sin 6 is the mixing angle between
the pion @D and the SM higgs which was derived in Eq. 6.34. Notice that the mixing of the SM
Higgs with an NGB violates parity. For y; = ygr, parity will be conserved, and the mixing will
vanish. The largest decay rate for the neutral component of composite Higgs meson will be to pairs
of SM top quarks. We can get the lifetime of this meson as:

_ 1"—1 ~ 10—26 y; ? ADC ! mﬂ'D * Ph (6 39)
T = *\01) \80Tev) \1Tev ) \ 50 Gev '

where we have used the partial width of SM Higgs to ¢t ~ 50 GeV. For the mass of T(1,2) meson

in the massless dark quark limit, we are considering only the SM gauge contributions given by
My, ~ (9w /47)Apc, where gpw is the weak coupling at = 80 TeV given by =~ 0.6.

Finally, the SU(3) octet QD meson in Table 6.2 cannot decay to SM gauge bosons via anomalous
couplings. It can decay via its non-renormalizable coupling to the SM Higgs and gluon given by the
operators:

y_ ggA%D,mDDVHG’“’, y+ggA%Du7rDDVHGW. (6.40)
DC DC

where y+ = (yr + yr). Note that the two couplings y;,y— of the respective operators follow the
transformation rules under parity for their respective operators in Eq. 6.40. The decay width of the
octet meson via this dimension-6 coupling can be written as:

- Npc (3/% + y?k) i%mg’rp

'~ ~
QD—hyg 8T 47 A7 A‘]%)C

(6.41)

We can get the lifetime for this octet meson as:

2 2 4 5
_ _ Z+ty as Apc My
—Tlao 9 (2T D 42
7=l =100 ( 0.02 )\0.118/)\ 100 TeV ) \5 Tev (6.42)

For the mass of mg2) meson in the massless dark quark limit, we consider only the SM gauge

contributions given by my, ~ (gs/47)Apc, where gg is the strong coupling at ;1 = 80 TeV given
by ~ 0.8.

Now we comment on light mesons in models other than the benchmark model that are protected
by accidental symmetries. For example, in the SU(3)pc model given by the light fermions L @ F,
the light mesons in the theory can decay only via dimension-6 operators. Note that this model can
also give good unification under our criteria for non-degenerate GUT partner mass (See discussion
in Sec. 5.2.3)

For the decay of the LE meson via the dimension-6 operator (r/Afy,)LEHHH, the decay width
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will be given by:
k? Npc Al
T ™~ o - 2 4DC mg
8w 167 Afyy,

(6.43)

Using this, we get the lifetime for this meson in the case of L & E model as :

B E2Npc\ [ m Apc \*/10M Gev \*
=I-'~05 D 6.44
T i < 3 > <4 TeV) (80 TeV Aoy (6.44)

where we have only considered SM gauge contribution to the mass of the LE meson in the massless

dark quark limit. Such dimension-6 operators (as was already discussed in Sec. 5.1.1) should be
suppressed by Ayy > 10 GeV to not violate the bound on the lifetime of these mesons coming
from BBN, 7 < 1 s.

In the next section, we discuss the cosmological history of the benchmark model given by the dark
fermions Q@®D. In the benchmark model case, in this section, we have clarified the mass spectrum of
the dark mesons and demonstrated that they will be short-lived. During the cosmological evolution
of the dark sector with temperature, the dark mesons will thus be in equilibrium.

6.3 Cosmological History

In this section, we clarify the cosmology of theories with a light baryonic DM candidate (already
considered in Ref. [172]), focusing on the role of GUT partners.

The Universe can undergo different thermal histories in the two different cosmological histories,
either with a 1) large reheating temperature at the end of inflation wrt GUT partner mass such
that Try > My or a 2) low reheating temperature such that Try < Mp. Here we give an overview
of the first case and postpone a brief discussion of the second scenario for Sec. 6.4.

The universe first undergoes a phase of perturbative freeze-out for the free H quarks at a
temperature of T57 = Mg /O(10). As the universe cools down, dark confinement occurs at a
temperature T = Tpc where Tpc ~ Apc. In the following discussion, we will generically refer
to light DM forming fermions with mass m < Apc as L and their GUT partners as H with mass
My > Apc. Due to the much larger abundance of L at Tp¢, we expect that the bound states are
majorly comprised of hadrons formed purely of light dark fermions - light baryons LLL and light
dark mesons LL with masses:

mrrr, ~ NpcApc, m%L ~mpApc + CZSTMA%C (6.45)

In addition to these usual states typical of the light-dark fermion regime [172], we also have
hybrid states involving the GUT partner fermions H. The frozen-out population of H type quarks
at T ~ Apc can combine with light fermions forming hybrid baryons HLL and hybrid mesons H L
at dark confinement. These are peculiar heavy states with large masses my,, and large size rpy
given by (See also discussions of similar bound states in Refs. [83, 190-192] and in Refs. [193, 194]

which studied them in the context of supersymmetric gauge theories):
Mpys ~ O(Mp),  Thys ~ O(ApE) (6.46)

Due to the large radii and low binding energy Brrr ~ O(1) Apc, these hybrid baryons and mesons
can collide among each other and with other purely light states - LLL, LL, with a large geometric
cross-section of order oyec ~ 1/ A2DC.
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There are also other bound states in our dark sector containing more than one H such as
HHH, HH. These states with large negative binding energy are perturbative and well described
by the Coulombic potential of Eq. H.7 (see also [173]). This is only true for bound states in the
regime when the following inequality is valid:

Apc < |By| < agl. (6.47)

Here | B, | is the binding energy of the perturbative bound state ~ a3 (M) Mg, and a, is the Bohr
radius of the state given by roughly ~ (apc(My)Mg)~t. In our GUT dark sector, from unification
constraints, the benchmark model Q + D can allow for GUT partner masses in the following range:
6 x 10 GeV < My < 10 GeV. We find that for this entire My range the condition in Eq. 6.47
is always true hence the Coulombic approximation is a good one for the higher H hadrons.

At a temperature of T' < Apc, right after dark confinement, a very busy epoch of recombination
occurs. This involves various recombining processes favoring the formation of unbreakable hadronic
states containing more than one H. A similar mechanism has been recently described in Refs. [83,
192, 195] (See also Refs. [190, 191, 196] which first described this).

The recombination reactions populate the higher hybrid states like HHH, HH, HHL and are
efficient only in the forward direction due to energy conservation (See Appendix H for more details).
At the end of this epoch, we find that an almost negligible abundance of initial hybrid states HLL
and HL is left (See also discussion in Ref. [191, 192]). We report our systematic calculations and
solutions for this in Sec. 6.3.2 and Appendix H.

Further, it was first shown in Refs. [197-199], and much more recently in Refs. [83, 175, 200-202]
that any long-lived non-relativistic matter with an out-of-equilibrium energy density can dominate
the energy density of the universe, and inject entropy into it by its decay. In our GUT dark sector
as well, a matter-dominated (MD) era can be set by the abundance of long-lived H quarks and
their bound states. This can lead to a further dilution of the DM density due to the non-standard
scaling of the scale factor given by, a o« T~8/3 instead of the standard a oc T~! scaling during MD
era. We discuss the details and the scenarios in which this dilution is relevant in Sec. 6.3.3.

Finally, the DM candidate in our dark theory: the light baryon LLL, undergoes thermal freeze-
out at TEM. Here, TRA ~ Apc/O(10) is the temperature at which the baryonic annihilations
keeping the DM in equilibrium freeze-out?. In addition to this thermal contribution, we find that
the DM relic abundance can have a non-thermal contribution from the decay of heavy H baryons
such as HLL — LLL, if the decay occurs at T < ngf. We discuss this in detail in Sec. 6.3.4.

6.3.1 Thermal Freeze-out (of GUT partners)

At scales much above the dark confinement scale Apc, the dark coupling constant apc is pertur-
bative apc < 1. Using renormalization group equation, we can write apg as:

-1
aDc(MH) = <52';_C og %Zj) (6.48)

with Bpc defined in Eq. 5.14. For the benchmark Q + D model, Spc = —5.
In this unconfined phase at temperature 7' ~ My > Apc, free H quarks annihilate with each
other to dark gluons and SM particles. The freeze-out temperature for this annihilation reaction is

2DM freeze-out is set by rearrangement reactions between baryons giving mesons [172, 203].
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of order Tg%t ~ My /O(10). A general expression for the annihilation cross-section is given by:

7TO‘2DC(MH)

6.49

<Uannvrel> =~

Here we would like to note that only GUT partner quarks H would undergo a thermal freeze-out,

while the light dark fermions L will remain in equilibrium with the thermal bath. Once the rate of

the H 4+ H annihilation reaction drops below the expansion rate H, the thermal freeze-out occurs.
An estimate for this “frozen-out” number density of free H quarks can be given by:

H(TE
Tpert ~ T FO.J o
nu(Tro)) (CannUrel) o

where H(TE7)) is the Hubble parameter at The, . Since entropy is conserved in this phase (we will
discuss this more in detail in Sec. 6.3.3), we can use Y = n/s, the number density per comoving
volume, to track the free H abundance. This allows us to write the abundance of H quarks Yy at
the dark confinement temperature Tpc as:

pert
3.719z ¥

g« " MpMpog

(6.51)

where g, is the relativistic d.o.f.s at Tgegt (including both the dark d.o.f.s as well as the SM d.o.fs),
Mp; = 1.2 x 1019 GeV, oy is the s-wave annihilation cross-section equal to (Ganntrel) and given by
Eq. 6.49, xz}ert is defined in the usual way as M/ Tlf%’t and we compute it in the standard way (see
for example [204]).

6.3.2 Dark Confinement and Recombination

As the universe cools down, the dark theory undergoes confinement at T' = Tpc at which all the free
dark d.o.f.s bind into dark color singlets. Here and in the following discussion we assume Npg = 3.
These dark bound states can either be formed from purely light fermions L or else be hybrid states
containing one H quark:

LL, LLL, HL, HLL (6.52)

We ignore any initial abundance of hadrons with more than one H since Yz < 1, hence the
formation of such hadrons will be very suppressed (for example Yz ~ 1076 for My = 100 GeV).

At this point, it is important to discuss why we are keeping track of hadrons containing GUT
partners H. Any H containing baryon can decay via dimension-6 operator such as those given
in Eq. 6.9 (See details in Sec. 6.1) to a purely light baryon LLL. Thus, the fraction of total
H abundance in heavy baryons HHL, HHH given by ff[ would then lead to a non-thermal
contribution to the DM abundance. In this section, we describe the processes that impact this
fraction of abundance, fg.

We will now describe our assumptions on modelling the various hybrid bound states. We assume
the following hierarchy of masses between the hybrid meson and hybrid baryons of Myrr 2 Mg
in analogy with the SM B-meson-baryon system (See Ref. [205] and detailed discussion in Ap-
pendix H.2). The masses for these hybrid states can be written similarly to the heavy quark systems
in QCD as sums of their constituent “partons” (Mp) and the binding energy of the non-perturbative
“muck” B ~ O(Apc) [205] (See also [191]).

At T = Tpc, the light mesons will be still relativistic and in equilibrium and the light baryons
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LLL being thermal DM also follow the equilibrium distribution before freeze-out at temperature
T >TRM.

Since the light hadrons LLL, LL are much more abundant than hybrid hadrons, hybrids are
much more likely to collide with light hadrons than collide among themselves [190]. These reactions
between hybrids and light hadrons are:

HLL+LL=LLL+ HL, HLL+ LLL=HL+nLL (6.53)
These reactions proceed in either direction with a geometric cross-section given by [190, 191]:

(6.54)

due to the large radii of HLL, LH states, r ~ O(Apg). Note that the baryonic annihilations
that set the freeeze-out abundance of LLL proceed via a similar geometric cross-section till they
freeze-out at T' ~ Tl{?g{ . These annihilation reactions can be written as:

LLL+TLLL = nLL (6.55)

We now begin the discussion on the busy epoch of recombination that begins at T' < Tpc.

The reactions involving the type I hybrids HLL, HL in Eq. 6.53 have a much-enhanced rate
due to the larger abundance of LLL, LL. It is, however, likely that the hybrid mesons and baryons
recombine also among themselves and form bound states with two H. Such bound states are a tower
of states with varying angular momentum [. The excited states are larger in size with r ~ ABé
and have binding energies given by B ~ O(Apc). These breakable bound states can be either
broken by the dark mesons in the thermal bath or else can de-excite to the ground state via the
emission of dark radiation. The ground state, instead, is a perturbative state with large (negative)
binding energy given by |B| ~ oe%CM . Such states cannot be destroyed by the bath since the
probability of finding a meson LL in the bath with energy B is Boltzmann suppressed by a factor
e B/T_ Let us comment further on the role of light mesons LL in the breaking of these bound
states like HHL, HH, HHH. Since the light mesons are short-lived (see discussion on NGBs
in Sec. 6.2), they follow their equilibrium distribution, hence their abundance is suppressed. This
greatly suppresses the breaking rate of the hybrids HHL by the mesons LL3.

In the following, we will collectively denote the unbreakable states with binding energy B ~
O‘2DCM g with u. The rest of the tower of states with binding energy B ~ Apc are considered to
be breakable and denoted with a x. We solve for these two groups of bound states as opposed to
tracking each bound state at each [ level.

We will now discuss the various recombination reactions for the formation of these bound states:
HHL, HH, HHH.

