PUBLISHED FOR SISSA BY €} SPRINGER

<y

RECEIVED: December 6, 2012
REVISED: March 27, 2013
ACCEPTED: April 30, 2013
PUBLISHED: May 15, 2013

A 125 GeV composite Higgs boson versus flavour and
electroweak precision tests

Riccardo Barbieri,” Dario Buttazzo,” Filippo Sala,” David M. Straub® and
Andrea Tesi”
@Scuola Normale Superiore and INFN,
Piazza dei Cavalieri 7, 56126 Pisa, Italy
b Institut fiir Physik (THEP), Johannes Gutenberg-Universitit,
55099 Mainz, Germany
E-mail: barbieri@sns.it, dario.buttazzo®@sns.it, filippo.sala@sns.it,
david.straub@uni-mainz.de, andrea.tesi@sns.it

ABSTRACT: A composite Higgs boson of 125 GeV mass, only mildly fine-tuned, requires
top partners with a semi-perturbative coupling and a mass not greater than about a TeV.
We analyze the strong constraints on such picture arising from flavour and electroweak
precision tests in models of partial compositeness. We consider different representations for
the composite fermions and compare the case of an anarchic flavour structure to models
with a U(3)3 and U(2)? flavour symmetry. Although non trivially, some models emerge that
look capable of accommodating a 125 GeV Higgs boson with top partners in an interesting
mass range for discovery at the LHC as well as associated flavour signals.

KEYWORDS: Beyond Standard Model, Technicolor and Composite Models, Heavy Quark
Physics, CP violation

ARX1v EPRINT: 1211.5085

© SISSA 2013 doi:10.1007/JHEP05(2013)069


mailto:barbieri@sns.it
mailto:dario.buttazzo@sns.it
mailto:filippo.sala@sns.it
mailto:david.straub@uni-mainz.de
mailto:andrea.tesi@sns.it
http://arxiv.org/abs/1211.5085
http://dx.doi.org/10.1007/JHEP05(2013)069

Contents

J

g5 O aQ & »

Introduction

Setup

2.1 Flavour structure

General electroweak precision constraints
3.1 Oblique corrections

3.2 Modified Z couplings

3.3 Right-handed W couplings

Constraints on the anarchic model

4.1 Tree-level AF =2 FCNCs

4.2 Flavour-changing Z couplings

4.3 Loop-induced chirality-breaking effects

4.4  Direct bounds on vector resonances

4.5 Partial summary and prospects on anarchy
Constraints on U(3)3

5.1 Electroweak precision constraints specific to U(3)3
5.2 Tree-level AF =2 FCNCs

5.3 Loop-induced chirality-breaking effects

5.4 Compositeness constraints

5.5 Direct bounds on vector resonances

5.6 Partial summary on U(3)3

Constraints on U(2)3

6.1 Tree-level AF =2 FCNCs

6.2 Loop-induced chirality-breaking effects

6.3 Flavour-changing Z couplings

6.4 Partial summary on U(2)3

Summary and conclusions

Tree-level AF = 2 FCNCs

Compositeness constraints from the dijet angular distribution
Production and decay of vector resonances
Chirality-conserving flavour-changing interactions in U(3)3
U(2)3 in composite models

= W

© 00 I

10
10
11
12
12
13

13
13
15
15
16
16
17

17
17
18
18
19

19

21

22

23

24

24




1 Introduction

The discovery of a Higgs-like particle of 125GeV mass [1, 2] brings new focus on the
longstanding issue of electroweak symmetry breaking (EWSB). Here we are concerned with
the implications of this discovery for the view that tries to explain a natural Fermi scale in
terms of the Higgs particle as a composite pseudo-Goldstone boson [3-6]. More precisely,
we shall concentrate our attention on the compatibility of such interpretation of the newly
found particle with constraints from flavour and electroweak precision tests (EWPT).

The common features emerging from the modelling of the strong dynamics responsible
for the existence of the composite pseudo-Goldstone Higgs boson are:

i) a breaking scale of the global symmetry group, f, somewhat larger than the EWSB
scale v ~ 246 GeV;

ii) a set of p-like vector resonances of typical mass m, = g, f;

iii) a set of spin—% resonances, vector-like under the Standard Model (SM) gauge group,
of typical mass my, =Y f;

iv) bilinear mass-mixing terms between the composite and the elementary fermions, ulti-
mately responsible for the masses of the elementary fermions themselves [7].

These same mass mixings are crucial in explicitly breaking the global symmetry of the
strong dynamics, i.e. in triggering EWSB, with a resulting Higgs boson mass

VNe
™

my =C mY, (1.1)

where N, = 3 is the number of colors, m; is the top mass and C is a model dependent co-
efficient of O(1), barring unnatural fine-tunings [8-13]. This very equation makes manifest
that the measured mass of 125 GeV calls for a semi-perturbative coupling Y of the fermion
resonances and, in turn, for their relative lightness, if one wants to insist on a breaking
scale f not too distant from v itself. For a reference value of f = 500-700 GeV, which in
PNGB Higgs models is enough to bring all the Higgs signal strengths in agreement with
the currently measured values [14], one expects fermion resonances with typical mass not
exceeding about 1TeV, of crucial importance for their direct searches at the LHC. These
searches are currently sensitive to masses in the 500-700 GeV range, depending on the
charge of the spin—% resonance and on the decay channel [15-18]. In this work we aim to
investigate the compatibility of this feature with flavour and EWPT.

To address this question, we consider a number of different options for the trans-
formation properties of the spin—% resonances under the global symmetries of the strong
dynamics, motivated by the need to be consistent with the constraints from the EWPT,
as well as different options for the flavour structure/symmetries, motivated by the many
significant flavour bounds. To make the paper readable, after defining the setup for the
various cases in section 2, we analyze in succession the different options for the flavour
structures/symmetries: Anarchy in section 4, U(3)3 in section 5, U(2)? in section 6. Sec-
tion 3 describes the constraints from EWPT that apply generally to all flavour models.
The summary and the conclusions are contained in section 7.



2 Setup

To keep the discussion simple and possibly not too model dependent, we follow the par-
tial compositeness approach of ref. [19]. The vector resonances transform in the adjoint
representation of a global symmetry respected by the strong sector, which contains the
SM gauge group. To protect the T" parameter from tree-level contributions, we take this
symmetry to be G, = SU(3). xSU(2), x SU(2)r x U(1) x. We assume all vector resonances
to have mass m, and coupling g,. For the explicit form of their effective Lagrangian we
refer to [19].

The choice of the fermion representations has important implications for the elec-
troweak precision constraints. We will consider three cases, as customary in the literature.