For example, an unbreakable (denoted with u) HHL" state - a type II baryon hybrid can be
formed via reactions such as:

HLL+HL — HHL" +nLL, (6.56)
HLL+HLL — HHL"+ LLL. (6.57)

3Note that our scenario of suppressed breaking rate of HHL, HH, HHH by the mesons LL in the bath is
similar to the case discussed in the Colored dark matter scenario of Ref. [192]. In Ref. [192], the breaking rate of the
Q0 state by QCD pions is suppressed. This should be contrasted instead with the Gluequark dark matter scenario
of Ref. [175] where the out-of-equilibrium abundance of glueballs ® can contribute substantially to the breaking of
bound state Q9™ back to the gluequark .
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As shown (see also discussion in appendix H.2), these reactions proceed only in the forward
direction. The cross-section for the formation of these states at large temperature T is much
smaller than the geometric cross-section, o (7") < 0pec. For our computation, we use the analytical
estimate for og,) given in [192], details of which can be found in the Appendix H.2. There will also
be a fraction of type I hybrids that recombine forming breakable HHL* states (denoted by ).

Reactions for the formation of breakable HH L* can be written as:

HLL+HL = HHL* +nLL (6.58)
HLL+ HLL = HHL* + LLL (6.59)

where HHL* depicts any state in the tower of breakable H H L states that can be broken back to
the initial states by the thermal bath. Despite the large cross-section for this process opreak ~ Orec,
we find that the abundance of breakable H H L* states is negligible at the end of recombination (See
appendix H for details and Fig. H.1). In addition to H H L, recombination can also proceed leading
to the formation of type II mesons HH made of purely H quarks via the reactions:

HLL+HL — HH" + LLL (6.60)
HL+HL — HH" +nLL (6.61)
HLL+ HLL — HH" +nLL (6.62)

Each of the above reactions for H H" formation will also have counterparts leading to the formation
of breakable HH* state similar to the HH L* case given in Eq. 6.59.

Once a significant abundance of H H L has accumulated, recombination can occur forming type
111 baryons made of purely H quarks. These reactions can be written as:

HHL+HL — HHH" +nLL (6.63)
HHL+ HLL - HHH" + LLL (6.64)

Once again, each of the above reactions can be written for the formation of the breakable HH H*
state, active in both backward and forward directions.

We solve the Boltzmann equations for the co-moving abundances Y; of each of these bound states
details of which can be found in the appendix H. Here, we give a summary of our main numerical
results at the end of the epoch of recombination.

At Tpe, the initial conditions for the epoch of recombination are set by the abundance of free
H quarks Yy (Tpc) in Eq. 6.51 where a fraction f of Yy condenses to form type I mesons H L, and
a fraction (1 — f) condenses into type I baryons HLL. Turning on the recombination reactions
in Eq. 6.53 between hybrids HLL, HL and LLL, LL, we find that the ratio of the abundances
of the hybrid baryon HLL, Yy, to hybrid meson LH, Yy follows the ratio of their equilibrium
distributions and is exponentially suppressed. Thus, at T' < Apc:

Yurr _ Ygoo _ 9HLL —(murL—myr)/T
ILL o THLL _ 9HLL, (6.65)

We find that the above result is very robust against any initial value of f. Further, as soon as the
type II and III recombination reactions of Eqs. 6.56- 6.64 come into play, we find that the unbreakable
type II and III hybrids: HH", HHL", HHH" are rapidly populated leaving behind a negligible
abundance of type | HLL and LH at z ~ 1 where z = Apc/T. This apparent de-population of type
I hybrids soon after confinement implies that type I recombination reactions of Eq. 6.53 are inactive
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Figure 6.2: Plot showing the comoving abundances Y; of the various bound states for My = 10'° GeV
after switching on type II and type III recombination reactions (see main text). The solid green, yellow
and red lines show the abundances Y of unbreakable HH, HHL, HHH respectively. The dashed blue
contour shows the depleting abundance of type I meson HL after the recombination reactions are turned
on. The thin gray constant line shows the total H abundance Yy which will remain conserved throughout
the recombination process for H that are sufficiently long-lived.

at the time of DM freeze-out at T = ng{ . Note that the type II and type III recombination
reactions saturate the higher hybrids soon after confinement at around z ~ 1 as can be seen from
Fig. 6.2. This depletes the abundance of type I hybrids, thus, all recombination reactions go out of
equilibrium by DM freeze-out. Thus, the only relevant reaction for DM abundance at freeze-out is
the baryonic annihilation reaction from Eq. 6.55%. At ng ~ Apc/10, these annihilations go out
of equilibrium and this sets the thermal freeze-out abundance of DM.

At the end of recombination, we numerically solve the Boltzmann equations for the abundances
of HHL, HHH, HH to calculate the fraction of total H abundance in heavy baryons, fg. We find
this number to be ~ 0(0.1). The details of our numerical set-up and computations can be found
in Appendix H.

As we mentioned earlier, the heavy baryons can give a non-thermal contribution to the DM
abundance. Depending on the time in which the decay chain

HHH - HHL - HLL — LLL (6.66)

occurs, we can have the following two possibilities:

1. If the time tgeps for the chain reaction above is smaller than t}?gf where tlf?g[ is the time at
which the baryonic DM freezes-out, there will no non-thermal contribution to the DM relic
density Qpy from GUT partners H. This is because LLL — LLL annihilation are still in
equilibrium at ¢t < t?g and thus, they wash out any LLL abundance originating from the
GUT partner decays.

2. If the decay chain in Eq. 6.66 occurs after DM freeze-out tgeps > t?é‘)”, in addition to the
thermal abundance of LLL, there will be a non-thermal contribution to Qpjys from GUT
partners H. This contribution can overclose the universe, we will discuss this in detail in
Sec. 6.3.4.

“In the absence of type IT and III recombination reactions, type I recombination reactions involving LLL are

perilous for DM freeze-out. After DM freeze-out, the almost constant HL population starts depleting LLL as LLL
can recombine with HL to give HLL with a large rate controlled by oyec.
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6.3. Cosmological History

Heavy mesons H H, on the other hand, cannot contribute via their decay to DM abundance. In
the benchmark model some of the heavy mesons (such as UL) can be long-lived due to accidental
symmetries. They will eventually decay to light mesons LL or else to SM d.o.f.s via GUT scale
suppressed dimension-6 operators. Thus, the H abundance that gets trapped in heavy mesons HH
cannot contribute to the DM relic abundance Qpyy.

It was also pointed out in Ref. [173| that a weakly coupled baryon like B = HHH can have a
large annihilation cross-section proceeding via re-arrangement given by:

UannUTel ~ AN~ 9
VNpcCnapc mi

which can vastly exceed the annihilation cross-section between the constituents given by ~ 7ra]2)c /m?.

(6.67)

However, we find that in our dark sector, these annihilations are not efficient at T" ~ Apg in de-
pleting the heavy baryonic population. In order to understand if these annihilation processes are
active at Tpe, the rate nB(affnvreQ should be compared to the Hubble rate at Tpc, H(Tpc). For,
the annihilation to be active, we want the following condition to be satisfied

npg <0'cl?7?nvrel>

Ay > L (6.68)

Note that only a fraction of total H abundance will form HHH in our dark sector, unlike in
Ref. [173]. We can estimate the abundance of heavy baryons at Tpc as ng ~ fanu(Tpc) where
ng(Tpc). We can now write the H abundance at Tp¢ in terms of the abundance at Tﬁ?g using

o[ Toc \*
ng(Tpc) = nH(Tf;%_)< > :

Tgegt
Using Eq. 6.50 and Eq. 6.49, we can write the Eq. 6.68 as:
nB<U§rlzgn”rel> _ fI?I 1 Apc

H(Tpo) — VNpcCn o3 My 0(10) (6.69)
From Eq. 6.69, it is evident that annihilation of baryons is efficient in a very small range of parameter
values, given by Apc/Mpy ~ O(1) (See also Ref. [173]) In our model, since f5 ~ 0.1, the ratio in
Eq. 6.69 is always smaller than 1. Note that in our dark sector, My additionally cannot be too low
or ~ Apc ~ 10° GeV due to constraints from BBN on the long lifetime of these states.

In the next section, we will discuss how long-lived H states can set an early matter-dominated

era.

6.3.3 Dilution

The long-lived GUT partners H once frozen out can give rise to an early Matter-Dominated era
(MD). They can inject entropy via their decay which can change the DM density with respect to
the usual radiation dominated era (RD) by a suppression or dilution factor.

We should contrast this with the heavy dark quark regime discussed in Ref. [173]. In Ref. [173],
the heavy dark quarks form the baryonic DM, hence they cannot decay. Moreover, the glueballs in
their dark sector dilute the abundance of the heavy dark quarks, such that the matter-dominated
era where the dark quark energy density is large, never occurs.
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6.3. Cosmological History

In our dark sector, the suppression factor due to entropy injection from H decay can be approx-
imated for very long-lived H as (for detailed derivation see appendix G) [83, 175]:

4.8 VI'nMpy

F=
g/t Tup

(6.70)

where I'y; = 2/3 'y accounts for the fraction of H going to only SM d.o.f.s?. Thsp is the temper-
ature at which non-relativistic matter energy density in the form of H given by pjs becomes equal
to the energy density of the SM radiation, pr giving

pym(Tarp) = pr(TuD)-

We can use Eq. 6.50 to write ppr at Thrp as:

T 3
pym(Tnvp) = My nH(T%f)< ﬁﬁ) (6.71)
Tro.
Moreover, since radiation is thermal at temperature T" we can write:
72 4
pr = 5o gu(T)T (6.72)

where ¢,(7T') are the relativistic d.o.f. at temperature T. Using Eq 6.71 and Eq. 6.72 and Eq. 6.50
gives us the temperature T, p:

45 2y M
gi/QWS/Qa%C(MH) Mpl

Typ = (6.73)

As the MD era evolves, it eventually enters the non-adiabatic phase in which the radiation
energy density pr is dominated by radiation coming from H decays [201]. During this phase, the
usual scale factor scaling with temperature a o 7! is modified to a oc T—8/3. (We review this
and the relevant derivations in Appendix G). The temperature at which this non-standard scaling
begins T; is given by:

s Mpy )2/5
4.15(9*(TMD))1/2TJ%/1D + I'prMpy

T; = TMD< (6.74)
The MD era eventually ends at T' ~ Tp when the H decays after which the usual radiation domi-
nated (RD) era re-begins. The temperature Tp can be written as:

TpMpy

Tp = | —MPL
P\ g (Tp) /2167

(6.75)
We can see the various relevant temperatures during MD era plotted as a function of My in
Fig. 6.3. For the parameter space in My, the following hierarchy of the relevant temperatures for

MD holds:
Typ >T;, >Tp (6.76)

SFollowing H — L + SM + SM, we can assume that the energy, (or mass of the decaying particle in its rest
frame) is evenly distributed to the fermions coupled to the decaying vertex (four-fermion operator), while the spectator
quarks (in the baryon) carry a negligible fraction of it. If that is true, then the fraction of H energy going into SM
particles is 2/3.
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Figure 6.3: Hierarchy of temperatures relevant for the MD era - T/ p, temperature at which matter density
pm becomes equal to radiation density pr, T;, temperature at which pg is dominated by the radiation from
H decays, Tp, temperature at which all H decays and RD recommences. The various scenarios discussed
in the text depend on the My value. The gray horizontal band (upper limit) is where confinement occurs
at T'= Apc and the lower edge is where DM freeze-out occurs at T' ~ Apc/10. In this plot, we are fixing

Apc = 80 TeV. The blue band (1) depicts Tp > Tp¢ scenario, the red band scenario (2) where Thyp < TEA!

while the green band depicts scenario (3) with T; < TEA?, the white band depicts (4) where our computation

has been extrapolated.

Note that we find for very small values of My ~ 10° GeV, Tp > T;. This implies that there will be
no extra suppression for these values of Mpy.

Depending on these temperatures and their hierarchy with respect to 7' ~ Apg, we can have
various possibilities as illustrated in Fig. 6.3:

1. Tp > Tpc : (blue region) For My > 4x 1013 GeV (with Apc fixed to ~ 80 TeV) (see Fig. 6.3),
the early MD era has no effect on dark confinement and DM freeze-out. The H quarks decay
before dark confinement after which the conventional RD era begins and confinement and
freeze-out follow the standard RD evolution described in Sec 6.3.2.

2. For Tyrp < TRA! ¢ (red region) For My < 1010 GeV (see Fig. 6.3), the MD era begins only
after DM freeze-out. Entropy injection at T < TIQOM due to the H decay results in a non-
standard scaling of the scale factor as a o« T~%3. This modifies the relation between the
number density of DM particles today and the number density of DM particles at freeze-out
as:

To \*
npm(To) = nou(Tro)|\ 7~ | F (6.77)
FO
where F is given by Eq. 6.67. Note that for our main results in Sec. 6.3.4, we use the full
expression for F given in Appendix G.

3. T; < TR : (green region) For 2x10'° GeV < My < 3x 102 GeV (see Fig. 6.3), despite being
in the MD era, the comoving entropy S = sa® x a* p;/4 is still conserved during recombination
and DM freeze-out. At 1" > T;, when the radiation energy density pgr is still dominated by
the red-shifted initial radiation (See Eq. G.6), scale factor follows the standard RD scaling for

the scale factor given by a oc T~!. This means that s oc a~3 implying a constant comoving
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6.3. Cosmological History

number density given by Y = n/s for this range of My. Note, however, that during this
adiabatic phase of MD, the Hubble parameter will also include pjs and can be written for
T; <T < Twyp as (See also [201]):

(6.78)

H(T) = 8739, (Tarn) \ /2 /(T + Tar pT?)
90 M,

For this range of My values, we solve the Boltzmann equations for the recombination era and
DM with this modified H(T') (See Appendix G for our solutions). We find that our numerical
solution for fllf, and TIQOM in this MD era does not change significantly with respect to the RD
era.