1. The elementary SU(2); quark doublets, ¢z, mix with composite vector-like SU(2),
doublets, @, one per generation. The elementary quark singlets, ug and dg, couple
both to an SU(2)r doublet R. We will call this the doublet model.

2. The elementary SU(2) 1, quark doublets mix with a composite L= (2, 2)/3 of SU(2), x
SU(2)rxU(1) x, and the elementary quark singlets couple both to a composite triplet
R = (1,3)/3. The model also contains a (3, 1)y/3 to preserve LR symmetry. We will
call this the triplet model.

3. The elementary SU(2); quark doublets mix with a Ly = (2,2)9/3 and a Lp =
(2,2)_1/3 of SU(2)L x SU(2)g x U(1)x, the former giving masses to up-type quarks,
the latter to down-type quarks. The elementary up and down quark singlets couple
to a (1,1)z/3 and a (1,1)_; /3 respectively. We will call this the bidoublet model.

For concreteness, the part of the Lagrangian involving fermions reads

e In the doublet model

Ldowlet — _0imib Q' — Rimg R + (Yijtr[QiL’HRgz] + h.C> ; (2.1)
Ldoublet mé)\’g(ji@]é + m%)\gu(jiug% + m%)\gdl_)id% . (22)

where H = (iooH*, H) and R = (U D) is an SU(2)r doublet;
e In the triplet model
Egriplet = —tr[L'm’ LY] — tr[R'm% RY] — tr[R'"m% R'"]
+Y9tr[LE HRE) + Yte[H Ly R)J] + hee, (2.3)
LU = ) NI G Qy + mig\g, Uiy + mig\g, Dy dl, (2.4)
where @) is the T3 = —% SU(2)r, doublet contained in L and U, D are the elements
in the triplet R with charge 2/3 and -1/3 respectively;

e In the bidoublet model
LBt — (L, L) — O'mi U+ (YL H] LU + he) +(U = D), (2.5)

Egg{oublet _ mé?u)\zLJuqu g%u + m}'])\%uﬁzugé + (U,u — D,d), (2.6)



model SU3). SU@2). SU@2)r Uy
doublet @ 3 2 ! %
R 3 1 2 i
L 3 2 2 2
triplet R 3 1 3 2
R 3 3 1 2
Ly 3 2 2 2
bidoublet 0 2 2 2 s
U 3 1 1 2
D 3 1 1 -3

Table 1. Quantum numbers of the fermionic resonances in the three models considered. All
composite fields come in vector-like pairs. The X charge is related to the standard hypercharge as
Y =T5zr+ X.

where again @, and Q)4 are the doublets in Ly and Lp which have the same gauge
quantum numbers of the SM left-handed quark doublet.

Everywhere i,j are flavour indices. The field content in all three cases is summarized
in table 1.1

We avoid an explicit discussion of the relation between the above simple effective
Lagrangians and more basic models which include the Higgs particle as a pseudo-Goldstone
boson. Here it suffices to say that the above Lagrangians are suitable to catch the main
phenomenological properties of more fundamental models. For this to be the case, the
truly basic assumption is that the lowest elements of towers of resonances, either of spin—%
or of spin 1, normally occurring in more complete models, are enough to describe the main
phenomenological consequences, at least in as much as tree-level effects are considered.
For simplicity we also assume the composite fermions to have all the same mass. To set
the correspondence between the partial compositeness Lagrangians that we use and models
with the Higgs as a pseudo-Goldstone boson, one can take the composite Yukawa couplings
Y% in (2.1), (2.3) and (2.5) to be proportional to the parameter Y in (1.1), and identify
the common fermion mass with m, =Y f, up to a model dependent factor of O(1).

2.1 Flavour structure

Quark masses and mixings are generated after electroweak symmetry breaking from the
composite-elementary mixing. The states with vanishing mass at v = 0 obtain the standard
Yukawa couplings, in matrix notation,

Gu = 80w U - Y - Uy - $Ru (2.7)

INote that we have omitted “wrong-chirality” Yukawa couplings like Y%/ tr[QiRHR]ﬂ for simplicity. They
are not relevant for the tree-level electroweak and flavour constraints and do not add qualitatively new effects
to the loop contributions to the T' parameter.



where

ALu = diag()\Lul’ )\Lu27 )\LuS) : ULu y (28)
Apu = Ul - diag(ARut; Aru2, ARu3) » (2.9)

S%Z)\Xi/\/l—l—()\xl‘)% X=LR, (2.10)

and similarly for g3. Here and in the following, the left-handed mixings are different for
u and d quarks, Sr, # Srq4, only in the bidoublet model. At the same time, in the v = 0
limit, the remaining states have mass my or my,/+/1 + (Ax)?, respectively if they mix or
do not mix with the elementary fermions.

While the effective Yukawa couplings ¢, 4 must have the known hierarchical form, the
Yukawa couplings in the strong sector, Yy p, could be structureless anarchic matrices (see
e.g. [20-27]). However, to ameliorate flavour problems, one can also impose global flavour
symmetries on the strong sector. We discuss three cases in the following.

Anarchy. In the anarchic model, the Yy p are anarchic matrices, with all entries of
similar order, and the Yukawa hierarchies are generated by hierarchical mixings A. From
a low energy effective theory point of view, the requirement to reproduce the observed
quark masses and mixings fixes the relative size of the mixing parameters up to — a
priori unknown — functions of the elements in Yy, p. We follow the common approach
to replace functions of Yukawa couplings by appropriate powers of “average” Yukawas
Y« D+, keeping in mind that this introduces O(1) uncertainties in all observables. In this
convention, assuming Axs > Axso > Ax1, the quark Yukawas are given by

Yu = YUxSLulSRul Ye = YUxSLu25Ru2 5 Yt = YU«SLu3SRu3 - (2.11)

and similarly for the @ = —1/3 quarks. In the doublet and triplet models, the entries of
the CKM matrix are approximately given by

Vij ~ SLi , (2.12)
J

where i < j. Using egs. (2.11) and (2.12), one can trade all but one of the sy, r for known
quark masses and mixings. We choose the free parameter as
Ty = SLg/SRug. (213)

In the bidoublet model, instead of (2.12) one has in general two different contributions
to V;j

SLdi 4
SLdj  SLuj

SLui

Vij ~

(2.14)

Given the values of all quark masses and mixings, the hierarchy Ax3 > Axs > Ax1 is only
compatible with s74i/51.; being at most comparable to srq;/srq;. In view of this, the two
important parameters are

Xy = Srt/SRmt Z = S1t/SLb - (2.15)



The requirement to reproduce the large top quark Yukawa (m; = “tv)

Yt = SLtYU«SRt, (2.16)

restricts x; to a limited range around one,?