4. TRM < T, : (white region) For 3 x 1012 GeV GeV < My < 4 x 1013 GeV (see Fig. 6.3),
comoving entropy sa® is not constant anymore during DM freeze-out and recombination since
the scale factor scales in a non-standard way given by a o T8/3 now. Since sxa™3,Y = n/s
is not a good quantity, hence all the Boltzmann equations for recombination and DM should
be written in terms of na®. Since this occurs only for a small window of My values, we will
simply extrapolate our results from other scenarios for this My range. (For more details and a
more precise computation on solving equations for such a non-iso-entropic universe, see [201])

6.3.4 Dark Matter Relic Density

The DM density is determined by the various cosmological processes described in the previous
sections and depends on the two parameters of our dark theory: the dark confinement scale Apc,
and the mass of the GUT partners My. The DM density can be written in a condensed form for

all scenarios as:

MpyT3

Perit

Qpy = <YLFL-% + fﬁYH(TDC)e—tFO-FH) F (6.79)

where Mpy = mprnr, ~ NpcApc, 1o is the present temperature, pq.¢ is the critical energy density
= 3H2/87G. We defined Yy (Tpc) in Eq. 6.51. The DM abundance at freeze-out is given by Y/77",
and is computed numerically. Since at the time of DM freeze-out ~ Apc/O(10), the only process
active are baryonic annihilations, the Boltzmann equation for DM reduces to:

dYLLL <Uannv>s 2 2

with (0annv) = ¢ 4m/A} where we vary ¢ for our numerical solution. We compute the fraction
of H abundance in H baryons fg numerically for all scenarios (See appendix H). In Eq. 6.79,
e~ tro.l'n gccounts for the heavy baryons decaying after the time at which freeze-out occurs or tgo..
Depending on whether freeze-out occurs during the RD era or the MD era, trpo. can be written in
terms of TRM as:

0.3 Mp; RO
e Tup <Tpp.
tFO — 9x ( F.O.)
0. 0.6 Mpy
1/2 p1/2 :
9«(Tvp)'/2 /2 (TRM3/2

(6.81)

TMD>T£g{>T%

The dilution factor, F (See also Eq. 6.70) can be written in terms of the scale-factor a as:
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1 Tp > Tpc
F= 3 5 (6.82)
a(T; T; _ T
<a((TD)) TD> - <7€)> 1; < T}?g/[

where in writing F we have considered the non-standard scaling of scale factor a o« T~8/3 between

the temperature intervals T; and Tp, which arises due to the non-adiabatic matter dominated era
set by H.

We show the estimate of the DM abundance in the parameter space (M, Apc) in Fig. 6.4
along with other cosmological and unification constraints in our theory. The black contour shows
the isocurve for Qpyrh? = 0.12 [17] which reproduces the observed DM relic density. The thermal
abundance for the light baryons is set by a non-perturbative annihilation cross section oann =
47TC/A2DC where ¢ is an order 1 coefficient. We capture this uncertainty in the parameter ¢ by
varying it between 0.2 < ¢ < 1 in the vertical gray band shown in Fig. 6.4 for large values of M.

We will now describe the different scenarios and the relic density estimate for each of them:

1. For Tp > Tpc, which corresponds to roughly My > 102 GeV (see Fig. 6.4), the GUT partners
H are short-lived enough that they decay before dark confinement. Thus, at T' = Tp¢, only
light hadrons LLL, LL form. Moreover, the MD era ends with the H decay at Tp thus,
confinement and DM freeze-out occur in the standard RD era. In this scenario, the observed
DM relic density is reproduced for Apc ~ 80 TeV for o4y = 47/ A%C reproducing the DM
density in the light quark regime for baryonic DM models given in [172]. It is also clear from
Eq. 6.79 that for large My (hence large width I'g), the contribution from the second term
tends to 0. This behavior is well-captured in Fig. 6.4 by the right black contour line for Qpp
for large My values. The contour is almost vertical due to the exponential dependence of
QDM with MH

2. ForT; < Typ S TFPg , heavy baryons containing H are long-lived enough such that they can
give a non-thermal contribution to the relic density by decaying to light baryons LLL after
LLL freeze-out. We find that this non-thermal (NT) contribution or QOnt (coming from the
second term in Eq. 6.79) can overclose the universe resulting in Qpah? > 0.12. Here Qur is
given by

MpuTy

(fYu(Tpe)e troltm).
Perit

Ont =
However, note that for these values of My and Apg, the DM abundance gets a suppression
from the dilution factor F described in Eq. 6.82, on account of the non-standard scaling
of a & T78/3 during the MD era. The inclusion of this dilution factor can suppress Qnr
to reproduce the observed DM relic abundance as can be seen from Fig. 6.4 for values of
Mp < 10'° GeV. Note that in this case since the MD era begins after freeze-out at Thsp, all
the processes involving recombination and DM freeze-out occur in the RD era following the
standard a oc 7! scaling.

Note that a large part of the parameter space in Fig. 6.4 for My < 10'° GeV (see Fig. 6.4) is
constrained heavily from BBN and unification constraints (We discuss these in detail later in
this section).

3. For T; < ng{ < Tarp, corresponding to values of roughly 10° GeV < My < 102 GeV
(see Fig. 6.4), the DM freeze-out and recombination processes occurring at T' ~ Tpc are
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Figure 6.4: The black solid contour line shows the parameters Apc and My which produce the correct
observed DM abundance Qpyh? = 0.12 with the vertical gray band showing the uncertainty in the non-
perturbative baryonic annihilation cross-section as described in the main text. The excluded regions from
unification requirements are shown in orange for unification occurring above the Planck Scale, while in green
we show the proton lifetime bound from Super-Kamiokande. We also show the projection for the proton
lifetime from Hyper-Kamiokande. Finally, the blue region shows the parameter space excluded due to stable
or long-lived H hadrons which spoils BBN. The light gray exclusion for Apc < 5 TeV is indicative, and has
been derived using the exclusion from collider searches for dark mesons m,, < 500 GeV (see Ref. [188] for
more details). The shaded pink region shows the region in which our DM abundance calculations cannot be
considered valid since apc is no longer perturbative. Finally, the vertical yellow band on the right shows
the parameter values where we used extrapolation for the dilution scenario occurring during recombination

(See point 4 above in this section and in Sec. 6.3.3 in the main text).
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unaffected by the non-standard scaling beginning much later at T;. However, since the MD
era begins earlier than confinement, the recombination equations of section H must be solved
with the Hubble parameter H for the MD era given in Eq. 6.78. We find that the result for
recombination even in this case is similar to the conclusions applicable for the RD era. The
DM relic density estimate and suppression factor conclusion are similar to the scenario in
point (2) where the GUT state contribution overcloses the universe. In Fig. 6.4, this scenario
corresponds to the values of My that are unconstrained from BBN and correspond to “good”
unification at Mgyt ~ 107 GeV.

4. For TIQOM < T; < Typ, our DM relic density computation cannot be trusted (See also dis-
cussion in Sec. 6.3.3 point 4). It is evident from Fig. 6.4 that this case only describes a small
window of parameters in the space (M, Apc), for 10'2 GeV < My < 10'3 GeV (shown in
the vertical yellow band in Fig. 6.4). To get the relic density in this small region, we have
simply extrapolated the results from other scenarios and computed the DM abundance using
the dilution factor.

Further, some comments about the black contour for Qpy for small My values are in order.
For GUT partners with mass values My ~ Apc, the dark coupling constant ap¢ is not pertur-
bative anymore (pink region in Fig. 6.4), thus, implying that the GUT partners cannot undergo
a perturbative freeze-out. The DM abundance computation for this part of the parameter space
cannot be trusted. If the GUT partners are as light as the dark fermions with mass My < Apc,
the GUT partner contribution to the thermal DM abundance Qpy is set to 0. In this My < Apc
scenario, all the dark baryons are light. In addition to the baryonic DM candidate given by QQD,
the lightest component of the baryons UUU and LLL will be as long-lived as DM due to their acci-
dental symmetries. This will imply three Boltzmann equations for the three baryonic species given
by Eq. 6.80. Each of these baryons will annihilate by rearranging among themselves into their re-
spective mesons. These additional baryonic annihilations do not disturb the DM annihilation. The
mesons from GUT partners are in chemical equilibrium due to their large scattering cross-section
at any temperature T' given by o ~ (1/87)(T2/f*). These mesons will decouple around the same
time as the DM freeze-out temperature and eventually decay to the light d.o.f.s.

Note that despite this, this part of the parameter space for the model is not viable due to severe
constraints on the lifetime of SM-charged states coming from Big Bang Nucleosynthesis (BBN).
Any H hadron with very long lifetimes 77 2 1 sec would spoil BBN and this excludes low values
of My in Fig. 6.4 (exclusion shown in blue).

The constraints from our unification requirement exclude (in orange in Fig. 6.4) large My values
for which the Mgyt > Mp where Mp is the reduced Planck Scale. The strongest prediction of

0

minimal SU(5) unification in the SM is proton decay p — 7w'et via the effective dimension-6

operator below the GUT scale given by:

2
g]\CZ;(Tuude (6.83)

with Mx being the mass of the GUT bosons X, Y which we set to be equal to the GUT scale Mgyr.
Super-Kamiokande has set an upper bound on the proton lifetime 7, given by [177]:

7 > 1.6 x 103! years (6.84)

This translates to an exclusion on the scale of unification in our parameter space which we
show in green. In addition, we also show the expected sensitivity (in purple dashed) of Hyper-

96



6.4. Summary

Kamiokande [206] which will improve the bound as 7, > 1.3 x 103 years.

The lowest-lying states in the spectrum of our dark theory are dark NGBs that can decay to
SM gauge bosons after being produced at high energy colliders. Collider searches thus, can be used
to exclude dark meson masses of mz < 500 GeV (shown in light gray in Fig. 6.4) [188].

~

6.4 Summary

In this chapter, we have studied the model-building aspects and cosmology for the benchmark
IR (UV) model Q + D (54 10). We find that dark quarks cannot come in almost degenerate
GUT multiplets since the GUT partners enhance the accidental symmetries in the IR dark sector
in addition to dark baryon number U(1)pg. These new accidental symmetries are broken at the
dimension-6 level via tree exchange of GUT bosons, implying metastable bound states made of GUT
partners (See Sec. 6.1 for details). Due to SM charges of the bound states made of GUT fragments,
they should decay before BBN 7 < 1 s. Moreover, we find that depending on their mass My value
(which is set by unification), they can heavily influence the thermal history by initiating a matter
dominated era as well as an epoch of recombination as we summarise below.

The thermal freeze-out of light baryonic DM is set by Apc ~ 80 TeV to reproduce the observed
DM density. We find that in the presence of GUT partner states with mass My, we overproduce
DM for a large part of the parameter space (Mpy, Apc) (See Fig. 6.3.4) as the GUT bound states
can decay to DM and contribute to the DM abundance. These values of M also correspond to a
unification scale of ~ 107 GeV (See Sec. 6.3.4). Larger values of My result in short-lived GUT
partners which decay too quickly to have any impact on the DM abundance, implying only the usual
freeze-out contribution from light baryons. These values of My, however, are largely excluded in
the theory since the Mgyt scale in the model is above the Planck Scale for these My values.

Note that this conclusion in Sec. 6.3.4 implicitly assumes that the perturbative freeze-out of the
GUT partners (as described in Sec. 6.3.1) occurs in the standard radiation-dominated Universe.
If the mass of the heavy GUT partners is large enough, however, freeze-out can occur during the
reheating phase that precedes the onset of the radiation dominated era. The idea of the production
of massive particles during reheating was first considered in Refs. [207-210|. During reheating the
energy density of the Universe is dominated by the coherent oscillations of a scalar field ¢ around
the minimum of its potential. At the same time, the scalar ¢ decays into relativistic particles (either
SM or dark sector), thus injecting entropy in the Universe. During this period, the temperature T'

1

of the plasma does not follow the standard scaling T" oc ™" as in the RD era, but first reaches a

maximum temperature given by Thyax ~ (H]Mp)i I%H and then decreases as T oc a=3/8 with the
scale factor a due to entropy injection from the decay of the scalar ¢. Here, H; is the Hubble scale
at inflation, TRy is the temperature at which RD era begins or the reheating phase ends. Such a
non-adiabatic MD era led to the dilution of the DM density in our model as described in Sec. 6.3.3.
Similarly, if the GUT partners freeze-out during the reheating phase, their final abundance can be
suppressed by a similar dilution factor as in Eq. (6.82). This mechanism can be used to make the
parameter space (Mp, Apc) viable for both good unification as well as the correct DM abundance
in our dark sector model.

In this chapter, we have also studied the spectrum of NGBs in detail in Sec. 6.2. Our dark
sector predicts SM-colored NGBs which can decay to SM gauge bosons due to anomalous couplings.
In addition, our dark sector also predicts an SU(2) doublet dark meson, which can mix with the
SM Higgs with a large mixing angle. We have discussed the production modes and decay of these
NGBs in detail in Sec. 6.2. Our parameter space for low Apc can be constrained by future collider
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searches for dark mesons. The mass of the DM in the theory is of the order of 80 TeV which makes
it difficult to test produce DM at present or future colliders.

The low energy dynamics involved below the confinement scale and the spectrum of various
bound states are non-perturbative in nature. To study the abundances below the confinement scale
we have used an extensive system of Boltzmann equations to track the various abundances of all the
bound states and compute the values of parameters for computing the observed DM density (See
Appendix H). These results heavily rely on lattice QCD studies. More precise lattice results on the
spectra of heavy-light states would give more precision to our analysis. A precise non-perturbative
computation of the baryonic annihilation cross-section could also lead to an improvement in the
limit on the confinement scale Apc.

An alternative probe for such a dark GUT-theory could come from the “Cosmological Collider”
program [211, 212]. Since the Hubble Scale during inflation can be as high as H; ~ 10'3 GeV
during the inflationary era, the GUT partners with masses My < Hj with a possible coupling to
the inflaton could leave on-shell signatures via primordial Non-Gassianities (NG). This has been
studied for the case of an orbifold GUT theory in Ref. [213] (See also Ref. [214] for a study of NP
particles leaving NGs). We leave this for a future direction.
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Chapter 7

Conclusions and Outlook

In this thesis, we have asked the broad question:

How can we account for dark sectors and dark matter using what we have learned so far from QCD?
In order to address this question, we have followed two complementary strategies.

Part I of this thesis, based on Ref. [26], focuses on the scenario where a putative dark sector
interacts with the Standard Model via irrelevant portals. In particular, we have considered the
sensitivity of DS that interacts with SM through a dimension 6 irrelevant portal, at past and
current neutrino experiments, and its prospective discovery in both existing and future neutrino
experiments based on proton beams. This dark sector is neutral under the Standard Model and is
characterized, under a simplifying assumption, by only two energy scales: Ayy, which is the mass
of the mediator exchanged between the dark sector and SM, and Ag, the mass of the lightest state
in the DS. At energies far away from these two scales, i.e. Ajg < EF < Ayy, the dark sector
is approximately scale invariant. This scale invariance can be exploited to construct a framework
we call “model agnostic”. The framework and the assumptions have been discussed in detail in
Chapter 2 and Section 2.3.

In chapter 3, we have performed a detailed study of the possible production mechanisms of
DS through non-renormalizable portals: meson decays (M — m + DS, V' — DS), direct partonic
production (gg — DS, gg — DS), and dark bremsstrahlung (pp — DS+ X). The interplay between
the various production mechanisms as a function of the DS invariant mass squared p2DS can be
summarized in the plot shown in fig. 3.1. Compared to previous works on irrelevant portals, we
have added production details and also considered strongly coupled dark sectors, and done so in
a model agnostic framework (See Ref. [215] for a recent model independent framework ). For the
case of Z portal DS production, we find that past analyses and prospective DS searches at current
neutrino experiments give weaker bounds when compared with the current bounds from LHC and
LEP in resonant production scenarios. However, future neutrino experiments such as DUNE-MPD
would improve on this, and will be sensitive to Arg in the range 0.1 — 1 GeV for Ayy ~ 1 TeV. Our
main result plots can be seen in Fig, 3.8.

Part II of this thesis based on [27, 28| instead focuses on a new physics scenario where the SM
gauge group and matter are both extended under the vectorlike confinement framework. New dark
fermions lighter than the dark confinement scale come along with their GUT partners in a dark
sector with an SU(5)-GUT-UV completion. In such theories, the dark matter candidate is the
light baryon stable under the dark baryon number. Imposing gauge coupling unification strongly
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constrains the number of these models giving a composite dark matter. In this work, with respect to
Ref. [172], we have used a less conservative requirement for gauge coupling unification and required
that the viable dark model only mitigates the coupling unification achieved in the SM. We have given
details of this unification criteria in Sec. 5.2. With respect to Ref. [172], we have included a much
more detailed classification of viable models based on an analysis of higher dimension operators
generated by GUT partners. From our analysis on unification, we find only two viable models:
a trivial scenario with Majorana SM singlet NV, and our benchmark model with SM-colored dark
fermions Q + D. These two are the viable models for the case in which all the GUT partners are
at the same mass scale Mpy. In addition to these two models, we also find two that the models:
SU(3)pc L & E and the SO(3)pc V can give good unification for non-degenerate GUT partners
masses My, and Mpg,. This, however, implies, introducing more tunings to get the split spectrum.

Our dark sector predicts SM-colored NGBs which can decay to SM gauge bosons due to anoma-
lous couplings. The mass spectrum of these mesons has been described in detail in Sec. 6.2.

The cosmology of light baryonic dark matter is heavily influenced by the presence of GUT part-
ners whose abundance can change cosmological evolution. The details on the cosmology of such
dark GUT theories can be found in Chapter 6 and the main plot can be found in Fig. 6.4. We
find that in the presence of GUT partner states with mass My, we overproduce DM for a large
part of the parameter space (Mpg,Apc) in Fig. 6.3.4. These values of My also correspond to a
unification scale of ~ 10'7 GeV. In order to make a larger part of the parameter space viable, the
relic abundance of GUT partners must be suppressed with a lower reheating temperature.

In Part II of the thesis, we have chosen to not address the problems that plague four-dimensional
(4D) minimal SU(5) unification in SM: namely proton decay, and the doublet-triplet splitting
problem between the Higgs and its colored partner Hj (See Ref. [216] for a review and some possible
solutions). The extra-dimensional framework of orbifold-GUTs (See [217-219]) can offer solutions
to these. A possible future direction of our work in part II of the thesis would then be to consider
an extra-dimensional SU(5) embedding of the dark sector. We leave this possibility for future work.

Another possibility for extension of part II of this thesis is to study the regime in which the dark
fermions are heavier than the confinement scale. This would serve as an extension of the analysis
already done in Ref. [173].

An interesting direction for part II of this thesis could be in the “Cosmological Collider” pro-
gram [211]. The GUT partners with masses My < Hj can couple to the inflaton and leave a
signature via primordial Non-Gassianities (NG) (See Ref. [213] for example).
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Appendix A

Time-like form factors

In the extended Vector Meson Dominance (eVMD) formalism, form factors are modelled as sum
over meson states m sharing the same quantum numbers of the SM operator X involved in the
matrix element. Typically the formalism is applied in the space-like region, and the form factors
are essentially the sum of the propagators of the virtual mesons. However given that the exchanged
momentum ppg in our case is time-like, the form factors are modelled as Breit-Wigners, to allow
the virtual exchanged meson to go on-shell and resonantly mix with the DS system:

2

Fm(p2DS) = Z fmi s ) (Al)

2 .
Phs — mﬁh + i, I,

where My, ', fm are the mass, the decay width and the “couplings” for the meson m respectively.
The number of resonances in the meson tower sharing the m quantum numbers is such that it
allows to enforce the correct asymptotic behaviour in ¢® of the form factor coming from sum rules.
The couplings fm, are fitted from data and by the overall coupling normalization. In order to get
the total form factor Fx, we need to also take into account the cut-off for too high virtuality of

eq. (3.27):
Fx = Fp(Q*) Fu(pbs) - (A.2)

We next discuss the Higgs and the Z portal case separately.

A.1 Higgs portal
The Higgs coupling to the protons is of the form
gnNNFr(q%) iy up (A.3)
where u,, is the proton spinor. The form factor Fy also includes the virtuality cut-off of eq. (3.26):
Fy = FpFs (A.4)

The form factor Fg(pdg) is estimated using eq. (A.1), and we include the first three CP-even, scalar
resonances. The values used for masses, width and f used in the FF are given in table A.1.
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A.2. Z portal

fo (Scalar) w (Z, vector iso-singlet)  p (Z, vector iso-triplet) a1 (Z, axial iso-triplet)
mm (GeV) 0.5 0980 1.37 0.782 1.42 1.67 | 0.775 1.45 1.72 1.23 1.647
In (GeV) | 0275 0.5 0.35 || 8 x 1073 0.2 0.3 10149 04 0.25 0.4 0.254
fm 0.28 1.8  -0.99 1.011 -0.881 0.369 | 0.616 0.223 -0.339 | 2.26 -1.26

Table A.1: Masses my,, width I'y, and coupling fy, of the mesons m for the scalar, vector iso-singlet, vector
iso-triplet, and axial iso-triplet proton Form Factors used in the eVMD approach.

A.2 7 portal

The effective Z vertex for the proton is modelled as:

JEW _ . .
p— apy* <F”(q2) <2 — sin? 9W> — sin? HWFw(q2)> Up

JEW

_ZEW_ o Fa(q) M A5
Toos Oy 0 A (q”)upy ' uy (A.5)

where ¢ is the exchanged momentum between the virtual and real proton (ppg in our case) and w, is
the proton spinor. The prefactors in front of the iso-singlet and iso-triplet vector form factors (F“
and F” respectively) come from the decomposition of the vector piece of the quark Z-current in the
singlet and triplet component in isospin space, using the approximate isospin symmetry of proton
and neutron. The axial-vector form factor has a slightly different normalization than the vector one.
In particular, there is an extra g4 ~ 1.2 multiplying the overall form factor in eq. (A.1), as shown in
eq. (A.5). We can see that the vector part is subleading with respect to the axial current due to the
absence of sin? fy suppressing factor and a O(1) coupling ga. Notice that in principle, along with
the Dirac-like form factors appearing in eq. (A.5), there should be the non-renormalizable Pauli-like
terms [220]:

v
Gv(ff)l'L’ "l + Ga(@®)—g" (A.6)
myp myp

where the second piece (the axial one) is mediated by pion exchange. It turns out that this contri-
bution vanishes when contracted with the J.J correlator, due to current conservation. The vector
piece, corresponding to the anomalous magnetic proton contribution, does not vanish. Given that
it’s numerically subleading, and that there are large uncertainties to extrapolate such form factor
in the time-like region [221, 222|, we will neglect this contribution.

The form factors appearing in eq. (A.5) are again computed in the eVMD formalism, as a sum
of Breit-Wigners of p,w,a; meson for F? F“ Fy4 respectively. The coefficients used in the form
factors are found in table A.1.

The final form factors appearing in eq. (3.31),(3.32) are defined respectively as:

1
Fy = Fp (— sin? Oy F¥ + F* <2 — sin® 9W>> ,

FA = FD“%AFA . (A7)
We can generalize the formalism for any combination of iso-singlet and iso-triplet axial and axial-
vector currents, meaning that we can get the form factor for all the possible flavor-conserving quark
coupling structures of generic JJ portals.
Notice that in table A.1 there are no axial-vector iso-singlets form factors, but they can be
obtained from lattice computations.
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Appendix B

Meson decay matrix elements

Here we summarise the QCD matrix elements and form factor parametrizations we use for computing
decays of mesons. For the case of annihilation decays, the meson decays to DS states entirely,
while for radiative decays, a heavier meson decays to lighter mesons, along with DS. The matrix
element for the process can be factorized into a short distance contribution (and only involves DS
matrix elements) and a long distance (QCD) contribution. For the process M — DS, where M
is the decaying meson, the full amplitude (DS|Osy Opg|M) factors into (0]Osnm|M) x (DS|Opg|0)
while for the process H — L + DS, where H (L) are the heavy (light) SM mesons, the amplitude
(L, DS|Osm Opg|H) factors as (L|Ogyv|H) x (DS|Opg|0). For the annihilation case, we only consider
vector mesons, denoted by V. The SM matrix element for annihilation decay is simple, and is
generically given as

(OluyuulV(p)) = ifvmyeu(p), (B.1)

where u are the quark spinors, €,(p) is the polarization vector of the vector meson V, fi is the
decay constant, and my is the mass of the meson.

For the radiative decay case, the SM contribution to the amplitude is the same as SM semilep-
tonic meson decays, and is less straightforward than the annihilation case. We now give details of
the matrix elements and form factors used to compute width of decays of H — L+ DS where H can
be B, K and L can either be a light pseudoscalar P (e.g. K,7) or vector V' (e.g., K*, p, $).

B.1 Decay to Pseudoscalars

For the decay of mesons to pseudoscalars P (e.g., K, 7) we use the usual matrix element definitions
(see [223] for example):

(P(pp)|V*|H (pr)) = f+(@)p" + (fold®) — f+(a®)) Dg", (B.2)

where V¥ = apytup, p* = phy + pp, D = (M} — M3)/pdg, and ¢* = pis = py — plp. Here,
ur, (up) denotes a light (heavy) quark field, pg(pp) is the 4-momentum of the decaying heavy
(light) meson with mass mg(mp), and fo(¢?), f+(¢?) are dimensionless form factors which encode

DS
07,
to ¢ JES(q) vanish, so that we only need to specify the f, (¢?) form factors.

the strong interaction effects. For the case of Opg = a conserved current, terms proportional

!For pseudoscalar mesons, the matrix element is proportional to p, and vanishes when contracted with the DS
current, by current conservation.
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B.2. Decay to Vector Mesons

For KT — 77 + DS decay we use the explicit form factor data points defined at each ¢? in table
IV of ref. [224]. For B — 7, K decays, we use the form factor definitions and values from ref. [223]:

=T _ A

f (q2)_ (1_q2/D2)(1_q2/E2) 9
. B C

f K(q2): 1_q2/F2 + (1—(]2/F2)2 ’

(B.3)
where A = 0.258, B =0.173,C = 0.162 and D = 5.32 GeV, . = 6.38 GeV, and F = 5.41 GeV.

B.2 Decay to Vector Mesons

For the case of B meson decaying to light vector mesons V (e.g., K*, p, ¢), the QCD matrix element
is defined as (see ref. [225]):

(V(pv)| Ju |B(pp)) = —ieus(pv) (mp +my) A1 (q°)

As(q?)
mp + my

+iqu(e"(pv) - @) 27;; (A3(¢*) — Ao(g?))