Yu«
I gy < 20 (2.17)

YU * Yt

while we take z throughout to be greater than or equal to 1.
From now on we identify Y77, and Yp, with the parameter Y of (1.1).

U(3)3. In the U(3)? models [28-30] one tries to ameliorate the flavour problem of the an-
archic model by imposing a global flavour symmetry, at the price of giving up the potential
explanation of the generation of flavour hierarchies. Concretely, one assumes the strong
sector to be invariant under the diagonal group U(3)g+u+p or U(3)guiv x U(3)giyp- The
composite-elementary mixings are the only sources of breaking of the flavour symmetry of
the composite sector and of the U(3), x U(3), x U(3)4 flavour symmetry of the elementary
sector. We consider two choices.

1. In left-compositeness, to be called U(3)ic in short, the left mixings are pro-
portional to the identity, thus linking ¢ to Q@ (Q“, Q%) into U3)g+U+D+q (or
U@3)gui@itu+p+q)s and the right mixings Aru, Ars are the only source of
U(3)? breaking.

2. In right-compositeness, to be called U(3)3 in short, the right mixings link u to U
and d to D into U(3)quivtu X U(3)gdypyas While the left mixings A, Azq are the
only source of U(3)? breaking.

All the composite-elementary mixings are then fixed by the known quark masses and CKM
angles, up to the parameters x; (and, in the bidoublet model, z), which are defined as
in (2.13), (2.15). Compared to the anarchic case, one now expects the presence of resonances
related to the global symmetry U(3)q+v+4p or U(3)quiv xU(3)gay p, which in the following
will be called flavour gauge bosons® and assumed to have the same masses m, and g, as
the gauge resonances. Note that left-compositeness can be meaningfully defined for any
of the three cases for the fermion representations, whereas right-compositeness allows to
describe flavour violations only in the bidoublet model.

U(2)3. In U(2)? models one considers a U(2),x U(2),, x U(2)4 symmetry, under which the
first two generations of quarks transform as doublets and the third generation as singlets,
broken in specific directions dictated by minimality [31, 32]. Compared to U(3)3, one has
a larger number of free parameters, but can break the flavour symmetry weakly, since the
large top Yukawa is invariant under U(2)3.

Analogously to the U(3)? case, in the strong sector the flavour groups are U(2)g10+p
(or U(2)quiv x U(2)gisp) and:

2In our numerical analysis, we will take y; = 0.78, which is the running MS coupling at 3 TeV.
3We will only allow flavour gauge bosons related to the SU(3) subgroups of the U(3) factors.



1. In left-compositeness, to be called U(2)%C, the left mixings are diagonal with the
first two entries equal to each other and the only sources of U(2)? breaking reside in
the right-handed mixings.

2. In right-compositenss, to be called U(2)3 4, the right mixings are diagonal with the
first two entries equal to each other and the only sources of U(2)? breaking reside in
the left-handed mixings.

Again we expect the presence of flavour gauge bosons associated with the global symmetries
of the strong sector. As before right-compositeness can be meaningfully defined only in the
bidoublet model.

3 General electroweak precision constraints

In this section we discuss electroweak precision constraints that hold independently of the
flavour structure. Among the models considered, only U(3)}. is subject to additional
electroweak constraints, to be discussed in section 5.1.

3.1 Oblique corrections

As well known, the S parameter receives a tree-level contribution, which for degenerate

composite vectors reads [19]
B 8o’

S =

, 3.1
e (3.1)
independently of the choice of fermion representations. It is also well known that S and T’

both get at one loop model-independent “infrared-log” contributions [33]

2 92 2 q 2,2
. v g mp - v\~ 3g°ts, my
S=|-]| —==log—, T=-1|- log — . 3.2

<f> 9672 Ogmh <f> 3272 Ogmh (32)

where S = Qem/(452))S and T = aenT.
Experimentally, a recent global electroweak fit after the discovery of the Higgs bo-

son [34] finds S — Sgy = 0.03 £ 0.10 and 7' — Ty = 0.05 £ 0.12. Requiring 20 consistency
with these results of the tree level correction to S, eq. (3.1), which largely exceeds the

infrared logarithmic contribution of (3.2) and has the same sign, gives the bound
my, > 2.6 TeV . (3.3)

The one loop correction to the T parameter instead strongly depends on the choice of
the fermion representations. We present here simplified formulae valid in the three models
for a common fermion resonance mass m,, and developed to first nonvanishing order in
ALt, ARt, as such only valid for small sy, sg;.

In the doublet model the leading contribution to T, proportional to X}%t, reads

. 71 N. m?Y?
T=——"S-—""1". 3.4
140 1672 m3, 7 (3:4)



Observable Bounds on my, [TeV]

doublet triplet bidoublet
T 028 Y/x;y 051 \/Y3/zy, 0.60 2:Y 0.25 x: Yy

Ry (Qébb) 5.6 VY 6.5 Yp\/xi/Yu/z
B — Xy (gfpw) 044 /Y /zy 0.44 \/Y/z; 0.61

Table 2. Lower bounds on the fermion resonance mass m, = Y f in TeV from electroweak precision
observables. A blank space means no significant bound.

In the bidoublet model one obtains from a leading )\‘it term

107 N. m? 5

o 107 Ne mi ayp .
4201672 m2 1"V (3:5)
In the triplet model the leading contributions are
R A* 1\ N. m} Y3 . 197 N. m}
T:(l ——7)704—, d T ==Lt Mt 2y2 3.6
8 mi 2/ 1672 mi} Yy an 84 1672 mi Tt (3.6)

where the first comes from A%, and the second from A},. Note the logarithmically diver-
gent contribution to the )\%t term that is related to the explicit breaking of the SU(2)r
symmetry in the elementary-composite fermion mixing and would have to be cured in a
more complete model.

Imposing the experimental bound at 20, eqs. (3.4), (3.5), (3.6) give rise to the bounds
on the first line in table 2 (where we set log (A/my) = 1). Here however there are two
caveats. First, as mentioned, egs. (3.4), (3.5), (3.6) are only valid for small mixing an-
gles. Furthermore, for moderate values of f, a cancellation could take place between the
fermionic contributions and the infrared logs of the bosonic contribution to 1. As we shall
see, the bounds from S and T are anyhow not the strongest ones that we will encounter:
they are compatible with m, < 1TeV for Y =1 to 2 and g, = 3 to 5. Note that here and
in the following m,, represents the mass of the composite fermions that mix with the ele-
mentary ones, whereas, as already noticed, the “custodians” have mass my/+/1 + (Ax)?2.

3.2 Modified Z couplings

In all three models for the electroweak structure, fields with different SU(2);, quantum
numbers mix after electroweak symmetry breaking, leading to modifications in Z couplings
which have been precisely measured at LEP. Independently of the flavour structure, an
important constraint comes from the Z partial width into b quarks, which deviates by 2.50
from its best-fit SM value [34]

Ry = 0.21629(66) , RPM =0.21474(3) . (3.7)



Writing the left- and right-handed Z couplings as

_ 1 1 1
ib’Y“ — =+ =sh + 0ggy | Po+ | 555 + 095w | Pr| b2y, (3.8)
Cw 2 3 3
one gets
L VvYBay gVt ay R VYR Yy gt Yy
097p = o2 v, Tty b, 97y = o2 V2 P v d, (3.9)
mp Yu m, Iy mp TiYt ¥ p My, Ty X' p
with the coefficients
| doublet triplet  bidoublet | doublet triplet bidoublet
al| 1/2 0 1/(22?) c| —=1/2 —1/2 0
b| 1/2 0 1/22 d| —1/2 -1 0

The vanishing of some entries in (3.9) can be simply understood by the symmetry consider-
ations of ref. [35]. As manifest from their explicit expressions the contributions proportional
to a and ¢ come from mixings between elementary and composite fermions with different
SU(2) x U(1) properties, whereas the contributions proportional to b and d come from p-Z
mixing. Taking Yy = Yp =Y, mp = Y f and m, = g,f, all these contributions scale
however in the same way as 1/(f2Y).

It is important to note that 5g§bb is always positive or 0, while 5g§bb is always negative
or 0, while the sign of the SM couplings is opposite. As a consequence, in all 3 models
considered, the tension in eq. (3.7) is always increased. Allowing the discrepancy to be at
most 3o, we obtain the numerical bounds in the second row of table 2. The bound on m,; in
the doublet model is highly significant since ;Y > 1, whereas it is irrelevant in the triplet
model and can be kept under control in the bidoublet model for large enough z (but see
below). In the triplet model, there is a bound from the modification of the right-handed
coupling, which is however insignificant.

3.3 Right-handed W couplings

Analogously to the modified Z couplings, also the W couplings are modified after EWSB.
Most importantly, a right-handed coupling of the W to quarks is generated. The most
relevant experimental constraint on such coupling is the branching ratio of B — X7,
because a right-handed Witb coupling lifts the helicity suppression present in this loop-
induced decay in the SM [36]. Writing this coupling as

9 ¢« R (% +
-6 tyH PROYW T, 3.10
\/E thb( Y IR ) o ( )
one gets
2 2,2
v YuYp 9pV" b
Sgit = L : (3.11)
2momy 1Yy 4mp Yy

with the coefficients



| doublet triplet  bidoublet
a 1 1 _2xtyt/Y
b| 1 1 0

The coefficients in the bidoublet model vanish at quadratic order in the elementary-
composite mixings as a consequence of a discrete symmetry [35]. The nonzero value for a
in the table is due to the violation of that symmetry at quartic order [36]. The contribution
to the Wilson coefficient C7 g, defined as in [37], reads

my 0k
Crg = —L29Wth A (m2/my) (3.12)

my Vi

where A7(m?/m%,) ~ —0.80 and Ag(m?/m%,) ~ —0.36.

Since the B — X decay receives also UV contributions involving composite dynam-
ics, we impose the conservative bound that the SM plus the IR contributions above do not
exceed the experimental branching ratio by more than 3o. In this way we find the bound
in the last row of table 2

4 Constraints on the anarchic model

We now discuss constraints that are specific to the anarchic model, as defined above, and
hold in addition to the bounds described in the previous section.

4.1 Tree-level AF =2 FCNCs

In the anarchic model exchanges of gauge resonances give rise to AF = 2 operators at tree
level. Up to corrections of order v2/f2, the Wilson coefficients of the operators

QUL = (diy"d]) (diy"d)), QU = (dipydip)(dpy'dy) . (4.1)
TR = (dyyrd)) (digydYy) QY = (dipdi ) (did%) | (4.2)
can be written as

Cfl)AB :LngAngd dDAB) A B=L,R, D=V,S, (4.3)
P

and with the 0bv10us replacements for up-type quarks, relevant for D-D mixing.
The couplings ¢ A with i £ j contain two powers of elementary-composite mixings. In
the doublet and triplet models, one can use egs. (2.11)—(2.13) to write them as (&;; = Vi; V)

Tyt

g7 ~ SLdiSLa ~ §ijT, ; (4.4)
s sn o Juibul 4.5
IRy Rui® Ruj Yytxtfij ’ ( )
ij YaiYqi
9Rpa ~ SRdiSRdj ~ - 4.6
fd e Yytl“tfij ( )

,10,



Observable Bounds on my, [TeV]
doublet triplet bidoublet
ex (QLR) 14 14 14 z
ex (QED) 2.7 x4 3.9 x4 3.9 x4
Bg-Bg (QER) 0.7 0.7 0.7
Bg-Bg (QEL) 23 3.4 x4 3.4 my
BB, (QE%) 0.6 0.6 0.6
Bs-Bs (QEF) 2.3 ay 3.4 2y 3.4 x4
D-D (QLT) 0.5 0.5 0.5
D-D (QEF) 0.4 ay 0.6 0.6
K — pp (f-10) 056 \/Y/z; 0.56 /Y /x
Ky — pp (Z—p) 039 \/Y/xy 0.56 /Y /x4

Table 3. Flavour bounds on the fermion resonance mass m,, in TeV in the anarchic model.

In the bidoublet model, one has

TtYt

i g g ij szﬁ YaiYai i Yuilw
9id ~ 9iu Uy, 9IRd

YA yixiij Bu = Yoy

(4.7)

The coefficients c’gB are discussed in appendix A.

The experimental bounds on the real and imaginary parts of the Wilson coefficients
have been given in [38, 39]. Since the phases of the coefficients can be of order one and
are uncorrelated, we derive the bounds assuming the phase to be maximal. We obtain the
bounds in the first eight rows of table 3. As is well known, by far the strongest bound,
shown in the first row, comes from the scalar left-right operator in the kaon system which
is enhanced by RG evolution and a chiral factor. Note in particular the growth with z of
the bound in the bidoublet case, which counteracts the 1/z behaviour of the bound from
Rp. But also the left-left vector operators in the kaon, By and Bj systems lead to bounds
which are relevant in some regions of parameter space. The bounds from the D system

are subleading.