2V (¢%)
mp+ my ’

+ipu(e*(pv) - @)

+ €uvpo € (pV)DBDT (B.4)
where J* = gy*(1 — v5)qm, p* = (pB + pv)", and ¢" = pjyg = Py — pl,. Here pp (py) are the 4-
momentum of the B (vector) meson, mp (my) is the mass of the B (V) meson, e is the polarization
vector of V, and A;(¢?), V(¢?) are the dimensionless form factors encoding strong interaction effects.
Note that, unlike the pseudoscalar case, in the case of vector meson, the y5v* part of the current
does not vanish. Further, the third term in the above does not contribute since it is zero by current
conservation, as in the pseudoscalar case.
For the form factors, we use the parametrizations as given in ref. [225]:

1 72

V(g?) = + , B.5

A(P)=—2 B.6

1<q ) 1 — q2/m30it ) ( )
T T

A2(q?) - 2 (B.7)

pu— + .
1- q2/m3%t (1- q2/m3%t)2

We give the values of the various fit parameters for the different decays in table B.1. To evaluate
further the squared matrix element, we make the calculations in the rest frame of B meson, where

only the longitudinal polarization of €} (py) contributes. Thus, using €, (py) = ('Ti“’/, ?\jfu\i> and

Pps = pB — pv, we can find the production width of DS from radiative B — V decays.

B.3 Sensitivity to non-conformal contributions in K, B meson de-
cays

For the case of DS production from irrelevant portals, we expect the production cross-section to grow
with p2DS which is necessary to make the contribution away from the IR threshold more important,
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B.3. Sensitivity to non-conformal contributions in K, B meson decays

1 T2 m% [GeV?] m;it [GeV?]
VB=ET10.923 | -0.511 28.30 49.4
AB=E - 0.290 - 40.38
AB=E"1.0.084 | 0.342 - 52.00
VB=r | 1.045 | -0.721 | 28.30 38.34
APoP -] 0.240 - 37.51
AP 10,009 | 0.212 - 40.82
VBs=¢ | 1,484 | -1.049 29.38 39.52
AP Lo 0.308 - 36.54
AD7% | -0.054 | 0.288 - 48.94

Table B.1: Fit parameters for the form factors defined in eq. (B.5), (B.6), (B.7) for various B — V
transitions where V = K*, p, ¢ (taken from [225]).

and is needed for usefulness of our model agnostic approach. For radiative meson decays however, the
DS production cross-section does not grow as p2DS, but is rather flat, upto the kinematic threshold.
For annihilation decays, p12)s is fixed and equals the parent meson mass-squared. To justify our model
agnostic approach we need to ensure we are away from the thresholds, which must be imposed as a
self-consistent criteria.

The overall signal is obtained by an integral over the range of allowed pps. The kinematic
condition pps/(nrpsp Air) > 1 is always stronger than the condition to be in the conformal regime
pps/Ar = 1. We also need to make sure that the relevant Ajg probed in the experiment under
consideration (which depends on the portal and the lifetime) is away from the kinematic threshold
M — m. For A close to M —m, a small change in the lower limit of ppg integration would have a
bigger impact, but this does not happen in the cases we consider. For B — K +DS, (mp—mg) ~ 5
GeV is larger than typical Aig probed which is 0.001—1 GeV, while for K — 7#+DS, (mg—my) ~ 0.4
GeV, while the typical Aig probed is 0.001 — 0.1 GeV.
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Appendix C

Probability of Decay

To compute the number of signal events, we need to calculate the number of LDSPs that decay
inside the detector. To correctly compute this quantity, the differential cross section (in both energy
and angle) of LDSP production must be convoluted with the probability P for at least an LDSP
to decay inside the detector. The probability P; for a particle to decay inside the detector can be
roughly estimated as the probability P; gec to decay within the radial distance at which the detector
is, multiplied with €geo, the geometric acceptance accounting for the particles flying in the detector
direction:

P~ 6geopl,dec ) (Cl)

In a simplified setup (see fig. 3.6), P qec can be estimated to be

Pl,dec = €Xp <_ : Ltd ) s (C2)

m(vﬁ)w) o <_CT(7ﬁ)LDSP

where [ and d are the distance of the detector from the target location and the length of the detector
respectively !, vr,pgp is the (energy dependent) Lorentz factor of the decaying particle, Sppgp is
its velocity and 7 is its proper lifetime. In general, for more than 1 LDSP, a slightly more refined
procedure accounting for the presence of multiple particles that can go inside the detector is needed.
We now discuss our procedure for multiple particle events. We consider both the weakly coupled
case, where nypgp = 2, and a generic strongly coupled case in which nypgp ~ O(10) are produced.

For the weakly coupled case, the directions of the two LDSPs are fully correlated, at fixed ppg,
by momentum conservation. If the direction of the DS sytem (i.e. pps) does not intersect the
detector, at most one of the two LDSPs can have the correct direction to hit the detector. Indeed,
the two particles have opposite azimuthal angle ¢ (computed with respect to the DS momentum
in the lab frame), so that only one particle at most can travel to the correct side. Therefore the
probability to have at least one particle decaying inside the detector is (in the notation of eq. (3.8)):

€geo Pdecay - 26geopl,dec s

where the 2 reflects the fact that €ze, has been computed for a single particle only, and there are

! Notice that the distance should be a function of the direction of the LDSP for generic geometry of the detector.
We will work under the assumption of spherical detectors, where the distances appearing in P are independent of the
line of flight. This is a good approximation for neutrino experiments, since they consist of small boxes (of size O(10)
m) positioned far (O(10%) m) from the target. The error due to the geometrical approximation is therefore of order
1% (the ratio of the typical distances).
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C.1. €geo estimates

two possible particles that can decay in the detector (or in other words, we only considered one of
the particles to be aimed toward the detector, but the opposite direction is also a valid choice given
the presence of the other LDSP).

If instead the DS direction intersects the detector there is the possibility for both LDSPs to
fall inside the detector. This can happen only if the LDSP velocity in the DS frame is slower
than the velocity of the DS system in the lab frame, so that the LDSP traveling in the direction
6 > 7/2 (the backward direction) in the DS frame is boosted in the forward direction. The events
in which the backward LDSP gets boosted forward in the lab frame are only significant if the DS
system velocity is much larger than the velocity of the LDSP in the DS frame. Given that typically
nrpspAIR < \/zg, and that the bulk of the cross section is dominated by high p]%s events, the
events will have fast LDSPs in the DS frame. Therefore events with two particles boosted forward
are negligible, and the formula to have a particle decaying inside the detector holds unchanged.

In the strongly coupled case, where nypgp is large, we can neglect the fact that the momenta
are correlated by momentum conservation. Therefore we will assume that the nypgp particles share
democratically the energy in the rest frame, and that the directions are independent samples from
an isotropic distribution in such a frame. In this scenario, multiple particles can in principle have the
correct direction to get inside the detector in the lab frame. Using the probability for a single particle
to decay inside the detector from eq. (C.2), and recalling that this probability is very small (both
P qec and typical €geo are small), it follows that events in which multiple particles simultaneously
decay inside the detector are very rare. Therefore we can approximate the probability for a single
event to contain at least one particle decaying inside the detector as

€geo Pdecay = MLDSP €geo Pl,dec .

Notice that in the end (although for slightly different reason) this formula matches the one in the
weakly coupled case for nypsp = 2.

C.1 ¢4 estimates

In order to compute the signal events, we have to compute the fraction of events that contain at
least one LDSP with the direction intersecting the detector. Given the assumptions outlined in
Section C, we define €ge, as the probability for a single particle to have such a direction. We work
under the assumption that LDSPs are produced isotropically in the DS rest frame, the frame in
which only the time component of ppg is non-zero. We will also assume that in this frame, all
the LDSPs produced share the same energy pODs/nLDSP- We take the beam direction to be aligned
to the z-axis (@ = 0 in polar coordinates), and ¢ as the azimuthal angle (measured in the plane
orthogonal to the beam line).

In order to get an estimate for the angular coverage of the neutrino detector, we work under the
simplifying assumption that the detector surface lies on a 2D plane orthogonal to the beam (for the
off-axis case, the angle is very small) and all points on the detector are at the same distance from
the interaction point. This is a good approximation for neutrino detectors since corrections are of
order (d/l)? < 1, where [ is the distance at which the detector is placed, and d is the typical size of
the detector. There are two relevant cases where this approximation fails.

For a closer experiment like SHiP, [ and d are of same order, and the proposed shape is a
rectangle of dimensions (a,2a), a = 5 m. We will compute the angular acceptance by taking the
largest side of the rectangle and requiring the trajectory to intersect the first layer, which gives
Oacc = ArcTan (2a/2l) . Being more specific about the shape of the detector does not change the
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C.1. €geo estimates

estimate significantly since the DS is produced very boosted, with a small opening angle, and is fully
covered by the extent of the detector. The geometric acceptances are close to unity, see table 3.1.

For MicroBooNE, the produced Kaons are at rest in the lab frame, and not collimated, so that
the DS is produced isotropic in the lab frame. In this case, the above approximation again does not
hold. We calculate €ge, without this approximation for MicroBooNE.

To calculate €ge0, We need to find the overlap of the LDSPs with the detector, which is easier to do
in the % frame. By the assumption of isotropic decay, the LDSP directions are distributed uniformly
in the (cos 6%, ¢*) plane. In this plane €ge, is the area (normalized by 1/4) that corresponds to lab
frame configurations in which the LDSP falls inside the detector. This in general depends on ppg
and nrpsp through the boost factor.

To be precise, we need to introduce some notation. There are two frames to consider, the lab
frame, and the DS frame (the one where ppg only has a time component). We refer to the DS frame
as the * frame, in what follows. The angles and the boost factors with a * superscript are defined
in the DS frame, and without a * superscript are in the lab frame.

The detector direction, the DS direction, and the LDSP direction are all defined by a ¢, and
the last two depend in general on kinematical quantities such as ppg and other process-dependent
quantities e.g. z in bremsstrahlung. We take the detector to be positioned at 8 = 04e;. The
accepted directions form a cone around it with an angle 0,.. around it. The DS system may be
along the beam line or at an angle from it. We define the DS system to be at § = 0pg. Finally,
the LDSP is at an angle 6pgp w.r.t. the DS system, so that the DS direction has a cone of angle
frpsp around it. It is useful to also define the DS direction w.r.t. the detector, which is denoted
by ijgt ~ (‘9]238 + 0c216t — 204et0ps cos (;5]35)1/
to scale), and are defined in the lab frame.

We additionally denote the LDSP in the * frame to be at (6%, ¢*). For a given ppg and 6*, 6, psp
is given as

%, All these quantities are shown in fig C.1 (drawn not

sin 6*
vos (Bos/Bipgp + cosb*)

tan GLDSP = (C?))

where 8pg,yps are the boost factors to go from * to the lab frame and §; gp is the velocity of the
LDSP with respect to the * frame. Note that the boosts along the DS direction do not change ¢.
Given the width 01,pgp of the lab cone there is only a range of ¢, = @11, for which the LDSP direction
intersects the detector. €ge, is then the area (computed in the * frame) of the overlap between the
circular detector and all the possible LDSP cones in the lab frame, in general a function of z and
of pps. To compute such area, we will make a linearization approrimation: we will consider that in
the x frame the shape of allowed cos 6* — ¢* is bound by straight lines and not curved ones. This
approximation is expected to hold at the 10% level for the relevant boosts.
We now discuss the details specific to the three production modes considered in this work.

C.1.1 ¢4 for meson decay production

In order to find €geo for LDSPs in the meson case, we use the prescription explained in the section
before. For this, we must boost the DS kinematic variables twice: once from the meson rest frame
to the lab frame, then from the lab frame to the DS rest frame (or * frame). We will denote all
quantities in the meson rest frame with a subscript 0.

The energy and 3-momentum of the DS can be easily computed using momentum conservation
in the parent meson rest frame as shown in eq. (3.18). Using the parent meson boost vys and
velocity vy (obtained from simulation), we can find the DS lab frame variables and express them as
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Isotropic LDSP decay \
in the DS rest frame (the * frame)

Target % \

Incident
Proton beam

Point - _

(to LDSPs) Baot =0 T
Ops =0 |
z=0 /
| /] |
I4 L \I < xl
l d

Isotropic LDSP decay
in the DS rest frame (the * frame)
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Figure C.1: The geometry relevant for the estimation of €ge, in the on- and off-axis case (top and bottom
respectively). Various quantities defined in the text, and involved in the estimation of €z, are shown, not
to scale. In particular, the DS line (gray thick) is drawn exaggerated for clarity.

a function of cosfy (angle of DS with meson flight direction in the meson rest frame, DS is isotropic
in this) and pdg i.e. Eg“lso(cos b0, D), ﬁé%b](cos 00, Phs)-

In order to compute €ge, we must find the 6* values corresponding to the angular coverage of
the detector. For this, we must boost the lab frame DS variables to the DS rest frame (or * frame)

using the DS boost given by yps(cosfy, phg) = Ell%’/ pdg and DS velocity Aps(cos by, phg) =

55|/ Ef5S (which will be close to 1). Note that for the annihilation decay mode M — DS, Ef5¢
gets fixed by momentum conservation to y/M? + |py| where M is the parent meson mass, and ||
is the parent meson momentum in the lab frame. Thus, ypg is fixed to \/M?2 + |py|/M.

We can now solve for the 6* angle using eq. (C.3), plugging ffpsp = |Prbspl/ Erbsps Erbsp =

. o 2 o
phg/nipsp and using Ajg = \/(EEDSP)Z — |Posp|” to get [Frhspl-
We also need fpg for estimating €geo. Note that in the annihilation decay case, fpg is 0 due to
momentum conservation, Whereas for the radiative decay case, fpg can be expressed in terms of
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Figure C.2: Comparison of the factorized (dashed) vs full (solid) approach for production and decay
through Z portal of a strongly interacting DS, for various production modes: DB (left), DY (mid) and MD
(right). The experiments considered are ICARUS-NuMI (blue), DUNE-MPD (purple) and SHiP (green).

meson rest frame variables as tan fps = sin 0y [plpg o / (’YM (IP1pg. cos Bo + UMED&())).
Finally, we calculate (egeo) by a weighted average over the differential decay width dI'/dpdq d);,
which is a function of Arg only (the Ayy dependence factors out):

dar
f dPQDs dA; Egoo()\z‘>p2Ds) TR e

2 dar
fdpDS dA; dp?gdX;

; (C4)

{€geo) =

where \; are the angular variables 6y, ¢g integrated over the full range and pQDS is integrated in the
allowed kinematic range. Note that for the annihilation decay case, pQDS = M? and 6pg = 0 by
momentum conservation, which simplifies the equation above.

C.1.2 ¢4 for DY

In DY mode the DS system is by construction directed along the original beam line (the z direction).
The boost of the DS system is ypg = EDS/\/%, where Epg is the energy of the DS system in
the lab frame. While ppg is already one of the variables used in DY production, Epg is computed
by first getting the DS energy in the DY CM frame, Epscm = v/s(z + phg/(sz))/2 using the
DY variables introduced in 3.2.2, and then boosting it to the lab frame with Lorentz parameter
YoM = Fveam/v/s. This gives Eps = Epeam. Putting everything together, the boost factor to go
from the lab frame to the DS system is vps = = Fheam/ \/ZES . To get the average value of €geo, We
compute the integral as in eq. (C.4) with the appropriate distribution where now we average over

the kinematic variables = and p2DS.

C.1.3 €4 for DB

DB mode is different from the DY mode because in general the DS system will be produced at
an angle with the beam-line. We will call Opg, ¢ps the pair of angles indicating the direction of
the radiated DS system relative to the beam line. Using the kinematic variables introduced in
3.2.3, we have Ops = tan~!(p7/2Fpeam). The boost factor to go from the lab to the DS frame is
s = ZFheam/ \/]%. As before, to get the average value of €40, We average over the kinematic

quantities z, p%, and p2DS. we have checked that these values are in good agreement with the €ge,
for the average DS angle, as expected for very collimated DS excitations.
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C.2. Factorization approximation

C.2 Factorization approximation

In this appendix, we compare the approximate method we delineated in the main text with the
correct procedure of doing the integral of the product of the differential quantities (€geo, cross-
section, decay probability) without factorizing them.

In order to get the correct number of signal events, the differential cross section do/dA; must
be folded with nr,psp €geo P dec, 2ll of which are a function of kinematic variables \;:

N
(AIR, AUV POT /d)\ Ty MLDSP €geo P ,dec - (0'5)

We call this procedure the full approach. We compute the integrals numerically, using the CUBA
integration tools [226]. The method used in the main text is done instead by replacing the full inte-
gral with the average ege, and using average kinematic quantities to estimate the decay probability
and the average nypgp>:

Ns 2 Neot = nipse(() Prec () cgeo) - (C.6)
where the average is defined by a weighted integral over the differential cross-section/decay-width
(e.g. see eq. (C.4)). We call this approach the factorized approach. The advantage of this approach
is that the production integral must be done only once, and not repeated for each (Ar, Ayv) pair:
the dependence on them is essentially factorized. In particular, for a fixed production portal, this
allows changing the decay portal, without having to redo the production integral from scratch. This
is particularly useful when exploring all the various combinations of production and decay portals.

To compare the factorized and the full approach, and to show that the factorized approach is very
efficient, in fig. C.2 we show the comparison for DB, DY and radiative meson decay K — w + DS,
for the strongly coupled DS, for DUNE, SHiP and ICARUS. The two approaches are in very good
agreement. The factorized approach is conservative at most, and can miss rare events appearing
in the tails of distributions (see e.g. ref. [227]). However for the purposes of the present work, the
factorized approach suffices.

2We have checked that this procedure agrees very well (percent level) to a true average of nrpsp.

125



Appendix D

Classification Results: Viable Models

In this section, we tabulate all the viable models that pass the requirements discussed in Section
5.1.

D.1 SU(N)pc Models

Here we tabulate the models for SU(N)pc. Each table below gives the viable model passing our
model building criteria, the allowed number of dark colours Npc, the DM candidate as well and
the parent GUT theory needed to embed the low energy model.

Models with T

The perturbativity condition on U(1)y hypercharge sets an upper bound on the number of dark
colours, Npc < 5. Furthermore, for Npc = 3, SU(2)1, and U(1)y perturbativity forbid the presence
of any additional electroweak triplet, hence combinations with V, T, and E & E cannot work as low
energy models. Moreoever, the following SU(3)pc models:

T, TeL T®E, ToE, TO®L®E (D.1)

contain no DM candidate and are not further considered. Finally, for Npc = 4 only N can be
added.

Model Range for Npc DM candidate Parent theory
To® N Npc = 3,4 NANpe 15 @ 1(or 24)
T & L(®N) Npc =3 TLL(,NNN) 50 15®5® 1(or 24)
Te®L®N Npc =3 NNN 5@ 15@ 1(or 24)
T®E®N Npc =3 NNN 10 15 @ 1(or 24)
TGE®N Npc =3 NNN 0@ 15® 5@ 1(or 24)

T L& L(®N) Npc=3 | TLL(,NNN, NLL) | 5®15@®5(®1 or 24)
T & L& E(&N) Npc =3 TLL, LLEGNNN) | 54100156165

T& L& E(®N) Npc =3 TLL(,NNN) 50100150 1@®5
TOLOEGN Npc =3 NNN 1505® 10 1( or 24)
Ta Lo E(@N) Npc =3 LLE(,NNN) 15650100105
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D.1. SU(N)pc Models

Models with V

VD is always a good DM candidate for any Npc. In the table below in the third column, we
list any additional DM candidates in the theory. The DM candidates are written as gauge singlet
components where the indices n, m, [, h can take any integer values from 0 and should sum up to
the total number of dark colours Npc.

Model Range for Npc DM candidate Parent theory
V(®N) Npc < 4 VPN 24
V @ L(®N) Npc =3 VPN 2495
V @ E(®N) Npc < 4 VPN 24 @ 10
Vo Le L(@N) Npc =3 VPN™(LL)! 240505
V@& Lo E(®N) Npc =3 V*N™(LLE)" 245 10
Vo Lo E(®N) Npc =3 VPN 2405010
V@ E®E(®N) Npc < 4 VP*N™(EE) 24 @10 @ 10
Vo Le Lo E®N) Npc =3 VAN™(LL)! 24050 5@ 10
VoL®E®E(®N) Npc =3 VPN (EE) 2405310 10
Ve LeLe E® E@N) Npc =3 VPN"™(LLY*(EE)" | 24®5& 5910 10

Models with F

The models with dark fermionic content given by F and E & L have no DM candidate, hence they
are not good models. The DM candidates are written as gauge singlet components where the indices
n, m, I, h can take any integer values from 0 and should sum up to the total number of dark colours

Npc.

Model Range for Npc DM candidate Parent theory
E®N Npc <13 NNpo 10 ® 1( or 24)
E @ L(®N) Npc <9 (LLE)"N™ 5®10(®1 or 24)
E®LON Npc <9 NNbe 105 @® 1( or 24)
E® E(®N) Npc <6 (EE)"N™ 10 & 10(1 or 24)
E® Lo L(®N) Npc <6 (EE)"(LLE)™N! 1035 ® 5(®1 or 24)
E® L& E(®N) Npc <5 (LL)"(LLE)™N' 1005 @® 10(®1 or 24)
E®L®FE®L®N) Npc < 4 (EE)*(LL)™(LLE)'N" | 1005 @ 10 ® 5(®1 or 24)

Models with L

The model L has no DM candidate. The integer indices will sum as n + m = Npc where Npc is

the allowed number of dark colours.

Model ‘ Range for Npc ‘ DM candidate ‘ Parent theory
L& N Npc < 18 NNbe 5@ 1( or 24)
Lo L(®N)| Npc<9 (LL)"N™ | 5&5@ 1( or 24)
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Coloured dark fermion models

Good DM models can be built only out of combinations of @, U, D. No DM candidate can exist for
U @& Q, since the hypercharges of the two are of the same sign. We are thus left with the following
possibilities:

Model ‘ Range for Npc ‘ DM candidate ‘ Parent theory

Qe D Npc =3 QQD 5010
QaDaU Npc =3 QQD, DDU 5@ 10® 10
DaU Npc=3,6 | DDU, DDUDDU | 5@®10® 10

Note that for the D @ U model, dark colour confinement and perturbativity can allow for a
larger number of dark colours upto Npc < 8. However, the requirement for a gauge singlet DM
candidate selects only two allowed values of Npc given by 3,6. A similar conclusion applies to the

Q@& D and Q & D @ U models.

D.2 SO(N)pc Models

Models with T

Dark color asymptotic freedom requires Npc > 3, however the condition on SMS hypercharge
perturbativity forces Npo < 5. Hence, only Npc = 4 is allowed. Note that for SO(N)pc we do
not impose the stronger constraint on Npp coming from confinement. The model with T alone
is not allowed because there is no operator up to dimension-6 breaking the leftover U(1) species
symmetry responsible for TT states stability.

DM candidate | Higher dimensional | Parent theory

Model | Range for Npc i
operators

TeN | Npc=4 |(@T2TTNN| TNHY'H |Tholsal/

Models with V

VNpe g always a good DM candidate. Below we shall list the additional DM candidates as well as
the higher dimensional operators required to break species symmetries and the limits on Np¢.

Model Range for Npc DM candidate }ggélre;t(c)l%gl Parent theory
4 Npc < 4 v Npe / 24
Vel 4< Npc<6 (LL)"V™ / 240505
Ve FE Npc <9 (EE)"V™ EViHo'H 24106 10
VOESL 4< Npc <6 (LL)"(EE)™V! asVBE |240565010 10
Ve N Npc <9 VrN™ / 24
VOLON 4< Npc <6 (LL)"V™N? / 2435®5
VOEGN 4< Npc<9 (EE)"V™N! asVOE |2401001005®5
VOESLON | 4<Npc<6 | (LL(EE)"VIN" |asVOE®L |2401001005D5
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Models with F

The model with ¥ = F is not a good DM model, since there once again there operator that can
break the U(1) species symmetry under which E'E is stable. Since dark fermions transform as real
representations under O(N)p¢c dark colour, E can be substituted with E, which renders the meson
EFE stable (which is an allowed dark colour singlet state in SO(N)pc theories).

Models with (LLE)" combining the DM candidates have odd Npc, due to the flavor neutrality
assumption on the DM candidate in the case of even Npc.

Model Range for Npc DM candidate }gggregtglién Parent theory

EolL 4< Npc<9 | (EE)Y(LL)™(LLE) ELHHH 565610 10

E®N 3 < Npc <13 (EE)"N™ FEy*NHYD,H [ 240 1001005®5
E®LON | 4<Npc<9 (EE)"(LL)"N' ELHHH 2401001086585

Models with L

For model ¥ = L, the DM candidate exists for n even.

Model | Range for Npc | DM candidate | Higher dimensional | Parent theory

operators
L 3< Npc <18 (LL)" LLHH 55
L®N | 3< Npc<18 (LL)"N™ / 2405®5

Colored dark fermion models

From the list of allowed operators, we can see that in no model with ¥ = U, D, @ all the species
symmetries can be broken. Similarly to W = S, dark color and SU(3). perturbativity are not
compatible. Hence, the only representation allowed is ¥ = G which leads to the following model:

DM candidate | Higher dimensional | Parent theory

operators

Model | Range for Npc
G(®N) ‘ Npc = 4,5 ‘ G"N™ ‘ / ‘ 24
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Appendix E

Unification Checks

We summarise the gauge coupling unification analysis that we performed for each viable DM model

under our criteria given by:
(i) Maur > MEY.
(i) Aa < Asgar,

(iil) agur < 4.

In the Table below, the first column gives the light dark fermionic content of the model and the
second column reports whether the model passes or fails the unification check. In case the model
passes the check, we have given the allowed values of My. In case the model fails the check, we have
reported the unification condition that is not satisfied along with the values of M. We consider all
the heavy GUT partners are degenerate in mass denoted by My . For example, the first row depicts
the L @& F model, and the entry in the second column conveys that the model does not work for
unification due to Mgyt < Mg% for My > 10° GeV.

E.1 SU(N)pc Models

Model ‘ Unification Check
LLE
LoF (i) My > 10° GeV
LOEQE (i) My > 10° GeV, (ii) My > 10° GeV, (iii) My < 106 GeV.
LOESDL (1) My > 10° GeV, (ii) My > 10™ GeV
LOEQV (i) My > 105 GeV, (ii) Mg > 10® GeV, (iii) My < 107 GeV.
LOESN Same as L & F
LOE®E®L (i) My > 10° GeV, (iii) My < 107 GeV.
LOEQE®V (i) My > 105 GeV, (ii) Mg > 108 GeV, (iii) My < 10° GeV.
LOE®E®N Same as L& E® E
LoEoLoV (i) Mg > 10° GeV, (ii) My > 107 GeV, (iii) Mg < 108 GeV.
LeEoLeN Same as L& E® L
LoEoEaLaV (i) My > 10° GeV, (ii) My > 10® GeV, (iii) My < 108 GeV.
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LOE®EDL®N
LOE®T
LOESNST

LLT
LeT
LoToL
LOeTSE
LeT@®N
LeT®LON
LOTONDE
Ne&L®L
NLL or NEE
N®EOSE

VVV,VVN, VNN
1%

VeN
Vel
Ve FE
VOE®L
NNN
N (N € 24)
NoL
NoFE

Sameas LOEGE® L
(1) My > 105 GeV, (ii) Mg > 10° GeV, (iii) My < 10® GeV.
(1) My > 105 GeV, (ii)) Mg > 10° GeV, (iii) My < 10® GeV.

i) My > 10° GeV, (ii) My > 10® GeV, (iii) My < 10® GeV.