4.2 Flavour-changing Z couplings

Similarly to the modified flavour-conserving Z couplings discussed in section 3.2, also
flavour-changing Z couplings are generated in the anarchic model. In the triplet and
doublet models, as well as in the bidoublet model, since the down-type contributions to
the CKM matrix are not smaller than the up-type contributions in (2.14), one has

L SLdiSLdj ¢ [, L
09 7didi ™ % 097260 ~ &ij 097 5 (4.8)
Lb
R SRdiSRdj ¢ R YaiYdi < R
097diai ~ T 9Zbb ~ T 9Zbb - (4.9)
Rb YpSiy

— 11 —



In the b — s case, a global analysis of inclusive and exclusive b — s¢T¢~ decays [37]
finds |5g§;§] < 8 x 1075, while in the s — d case, one finds |5g§’£| < 6 x 1077 from
the Ky — ptu~ decay [40].* Using (4.8) one finds that the resulting constraints on the
left-handed coupling are comparable for b — s and s — d. Since they are about a factor
of 3 weaker than the corresponding bound from Z — bb, we refrain from listing them
in table 3, but their presence shows that the strong bound from R, cannot simply be
circumvented by a fortuitous cancellation. In the case of the right-handed coupling, one
finds that the constraint from K; — ptpu~ is an order of magnitude stronger than the
one from b — s/~ and also much stronger than the bound on the right-handed coupling
coming from Z — bb. The numerical bounds we obtain are shown in the last two rows
of table 3 from the contributions with fermion or gauge boson mixing separately since, in
constrast to Z — bb, the two terms are multiplied by different O(1) parameters in the
flavour-violating case.

4.3 Loop-induced chirality-breaking effects

Every flavour changing effect discussed so far originates from tree-level chirality-conserving
interactions of the vector bosons, either the elementary W, and Z,, or the composite p,. At
loop level, chirality-breaking interactions occur as well, most notably with the photon and
the gluon, which give rise in general to significant AF' = 1 flavour-changing effects (b — sv,
¢, AAcp(D — PP)), as well as to electric dipole moments of the light quarks. In the
weak mixing limit between the elementary and the composite fermions, explicit calculations
of some of the AF = 1 effects have been made in [36, 41, 42], obtaining bounds in the
range my, > (0.5-1.5)Y TeV. For large CP-violating phases the generated EDMs for the
light quarks can be estimated consistent with the current limit on the neutron EDM only
if my, > (3-5)Y TeV, where the limit is obtained from the analysis of [43].

4.4 Direct bounds on vector resonances

Direct production of vector resonances and subsequent decay to light quarks can lead to
a peak in the invariant mass distribution of pp — jj events at the LHC. In the anarchic
model, due to the small degree of compositeness of first generation quarks, the coupling of
vector resonances to a first generation quark-antiquark pair is dominated by mixing with
the SM gauge bosons and thus suppressed by 9e21 /9p- For a 3TeV gluon resonance at the
LHC with /s = 8 TeV, following the discussion in appendix C we expect

27 g§

. 5 b
O'(pp -G ) = [‘Cuii(svmi) + LdJ(S’mi)] ~

= 4.10
9s g2 gz (4.10)

The ATLAS collaboration has set an upper bound of 7 fb on the cross section times branch-
ing ratio to two jets times the acceptance [44], and a similar bound has been obtained by
CMS [45]. Given that the gluon resonance will decay dominantly to top quarks, we conclude
that the bound is currently not relevant, even for small g,,.

4The decay KT — n7v leads to a bound |5g§£\ <3x107% at 95% C.L. and is thus currently weaker

than K7 — ptpu™, even though it is theoretically much cleaner.
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A similar argument holds in the case of the dijet angular distribution, which can be
used to constrain local four-quark operators mediated by vector resonances. Following the
discussion in appendix B, we obtain the bound

4.5 TeV
my, > 2L (4.11)
9p
which, in combination with the bound on m, from the S parameter, is irrelevant
for g, 2 1.5.

4.5 Partial summary and prospects on anarchy

If the bound coming from the QéR contribution to €g is taken at face value, the fermion
resonances should be far too heavy to be consistent with a naturally light Higgs boson and
certainly unobservable, either directly or indirectly. Note in particular the growth of this
bound with z in the bidoublet model.

In view of the fact that this bound carries an O(1) uncertainty, one might however
speculate on what happens if this constraint is ignored. As visible from table 3, with
the exception of the first line, all the strongest bounds on m,, in the bidoublet or in the
triplet models can be reduced down to about 1TeV by taking x; = % to %. This however
correspondingly requires Y = 3 to 4 (and maximal right-handed mixing) which pushes up
the bounds from Kj — p'p~ and is not consistent with my = Y f and f 2 0.5TeV.
The loop-induced chirality-breaking effects on € and AAcp in D — PP decays would also
come into play. Altogether, even neglecting the bound from e K(QgR), fermion resonances
below about 1.5 TeV seem hard to conceive.

5 Constraints on U(3)?

We now discuss the constraints specific to U(3)?. In U(3)}  the sizable degree of composite-
ness of light left-handed quarks leads to additional contributions to electroweak precision
observables; in U(3)3% FCNCs arise at the tree level. In both cases collider bounds on
the compositeness of light quarks place important constraints. Our analysis follows and
extends the analysis in [30].

5.1 Electroweak precision constraints specific to U(3)?

The bounds from R as well as the S and T parameters discussed in section 3 are also
valid in U(3)3



In U(3)%C the modified left-handed Z couplings of up and down quarks are equal to
the ones of the ¢t and b respectively, while the same is true in U(3)?f{0 for the right-handed
modified couplings. Analogously to the discussion in section 3.2, one can write the modified
Z coupling of the top as

_ 1 2 2
it’y” = — S5 005y | PL+ | —%50 + 695 | Pr| tZy, (5.2)
Cuw 2 3 3
and one has
L VY7 mey gov° Ty r VYE oy gy
5-tht = 2 p) bv 5tht = P) 3 d, (53)
2mU YU 4mp YU 2mU a:tYU 4mp xtYU
with
‘ doublet triplet bidoublet ‘ doublet triplet bidoublet
a| —1/2 -1 -1/2 c 1/2 0 0
b| —1/2 -1 -1 d 1/2 0 0

Since the right-handed Z coupling to b and ¢ receives no contribution in the bidoublet
model, there is no additional bound from Ry, in U(3)3. In U(3)?we find the numerical
bounds shown in table 4.

In U(3)} an additional bound arises from violations of quark-lepton universality.
Writing the W couplings as

%(1 + 695 )@ V" Podi W (5.4)
we find
Y202 m Y202 Tt g2v2 m
09 = Sy DS aat b, 5.5
Iw 2m?, Yy hu 2m2, Yy d 4m?2 Yy (5:5)
with

‘doublet triplet  bidoublet

aw | —1/2 =12 —1/2
ag | —1/2  —1/2  —1/(22%)
b —1 -1 ~1

The usual experimental constraint on the strength of the Wud; couplings, normalized to
the leptonic ones, is expressed by (1+8g&,)2 >, |[Vii|? —1 = (—1£6) x 1074, which, from
the unitarity of the V;; matrix, becomes 2dg&, = (—1 £ 6) x 107%. By requiring it to be
fulfilled within 20, we find the numerical bounds in table 4.