(1) (ii) (iii)
(i) My > 105 GeV, (ii) Mg > 10® GeV, (iii) My < 10® GeV.
(i) My > 105 GeV, (ii) Mg > 108 GeV, (iii) My < 10® GeV.
(i) My > 105 GeV, (ii) Mg > 10® GeV, (iii) My < 107 GeV.
(i) My > 105 GeV, (ii) Mg > 10® GeV, (iii) My < 10® GeV.
Same as L& T & F
(i) My > 105 GeV, (ii) Mg > 10'2 GeV

(i) My > 105 GeV, (ii) My > 10° GeV, (iii) My < 10° GeV.

(i) My > 105 GeV, (ii) Mg > 10® GeV, (iii) My < 10° GeV.
(iii) fails for My < 3.5 x 108 GeV,
Same as V'
(i) My > 105 GeV, (ii) Mg > 10% GeV, (iii) My < 10® GeV.
(i) My > 105 GeV, (ii) Mg > 10® GeV, (iii) My < 10° GeV.
(1) My > 105 GeV, (ii) Mg > 108 GeV, (iii) My < 10° GeV.

MGUT = Mgg/[T, AA = Agyr, agur < 4w for My > 10° GeV.
(i) My > 10° GeV, (iii) My < 10° GeV.
(1) My > 105 GeV, (ii) Mg > 10° GeV, (iii) My < 10° GeV.

NNN
NoT

NeL&eFE
NeLeT
NeE®T
NeEaT
NeT®ES®L
QQD~
Q@ D, (Q e 10)
Q@ D, (Qc15)

QeDaU
DDU
DoU ‘

(i) My > 105 GeV, (ii)) Mg > 10° GeV, (iii) My < 10® GeV.
(i) My > 105 GeV, (ii) Mg < 10° GeV.
(i) My > 105 GeV, (ii) Mg > 10® GeV, (iii) My < 10® GeV.

(i) My > 105 GeV, (ii) Mg > 1010 GeV, (iii) Mg < 108 GeV.

(i) My > 105 GeV, (ii) Mg > 10'° GeV, (iii) My < 10® GeV
(i) Mg > 10° GeV, (iii) always fails

5x 104 > My > 6.5 x 108 for Mp > Mgy > 3 x 1015 GeV
My > 3.9 x 10' GeV for agyr < 47

5 x 1014 GeV > My > 6.5 x10% GeV for Mp > Moyt > 3 x 105 GeV

(i) My > 10° GeV, (iii) My < 107 GeV
(i) My > 10° GeV (iii) My < 107 GeV

(i) My > 105 GeV, (ii) Mg > 1010 GeV
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E.2. SO(N)pc Models

L® L N(N € 24) ‘ (i) My > 10° GeV, (ii) My > 10" GeV, (iii) My < x10° GeV
EEEE
E®E ‘ All conditions always fail

Table E.1: Viable SU(N) models checked for unification along with the respective failing unification
condition for models not good for unification under our criteria.

E.2 SO(N)pc Models

Model Unification Check
Models with T
NeT (i) My > 105 GeV, (ii) Mg > 10% GeV, (iii) My < 10° GeV.
Models with V. (Mpy constraints for min Npc allowed)
1% (i) My > 10° GeV, (ii) My > 109 GeV.
VaoN Same as V'
Vel (1) My > 10° GeV, (ii) My > 108 GeV, (iii) My < 107 GeV
VoE (i) My > 10° GeV, (ii) Mg > 1010 GeV, (iii) My < 108 GeV

VOESL (i) My > 105 GeV, (ii)) Mg > 10° GeV, (iii) My < 10® GeV
VeEGN | (i) My > 10° GeV, (ii) My > 10'° GeV, (iii) My < 10® GeV

VeLae N Same as V @ L
VeOLOE®N Sameas VO LG E
Models with E (Mg constraints for min Np¢ allowed)
EQN (i) My > 105 GeV, (ii) Mg > 105 GeV, (iii) My < 10® GeV
E®L (i) My > 10° GeV
E®LoN (i) My > 10° GeV, (iii) My < 108 GeV
Models with L. (Mp constraints for min Npo allowed)
L (i) My > 10° GeV
Le N (i) My > 105 GeV.
Models with G~ (Mg constraints for min Np¢ allowed)
G (i) My > 105 GeV, (ii) Mg > 105 GeV, (iii) My < 10 GeV

Table E.2: Viable SO(N) models checked for unification along with the respective failing unification
condition for models not good for unification under our criteria.
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Appendix F

Mass Splitting

Here, we consider our benchmark model Q @ D and aim at the production of a natural hierarchy
of scales in the theory of mg, mp < My = mj, my, mg. For this, we compute the mass spectrum
at tree level and including dimension-5 contributions coming from scalars in our SU(5) level theory.
We find that this is not possible and a natural mass hierarchy between the light dark fermions and
their GUT partners cannot be obtained. For the mass spectrum in this appendix, we choose the
parent GUT theory given by 5 @ 10.

Using Yukawa couplings

We first consider the possibility of using contributions coming from the Yukawa couplings with the
SU(5) scalars available to us. In addition, we also include contributions from dimension-5 operators
with two scalars. These can give substantial contribution to the mass spectrum if the tree level
mass parameters ms 19 and ys 10 are small and if vgur ~ A where vgyur is the vev of the GUT
breaking scalar and A is the scale suppressing the dimension-5 operator in the GUT Lagrangian.
We consider various combinations of SU(5)-breaking scalars in SU(5) representations containing an
SM singlet.

In general, the role of the higgs-like scalar required for SU(5) breaking can be played by a scalar
in any other higher dimensional SU(5) representation, in addition to the minimal case with scalar
in 24y. However, requiring that the addition of this scalar does not give a Landau pole for the
GUT coupling agyTt below Mp puts a constraint on the Dynkin index of this GUT-breaking scalar’s
representation:

85 4
Ty(Rs) =6 | = — ~Npc > Ty(Ry) + 2n— 2V (F.1)
7

0 3 log ( MAZI;I?JIT )

where T¢(Ry) denotes the dynkin index of the (Dirac) fermion representation Ry (for Weyl or
Majorana fermions % must be replaced with %) Note that agyt would depend on the mass of the
GUT fermions M.

For the Q& D model, the highest allowed value of Ty (R,) is 500. The lowest SU(5) representation
containing an SM singlet and fulfilling Eq. (F.1) is 200 (7s(Rs) = 100). In addition, we also have

the possibility of considering combinations of scalars upto 200 4+ 75 + 24. We will now consider

each case separately, starting with the minimal case of the GUT breaking scalar in the adjoint 24
of SU(5):

[} <I>242
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Chapter F. Mass Splitting

The SU (5) breaking scalar present in the minimal SU(5) GUT theory is the one in the adjoint.
The SM preserving vev (®) for this 24-dimensional scalar is given by:

< 1
P) = ——w diag(2,2,2,—-3,-3 F.2
(@)} = svaur diag ) (F2)
From hereon, we denote the dark fermions as entire GUT multiplets using ¢* € 5 and A% € 10
and write the SU(5) invariant mass terms along with Yukawa interactions including also
nonrenormalizable operators at the dimension-5 level:

L = msqq’ 8% + ys@iq’ @5 + y10Ai; ATFD, + myg Ay AF5) + Klfiiqzq)nm‘l)nm

dq _ ds -

L . do - . o
A AVBID], + LG D] + P Ay AT BB 4 B AGAT D, )

c2 (F.3)

2

After SSB of SU(5) down to SM, the 24-dimensional scalar takes its vev value given in Eq.
F.2 and we get the following mass spectrum:

2 1 viyr
mp = ms + ——=Ys50GUT + o= (30¢y + 4dy)

/30 30 A

3 1 v2
my = ms — \/iyE)UGUT + —-GUT (30¢1 + 9d1)

30 30 A
2 1 v3yr
= — — 30 4d 4d. FA4
my = mio + mmeGUT + 30 A (30c2 + 4d;y + 4d3) (F.4)
3 1 v2
mg = mig — ﬁmeGUT + 30 GXT (3002 + 9ds + 9d3)
_ . wgur |, 1 vdur 13,
mgQ = mio — Y10 \/% + 30 A (3062 + 5 do 6d3)

Here A = Mp is the scale by which the dimension-5 operators are suppressed. From the
mass spectrum in Eq. (F.4) we can see that the Yukawa couplings with the 24-dimensional
scalar give a comparable contribution to both the light fermions Q and D as well as the GUT
partners U, E, and L.

<I)75:
The role of the 24-dimensional scalar can be replaced by a scalar in the SU (5)-representation
75 (See Ref. [228] and references within). The 75-dimensional GUT scalar is described by a
rank-4 tensor (twice covariant and twice contracovariant) traceless in pairs of upper and lower
indices and anti-symmetric in both upper and lower pairs of indices separately. We can thus,
write:

oY =—@) =—-@ &) =0 where (i,j,...=1,..5) (F.5)
The decomposition of 75-dimensional tensor wrt the SM gauge group SU(3) x SU(2) x U(1)
subgroup is:

75 = (1,1,0) + (8,1,0) + (8,3,0) + (3,2, —5/6) + (6,2,—5/6) + (3,1,-5/3) (F.6)

The SM-preserving sub-tensor (1, 1,0) for the 75-dimensional tensor is given by [228]:

()4, = scurl(058] — 5567) + 3(628, — 536%) — (830h — 8308 + 6808 — 6359 (F.7)
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Chapter F. Mass Splitting

where we have used the conventional index splitting given by:

i?j? m7n % (a7 a)7 (/37 b)7 (’77 C)? (57 d) (F'8)
a,B,v,0=1,2,3 a,b,e,d=4,5 (F.9)

Here, squr is the vev of the 75-dimensional GUT breaking scalar. In the index splitting
notation «, 3,7v,9 are SU(3) indices 1,2, 3, and a, b, c,d are SU(2) indices 4,5. Thus, in our
notation, the sub-tensor in Eq. F.7 has three blocks: the first where i, j,m,n can run over
only SU(3) indices, the second block where i, j,m,n can run over only SU(2) indices and the
last block where the indices can be mixed.

For this case, we have only one SU(5) invariant Yukawa term given by contractions of 10p10g(75g).
Including the dimension-5 contributions, we get:

[, = m5qiqj5;~ + mlgf_liinj + y’flmnAijfb?}" + %cjiqi@ﬁntbﬁn + %A_UAU(I)%”(I)EH (F 10)
t . . to _ ) ) ta _ . )
+X1qiq3¢>:yq>’“msj + KQAimAJméﬁ;f(I);j + K?’AijAm%ys@;;jn.

This yields the mass spectrum in the case of the 75-dimensional scalar as:

2
S
mp = ms + %(7% + 81)

2
S
m; =ms + %(7% + 81)

2
S
my = mio + 2y squr + GI{JT (72fo + 8to + 4t3) (F.11)
2
S
mE = mio + 6y'sgur + GXT (72fa + Sty + 4t3)
2

S
mg = mip — 2y’sGUT + GXT (72f2 + 8ta + 36d3)

We can also consider the case in which both a scalar in 24 and in 75 are included, however,
it would not lead to a successful mass splitting as can be seen by summing the Eq. (F.4)
and (F.11). In addition to these, there will be contributions coming from the mixed scalar
dimension-5 operators:

ir s o @AimAjmcbiT o5+ @AijAm%" ®J (F.12)

mn T

h )
24—-75 1_
Emass = Xqiq]q)js r A js=r A

These additional contributions in no way suffice to naturally split the mass of the light dark
fermions from their GUT partner.

The additional contributions from these terms can be written as:
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Chapter F. Mass Splitting

[ ] @2001

S U
Am . — SGUTVGUT

D V/30A

SGUTVGUT
SGUTUGUT | 5,
V30A 2
::SGUTUGUT
V30A
::SGUTUGUT

V30A

SGUTVGUT

V30A

107
Ami = —
(10hg + 4h3)

(—15hy — 18hs)

S

The SM preserving vev for this scalar is given by:

(1 ) = UGUT[(&&? + 0500) + 2(650 + 6362 — (8365 + 6968 + 5;?’53 +0569)]

(F.13)

(F.14)

where we have followed the splitting index notation introduced earlier for the case of the

75-dimensional scalar. We can only write dimension 5 operators in this case:

’]" .~ ~ . 7” — e~ ~ "” .~ ~ .
rL — C~ ~ re — ~ o~ :
+ A AN, B+ 2 A AN ]
which leads to the spectrum:
UéUT
AmD = T(1687‘1 + 247“3)
2
Am; = L“XJT (1681 + 48r3)
2
Amy = U(jxﬂ(mm 2474 — 12r5) (F.16)
0_2
Amp = %{JT (1687 + 487y + 2475)
0_2
Amg = = (16873 + 3674 — 2475)

However, in addition, we can also have mixed cases where 200-dimensional scalar occurs with

®yy leading to the following dimension 5 contributions:

200—24 S1_ i hiik S9 + 1 hxik
Liims = 3 6ud" Pr®j, + XAUA] i3,

A J

(F.17)
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SGUTVGUT
Am s = SGUTUGUT o)

D V30A !
Am; = _ww@osl
SGUTUGUT

Amy = SGUTUGUT o
v V30A 2
Amp = _w,ﬁgotﬁ
SGUTVYGUT
Am = —755
< V30A 2

For the case of ®9p9 and P75, we have instead:

200—-75 _ W 7 skhgim&in
‘Cdim—5 _XAZJA q)knq)hm

leading to the additional contributions to the masses of the fermions as:

SGUTOGUT
Amy = ————=8w

A
AnHEZZ_SGUTSGUT8w
AW%Q=ZSGU€SGUT24w

(F.18)

(F.19)

(F.20)

We see that in neither of these cases differential contributions can help make the GUT partners

way heavier than the light fermions in a natural way.
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Appendix G