Finally we note that, in contrast to the anarchic case, there are no flavour-changing Z
couplings neither in U(3)f 5 nor in U(3)3. In the former case this is a general property of
chirality-conserving bilinears, while in the latter it is a consequence of the fact that only
the down-type mixings A4 affect the Z vertex, which thus becomes flavour-diagonal in the
mass basis.
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Observable Bounds on my, [TeV]
doublet triplet bidoublet
Ry, 7.2z Y 6.0 VoY 4.9 oYy
Veku T4 VY T4VxY 6.0V Yy

pp — jj ang. dist. 3.4 x, 4.2 x4 4.2 2

Table 4. Lower bounds on the fermion resonance mass my, in TeV in U(3)3 .

Observable Bounds on my, [TeV]
ex (QLE) 3.7 x4
By-By 3.2
B.-B, 3.6 x;
pp — 77 ang. dist. 3.0/xy

Table 5. Lower bounds on the fermion resonance mass my, in TeV in U(3)3 (bidoublet model).

5.2 Tree-level AF =2 FCNCs

While in U(3)3 , there are no tree-level FCNCs at all [30], minimally flavour violating tree-
level FCNCs are generated in U(3)3 [32, 46] (see appendix D). The Wilson coefficients of
AF = 2 operators are given by (4.3), with the coefficients quAB listed in appendix A and
the couplings

TtYt

o g ~0. (5.6)

9iq = &ij
We obtain the bounds shown in table 5. The bound from D-D mixing turns out to be
numerically irrelevant.

We stress that, in contrast to the anarchic case, there is no O(1) uncertainty in these
bounds since the composite Yukawas are proportional to the identity. Furthermore, since
the model is minimally flavour violating, there is no contribution to the meson mixing
phases and the new physics effects in the K, B; and B; systems are prefectly correlated.

5.3 Loop-induced chirality-breaking effects

Flavour-changing chirality-breaking effects in U(3) occur when elementary-composite mix-
ings are included inside the loops. At least for moderate mixings, the bounds are of the
form my > (0.5-1.5)\/Y/z; TeV in the U(3)} case, or my > (0.5-1.5)y/Yz; TeV in the
U(S)%C case. The stronger bounds from quark EDMs, similar to the ones of the anarchic
case, disappear if the strong sector conserves CP. This is automatically realized, in our
effective Lagrangian description, if the “wrong chirality” Yukawas vanish or are aligned in
phase with the Y’s. On the contrary, in the anarchic case this condition is in general not
sufficient to avoid large EDMs.
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5.4 Compositeness constraints

Since one chirality of first-generation quarks has a sizable degree of compositeness in the
U(3)? models, a significant constraint arises from the angular distribution of dijet events
at LHC, which is modified by local four-quark operators obtained after integrating out the
heavy vector resonances related to the global SU(3). x SU(2)z, x SU(2)g x U(1)x as well
as the flavour symmetry in the strong sector, U(3) in the case of U(3)? and U(3) x U(3)
in the case of U(3)3.

In general, there are ten four-quark operators relevant in the dijet angular distribu-
tion [47]. Following the discussion in appendix B, the relevant operators in U(3)%C are
Oéé"g). Their Wilson coefficients read

a 92 Tyt 2 92 TtYt 2
1 14 8) _ 14 7
Clgq) _7367717,2) <YU> ’ C‘Eq) B _ml% < %U > ’ (5 )

where a = 5 in the doublet model and a = 17 in the triplet and bidoublet models. Using
the updated version of [47], we obtain the bound in the last row of table 4. In U(3)3 the

operators with right-handed quarks are relevant, i.e. Oilu) dd.ug and OS}. Numerically, we

find the bound on (’)7(,2 to give the most significant constraint on the model parameters.
Its Wilson coefficient reads

5 g2 n 2
(1) _ _29%
c(y 9 <xtYU> . (5.8)

and the resulting numerical constraint is shown in the last row of table 5.

5.5 Direct bounds on vector resonances

As discussed in section 4.4, direct bounds on m, are obtained from searches for peaks in
the invariant mass of dijets at LHC. In U(3)? the production cross sections can be larger
than in the anarchic case due to the sizable degree of compositeness of first-generation
quarks. Neglecting the contribution due to mixing of the vector resonances with the gauge
bosons, the production cross section of a gluon resonance reads (see appendix C)

. 2m
olpp — G¥) = ggz [s%yRuﬁuﬁ(s,mi) + s%,RdﬁdJ(s,mf,)] , (5.9)

where the L is valid in U(3)?  and the R in U(3)3. In U(3)} o the branching ratio to two
jets reads approximately

4 4 4
287, t381qa 1+ Sk

BR(G* = jj) = , 5.10
Ll S T K (5:10)
and is typically larger than in the anarchic case. Similarly, in U(3)3% one has
2 4 4 3 4
BR(G* — jj) = ——Bu " 51p = 55ha (5.11)

4 4 4 4 -
81y + 38k +S1p 35k

To judge if the most recent experimental bounds by ATLAS [44] and CMS [45] have
already started to probe the U(3)? parameter space, we evaluate the cross section for
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maximal mixing, i.e. 7y = Y/y; in U3)} and 2y = y;/Y in U(3)%¢, for a 3TeV gluon
resonance, i.e. only marginally heavier than allowed by the S parameter (cf. table 2). For
U(3)3  we obtain

olpp — G*) ~ 13g> b, BR(G* — jj) ~ 58% (83%) for Y =1 (47), (5.12)
and for U(3)3¢
o(pp — G*) = 30g> b,  BR(G* = jj) ~ 69% (67%) for Y =1 (4x) . (5.13)

This is to be compared to the ATLAS bound o0 x BRx A < 7 fb, where A is the acceptance.
We conclude that, assuming an acceptance of the order of 60% [44], maximal mixing is
on the border of exclusion in U(3){ and already excluded in U(3)} for a 3TeV gluon
resonance. We note however that maximal mixing is already disfavoured by the indirect
bounds discussed above.

5.6 Partial summary on U(3)3

As apparent from tables 4 and 5, a fermion resonance at about 1TeV is disfavoured. In
U(Z’))?ﬁC the crucial constrains come from the EWPT due to the large mixing of the first
generations quarks in their left component. Note that z;Y cannot go below 1 ~ 1. In
U(3)3¢ there is a clash between the tree-level AF = 2 FCNC effects, which decrease with
x¢, and the bound from the pp — jj angular distributions due to the composite nature of
the light quarks in their right component, which goes like 1/z;. We stress again that these
conclusions are more robust than in the anarchic case, since there is no uncertainty related
to the composite Yukawas, which are flavour universal in the U(3)3 case.

6 Constraints on U(2)3

In U(2)? and U(2)} the first and second generation elementary-composite mixings are
expected to be significantly smaller than the third generation ones, so that the electroweak
precision constraints and the collider phenomenology are virtually identical to the anarchic
case and the most serious problems plaguing the U(3)? models are absent. The most
important difference concerns the flavour constraints.

6.1 Tree-level AF =2 FCNCs

As shown in appendix E, the Wilson coefficients of AF' = 2 operators generated in U(Q)ic
and U(2)} are again given by (4.3). The flavour-changing couplings in U(2)} - read

TtYt
Yu ’

12 2 TtYt i
9ra = &12 |7 Yy 9ra =Y, (6.1)

9 = &isme
where 7y, is a free complex parameter defined in (E.16). As a consequence there is a new,
universal phase in By and B, mixing, while the K-K amplitude is aligned in phase with
the SM. We find the bounds in table 6. If the parameter |rp| is somewhat less than 1, these
bounds can be in agreement with experiment even for light fermion resonances. We note

,17,



Observable Bounds on my, [TeV]

doublet triplet bidoublet

ex (QLF) 2.3 my|rp|? 3.3 x|y 3.3 x¢|rp|?
By-By 2.3 x¢|rp] 3.4 x|y 3.4 x|y
Bs-By 2.3 x|y 3.4 zy|ry 3.4 zy|ry

K — pp 3.8 Va Y| 3.8 Yp|rp|/xe/Yu /=
b— sl 3.5 /Y |rp| 3.5 Yp/xi|rp|/Yu /2

Table 6. Lower bounds on the fermion resonance mass my, in TeV in U(2)3 .

Observable Bounds on my, [TeV]
ex (QLL) 3.3 xy
By-Bq 2.8 24
B,s-B, 3.1z

Table 7. Lower bounds on the fermion resonance mass m,, in TeV in U(2)% (bidoublet model).

that the contribution to the AC = 2 operator is proportional to |1 — 74|, so it cannot be
reduced simultaneously. However, it turns out that it is numerically insignificant. Since
furthermore the contribution is real — a general prediction of the U(2)? symmetry for
1 + 2 transitions — the expected improvement of the bound on CP violation in D-D
mixing will have no impact.

In U(2)} the flavour-changing couplings are the same as in U(3)3,

TtYt
Yu ’

TtYt

Y—U, ggd%(). (6.2)

91 = &3 914 = &12
Thus, as in U(3)%C, there is no new phase in meson-antimeson mixing and the NP effects
in the K, By and B; systems are perfectly correlated. The resulting bounds are shown

in table 7.

6.2 Loop-induced chirality-breaking effects

One expects in general flavour-changing chirality-breaking effects in U(2)? with bounds
on the fermion resonances similar to the one of the anarchic case, my, > (0.5-1.5)Y TeV.
With CP conservation in the strong sector, however, the contributions to the quarks EDMs
would arise only at higher orders in the U(2)? breaking terms (see appendix E), so that
they would not be significant for the current limit on the neutron EDM.

6.3 Flavour-changing Z couplings

In U(Q)?f{c flavour-changing Z couplings are absent at tree level. In U(Q)ic the left-handed
couplings do arise, while the right-handed couplings are strongly suppressed. Similarly to
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the anarchic case, one can write them as

09 ~ i3 Tb 0G4 69%sq ~ €12 |ro|® 595w - (6.3)

One obtains the bounds in the last two lines of table 6, which are weaker than the analogous
bounds from Rj, unless |rp| > 1. An important difference with respect to the anarchic case
is the absence of sizable flavour-changing right-handed Z couplings, which can be probed
e.g. in certain angular observables in B — K*utpu~ decays [48].

6.4 Partial summary on U(2)3

Two important differences distinguish the U(2)? case from the U(3)3 one: i) both for the
bidoublet (at large enough z) and for the triplet models, the bounds from the EWPT or
from compositeness become irrelevant; ii) a single complex parameter correlates the various
observables, 1, in the U(Q)%C case. As apparent from table 6, values of x; and r, somewhat
smaller than one can reduce the bounds on the fermion resonance mass at or even below the
1TeV level. This is also formally possible in U(2)3RC, where r, = 1, but requires x; < 0.3,
i.e. Y 2 3, not consistent with my, =Y f and f 2 0.5 TeV.

7 Summary and conclusions

After about two years of operation of the LHC and the remarkable discovery of a Higgs-like
particle of 125 GeV mass, the view of a natural Fermi scale is still under scrutiny, with three
different lines of investigation: the more precise measurements of the properties of the same
Higgs-like boson, the direct searches of new particles that are expected to accompany the
Higgs boson and several measurements in flavour physics. One way to implement a natural
Fermi scale is to make the Higgs particle, one or more, a pseudo-Goldstone boson of a new
strong interaction in the few TeV range. A meaningful question is then if and how a Higgs
boson of 125 GeV mass fits into this picture, which requires spin—% resonances, partners of
the top, with a semi-perturbative coupling to the strong sector and a mass not exceeding
about 1TeV.

Not the least difficulty in addressing this question is the variety of possible specific
implementations of the Higgs-as-pseudo-Goldstone-boson picture, especially with regard
to the different representations of the spin-% resonances and the various ways to describe
flavour. A further problem is represented by the limited calculability of key observables in
potentially complete models, due to their strongly interacting nature.

To circumvent these difficulties, we have adopted some simple partial-compositeness
Lagrangians and assumed that they catch the basic phenomenological properties of the
theories under consideration. This allows us to consider a grid of various possibilities,
represented, although at the risk of being too simplistic, in table 8, which tries to summarize
all in one go the content of the more detailed tables 2 to 7 discussed throughout the paper,
taking into account all constraints from flavour and EWPT. For any given case, this table
estimates a lowest possible value for the mass of the composite fermions that mix with the
elementary ones and which are heavier than the “custodians” by a factor of /1 + (Ax)?2.
In the case of anarchy we are neglecting the constraint coming from ey (first line of table 3,
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doublet triplet bidoublet
A 4.9 1.7 1.2
U(3)3 6.5 6.5 5.3
U(3)3c - - 3.3
U(2)3, 4.9 0.6 0.6
U(2)3c - - 1.1x

Table 8. Minimal fermion resonance mass my in TeV compatible with all the bounds (except for
the QLT contribution to ex in the anarchic model), fixing O(1) parameters in anarchy to 1 and
assuming the parameter |r| in U(2){ to be ~ 0.2. The bounds with a * are obtained for a value
of Y ~ 2.5, that minimizes the flavour and EWPT constraints consistently with m, = Y f and
f 2 0.5TeV.

particularly problematic for the bidoublet model, maybe accidentally suppressed) and the
various O(1) factors that plague most of the other flavour observables in table 3. In every
case we also neglect the constraint coming from one-loop chirality-breaking operators,
relevant to direct CP violation both in the K and in the D systems, as well as to the quark
electric dipole moments. This is a subject that deserves further detailed study.