Matter Dominated Era

The Boltzmann equations governing Matter Dominated (MD) era can be written (See [83, 201] for
example) in terms of the energy densities of the non-relativistic component pys, contained in the
heavy H dark fermions, and a relativistic one pr, contained in the SM relativistic particles. The

evolution of pjs and pp is given by:

pyv +3Hpy = —Typm (G.1)
pr+4Hpr =T ypym (GQ)

where H is the Hubble parameter given by

&G

H? = —3 (pa + pR) (G.3)

and I'p; = %I‘  where 'y was defined in Eq. 5.3. The fraction 2/3 accounts for the fraction of H
contributing to SM d.o.f.s.
The solution to Eq. G.2 can be obtained analytically as (valid for time ¢ < t < ﬁ)

Ql

pPM = PM () 3 (G.4)

) ()

(G.6)

Q

|l

PR:PR<

where py; and pys are the densities at some initial @ (or T) at time . Let us now define T} as
the temperature at which the non-standard scaling of the scale factor a o< T-8/3 begins. Hence at
T > T;, we will have the standard a oc 7! scaling. This transition occurs, as is clear when pg is
dominated by the second term in Eq. G.6. Equating the first term and the second one in Eq. G.6
gives T; as in terms of the initial conditions:

(G.7)

T*—T< 'y Mpy )2/5
L — ,
2,389 4 1y Mp,

1
P

where Mp; = 1.2 x 10" GeV. Without any loss of generality, T' can be picked to be Thsp (See also
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Chapter G. Matter Dominated Era

Ref. [201]). At Tasp, the temperature at which MD begins at which the following equality holds:

2

v
pM = PR = %9*(TMD)TJZ\LJD (G.8)

This non-standard scaling of the scale factor with temperature between the temperature intervals
T; and T leads to a further dilution in the number density of DM [201]. This dilution factor can

be written as:

T\’
F=(2ZL G.9
(#) 9
where Ty = T'p is the temperature at which H decays to the SM d.o.f.s given by:

Iy Mpy

Tp = | —————— G.10

P\ gu(Tp)/21.67 (G.10)
We can finally write the expression for the suppression is

5/2 7 r5/2
s (L) _02s L5 Mpy? (4150, T p + Da M\ (G.11)
i) @ Thp Ty Mpy '

When the H bound states are long-lived enough, the terms involving I'p; above can be ignored
which gives us Eq. 6.70 in the main text.
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Appendix H

Epoch of Recombination

Considering the epoch of recombination involves the formation of different types of bound states,
in this appendix, we will show how different recombination reactions interplay to give us the result

we discuss in the main text.

H.1 Type I hybrids

At T = Apc, we begin with fraction f of the H abundance in the form of type I mesons and (1 — f)
as type I baryons At first, the following reactions involving type I hadrons and light hadrons start

interchanging type I hadrons as meson <> baryon in addition to the baryonic annihilations:

HLL+LL+«+ LLL+ HL (H.1)
HLL+ LLL <> HL +nLL (H.2)
LLL+ LLL < nLL (H.3)

The above reactions proceed with a geometric cross-section given by Eq. 6.54. This geometric cross-
section is due to the fact that the size of the hybrids HLL and HL is O(Ap é) The Boltzmann

equations for these reactions governing the abundance of HLL and HL states is given by:

dYyr (Orect) s < quLL
=+ YurrYir — YHLYLLL (H.4)
dz Hz 5
(Orecv) s YHL
+ g\ YueeYoe = Y Vil rer peaa V(Y
dYurr (Orecv) s < YL
=— YaroYrr — YurYorr (H.5)
dz Hz qu YLBZL
(Orecv) s
— 1, \YueeYeer = Y Vil Ly peayn qu qu

The above coupled equations should be solved together with the Boltzmann equation for LLL,

which can be written as:
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H.2. Type II and III hybrids and recombination

dYLLL <Urecv>5 2 e 2 (YLL)Q <O'rec’l)>8 YA Y
— _ Y2 (V¥ YVir Ve — Y-V, HLL " LL
2z e \Veee ™ Wooe) (e ) + =g \ Vi Yoe = YurYin ety
(H.6)
(Orecv)s e e YHLY’2
_ T Y, Y; —YY ye LL
Hz HLLYLLL HLLYLLL YEQE(YEZ)Z

where z = Apc/T where T is the temperature and H(z) is the Hubble parameter.

H.2 Type II and III hybrids and recombination

Before moving on to describing the formation of type II and III H containing hadrons, let us discuss

these bound states.

1.

Each hybrid state has a tight “partonic” static core comprising one or more H quarks attached
to some light quark “muck” comprising two or two light L quarks to make a gauge singlet. !

. Recombination reaction between these non-perturbative hybrid hadrons occurs with a large

geometric cross-section and leads to the formation of a final state with a large angular mo-
mentum . This has been discussed in detail in Refs. [83, 191, 192].

The overlap of the partons between these hybrids would result in the formation of an unbreak-
able bound state. The cross-section for this given by o,y is much smaller than the geometric
cross-section.

The tower of large [ bound states are excited and in general can be either broken by the
bath or else can de-excite to the ground state which is unbreakable via the emission of dark
radiation.

. As has been shown already in Ref. [83|, these de-excitation rates require many assumptions
and are plagued with large uncertainties. We will not attempt to repeat these calculations
here.

We model each of the partonic core of the ground states as a bound state in a Coulombic
potential given by [229]:
Qeff
Vir)y=—-——+ (H.7)
r
where 50 N
N—Cyg
Qeff = (2 >aDc(MH) (H.8)

where Cy is the quadratic Casimirs (Cy) for the fundamental representation of dark colour
gauge group under which H transform and C is Cy of the core direction picked. (See Table ?77?)

LA “muck” of two L states does not differ much from a “muck” of only one L. We use the example of A, baryon
(containing a single bottom b quark) and B meson from SM.
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H.2. Type II and III hybrids and recombination

Bound State Qeff
HHL 0.67 aDc(MH)
HH 1.33 apc(Mp)
HHH 1.33 aDc(MH)

Table H.1: Table showing the a.s for each unbreakable bound states.

In order to compute the cross-section for forming an unbreakable bound state: HHL, HH,
HHH, we use the analytical formula given in [192]:

7/4 5/2

T aeffADC

a1 = —— —LDC H.9

where a, s for each bound state has been tabulated in Table 77 calculated using the formula above
in Eq. H.8. Here, p is the reduced mass of the partonic core of the unbreakable state formed. For
the HHL and HH system, modelling the 2-body partonic core is straightforward, indeed, in these
cases ;1 = My /2. However, for the HHH system can be modelled as a 2-body system between
HH system interacting with a single H. In this case, p = 2Mp /3. Note that for the formation
of the dark colour singlet HH L, the HH partonic core should transform in the anti-fundamental
representation under dark colour.

In the main text and in our computation described here, we consider all the 2 — 2 recombination
reactions which proceed only in the forward direction. These reactions can be determined by the
energy balance equation. Let us demonstrate this using;:

HLL+ HL — HHL*+ LL

For the above reaction to proceed in the backward reaction, the following energy balance equation
should be satisfied in the centre-of-mass frame:

Myprpe +Mzr + Kgpr + Kip > Mypn + Mgy (H.10)

where K; is the kinetic energy of the colliding particles. We can write the masses of the initial
bound states in terms of the mass of the constituent heavy quark and the binding energy term as:

Mpurr = My + Burr, Myp = My + Byy. (H.11)

where we set the binding energy of the heavy-light meson HL to the lattice value of the binding
energy in a B meson system By = 1.85 Apc [230] while we vary the binding energy of the singly
heavy baryon as By = a Byp?. The parameter a was varied between 1 and 2 and the conclusions
of this section are found to be robust against this variation.

We can similarly write the mass of the unbreakable state HHL" as:

Mygre =2Myg + By, (H.12)

where By, ~ —OzQDC(MH)MH + O(ADc)
The kinetic energy K; can be set to ~ %k‘T (with & = 1) of the bath, hence K < Apc right

2This assumption is not far from the mass difference in the A; baryon and B meson system in QCD. For this see
Fig. 9 in Ref [205] where the mass difference is close to 1
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H.2. Type II and III hybrids and recombination

after confinement. From Eq. H.12 and Eq. H.11, it is clear that Eq. H.10 will be violated, thus this
reaction cannot proceed in the backward direction. A similar energy conservation will hold for each
of the recombination reactions written in the main text in Eqs. 6.64 and Eq. 6.62 for the formation
of unbreakable HH" and HHH" bound states.

As mentioned in the main text, the formation of the type IT and III (unbreakable) states proceeds
via the following reactions:

HLL+ HL — HHL" +nLL, (H.13)
HLL+ HLL — HHL" 4+ LLL (H.14)
HLL+HL — HH" + LLL (H.15)
HL+ HL — HH" +nLL (H.16)
HLL+HLL — HH" +nLL (H.17)
HHL+HL — HHH" +nLL (H.18)
HHL+ HLL - HHH" + LLL (H.19)

Using the equations above, we can write the coupled Boltzmann equations for the formation of type
I1 and type I1I bound states (where we have dropped the u superscript for the bound states):

dYgppe  (0Ftv)s
= f(.le (YareYur + Yiior) (H.20)
dY 7 7 <UHH’U>S
CZH - fglz (YarrYur + Yoo, +Y2;) (H.21)
AYyppe (o v)s
ZZIH = fc}l}z (YuurYyr + YaurYorr) (H.22)

Note that by definition of o4, the backward reaction rate is 0 in the above equations. Since
all these type II and I1I hadrons form from type I hadrons, the Boltzmann equations for the
abundances of type I hadrons in Eq H.4 must be modified accordingly. In order to track the
abundances of DM and these mixed hybrid states together, we numerically solve these coupled
equations. As is clear, this is a rather complicated system however, we find a simplification that
allows us to decouple the equations.

In the absence of type II and III recombinations, for small values of z ~ 1, the ratio of abundances
of type I baryons to mesons follows the equilibrium distribution given by:

Yurr _ Y:IQLL _ 9HLL e 185 (a—1) 2 (H.23)
= Lot — .
Yur YHqE 9HL

where My > Apc. Here gurr, g7 are the total degrees of freedom for the bound states equal to
1944 and 108 respectively, while the exponential factor originates from e(=MuLL+Mur)/T and where

we have used Eq. H.11. Moreover, we use the following conditions:
Yu(z) =3Yuun + 2Yuur + 2Ygy + Yig + YuLr = constant (H.24)
with the initial conditions at z = 1 given by:
Yuuu(z=1)=0, Yuur(z=1)=0, Ygu(z=1)=0, Yig(z=1)=Yurr(z=1) (H.25)

where in writing Y7y = Yoz at z = 1, we have used f = 0.5 (see Sec. H.1). We can solve
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H.2. Type II and III hybrids and recombination

Eqgs. H.20 - Eq. H.22 for the abundances of type II and III hybrids with these conditions in Eq. H.25
and Eq. H.23. Numerically solving these equations, we find that these reactions almost instantly
populate and saturate these unbreakable states at z ~ 1 as can be seen from Fig. 6.2. As type II
and III hybrids begin to saturate, the abundance of type I hadrons almost entirely depletes, setting
the type I recombination reaction rates to 0 almost instantly right after confinement.

Now, we comment on the recombination epoch during an MD era. Depending on the value of M
(see Fig. 6.3, recombination processes can either take place during the RD era (for Tyyp < ngjf )
or else during the MD era (T; < Tf?g{ < Typ). We solved the Boltzmann equations for these two
cases where the only difference lies in the Hubble parameter H. For the MD era, Hubble parameter
H(z) is dominated by the energy density of H given by pas (see Eq. G.3, which is always valid).

Our numerical solution shows that at the end of recombination, most of the H abundance
is confined in the form of heavy mesons HH. The fractional abundance of H in heavy baryons
HHL, HHH is ffl ~ 0.3. These baryons can contribute to the DM density as described in the
main text.

Finally, we discuss the fate of the breakable states formed during recombination alongside the
unbreakable states. As discussed in the main text, these can involve any of the type II and III
bound states with binding energies B ~ O(Apc), which are easily broken by the thermal bath. To
simplify our discussion, let us consider the reaction for breakable heavy mesons HH* given by:

HLL+ HL &< HH* + LLL (H.26)

where Opreqk ~ Ogeo is the cross-section for this reaction. In order to keep track of this breakable
bound state, we should add the following Boltzmann equation to our set of equations:

dYHH* <Ubreak:5> YHHbYLLL eq eq
b= ey v Vi e

Since the formation of HH* will also deplete the abundance of HLL and HL, the RHS in Eq. H.27
should be added with a — sign to the boltzmann equations for Ygr; and Yzz. Our numerical
solution can be seen in Fig. H.1, where we show the comoving abundance of the states: HH", HH*,
HL, HLL in (solid) yellow, (solid) blue, (dashed) green, (dashed) red respectively. It is evident
that the population of breakable HH* is negligible with respect to the other bound states in the
dark sector during recombination. We have also checked the inclusion of the remaining equations
for other breakable species such as HHL*, HH H*, and found that their abundances are negligible
as well.
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S~

10-24
10-29¥

1.0 1.5 2.0 2.5 3.0
z=Apc/T

Figure H.1: Plot showing the comoving abundances Y; various bound states for My = 10'° GeV after
including type II recombination for unbreakable HH and breakable HH reaction given in Eq. H.27. The
solid green blue and solid yellow lines show the abundances Y of unbreakable HH" and breakable HH*
respectively. The dashed green and dashed red lines show the depleting abundance of type I meson HL
and type I baryon HLL. It is evident that the breakable state abundance is negligible with respect to the
unbreakable state abundance.
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