We also note that measurements of Higgs boson properties, which have not been con-
sidered here, amount to lower bounds on the decay constant f in the case of PNGB Higgs
models, and are currently probing values of 500-700 GeV. Once these bounds improve, ta-
bles 2 to 7 allow a straightforward qualitative understanding of their impact on flavour and
electroweak observables. Since our predictions are based on a simple partial compositeness
Lagrangian, they are in fact independent of the details of the Higgs sector and can even
be applied to other theories, like 4D duals of Randall-Sundrum models.

The general message that emerges from table 8, taken at face value, is pretty clear. To
accommodate top partners at or below 1TeV is often not possible and requires a judicious
choice of the underlying model: an approximate U(2)? flavour symmetry appears favorite,
if not necessary. Note that the bounds with a * (bidoublet model with anarchic or U(2)3
flavour structure) are obtained for a value of Y ~ 2.5, that minimizes the flavour and
EWPT constraints consistently with m, = Y f and f 2 0.5TeV. There are two simple
reasons for the emergence of U(2)3: i) in common with U(3)3, the suppression of flavour
changing effects in four-fermion operators with both left- and right-handed currents, present
in the anarchic case; ii) contrary to U(3)? but as in anarchy, the disentanglement of the
properties (their degree of compositeness) of the first and third generation of quarks.

The source of the constraint that plays the dominant role in the various cases is diverse.
Sometimes more than one observable gives comparable constraints. This is reflected in
table 9, which summarizes where possible new physics effects could show up® (for some

®The observables are, from top to to bottom: the direct CP violating parameter in K-K mixing and
the By and Bs mass differences (as well as their ratio), the mixing phases ¢4, ¢s in the Bg and B systems
(as well as their difference), the Wilson coefficient of the axial vector semi-leptonic operator relevant for
b — s{T¢ transitions C1o and its chirality-flipped counterpart C1o, the angular distribution of dijet events
at LHC as discussed above and the direct production of fermion resonances at LHC.
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® UBKc UBke UQEc UR%c
€K, AMd,S * * * *
AM,/AM; %
Pd,s * *
bs — Pa *
Cho * *
Clo *
pp— 73] * *
pp — q'q * * *

Table 9. Observables where NP effects could show up with realistic experimental and/or lattice
improvements in the most favourable cases.

observables with more experimental data, for others if lattice parameters and/or other
theoretical inputs are improved). We keep in this table every possible case even though
some of them, according to table 8, would have to live with a fine tuned Higgs boson
squared mass and, as such, appear less motivated.

The attempt to include many different possibilities, though motivated, is also a limit of
the analysis presented in this work. A next step might consist in selecting a few emerging
cases to analyze them in more detail, perhaps going beyond the partial-compositeness
effective description. For this we think that table 8 offers a useful criterion. It is in any
event important and a priori non trivial that some models with a suitable structure emerge
that look capable of accommodating a 125 GeV Higgs boson without too much fine tuning,
i.e. with top partners in an interesting mass range for discovery at the LHC.
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A  Tree-level AF = 2 FCNCs

In a model with flavour anarchy in the strong sector, the coefficients defined in eq. (4.3)
can be written as

P =~ — 5 [X(QP + T (Q + Tsr(Q)] | (A1)

e = —é — 5 [X(D)? + Tou(D) + Tyn(DY?] (A.2)

LR — % — [X(Q)X(D) + T3(Q)Ts(D) + T3r(Q)T3r(D)] (A.3)

(ALR _ 4 (A4)
L 7 .
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doublet triplet bidoublet

dLL 11 23 23

Vv 36 T 36 ~ 36
CdRR 11 _8 _2

1% 36 9 9
cdLR 5 _r 7

% 36 9 18

dLR
c§ 1 1 1

Table 10. Coefficients relevant for AF = 2 operators in anarchy and U(2)3.

where the first terms come from heavy gluon exchange and the terms in brackets from
neutral heavy gauge boson exchange. @ refers to the charge —1/3 fermion mixing with ¢
and D to the charge —1/3 fermion mixing with dg. In the bidoublet model, we consider
only the contribution from @, for simplicity, which is enhanced if z > 1. The numerical
coeflicients relevant for the models discussed above are collected in table 10.

In U(3)? there is an additional contribution from flavour gauge bosons. However the
only relevant AF = 2 operator is QdLL in U(3)3, for which one obtains cil/ L= -29/36
instead of the value reported in the table.

In U(2)3, since all the flavour effects are generated by mixing with third generation
partners, which are not charged under any of the U(2) flavour groups, there is no relevant
additional effect coming from flavour gauge bosons, and the coefficients of table 10 are valid.

B Compositeness constraints from the dijet angular distribution

Exchanges of gauge resonances and flavour gauge bosons give rise to four-fermion operators
involving only the first generation which contribute to the angular distribution of high-mass
dijets at LHC. As shown in [47], only ten operators have to be considered, which we list

here for convenience

= (ury"ur)(URVuUR) 0% = (dry"dr)(dryudn)

= (ary"ur)(drVudR) , = (apy" T ur)(dry, T dR)

= (qe7"q1)(qrvuar) , = (@' T ) (@I aw) .,

= (7" qL) (URYpUR) 5 = (@' T qr) (arY, T ur)

= (17" q1) (drYudr) = (@' T qr) (dryu T dr) - (B.1)

The coupling of a first generation quark mass eigenstate to a heavy vector resonance receives
contributions from fermion composite-elementary mixing as well as vector boson composite-
elementary mixing. For example, the coupling of the up quark to the gluon resonance reads

2
ﬂfy“Ta <gp3%uPL + gps%%uPR + Z3> ’U,G: . (B2)
P
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IR EEEREE
doublet UB)} -3 —3% -5 -1 -3 -1 -5 -1 —x -1
O S T T T S N A B A
bidoublet U(3)f, -5 —-&% —-& -1 - -1 -f -1 -1 -1
bidoublet U3)% -5 -&% & -1 - -1 -f -1 2 -1

TR EEEEE
all models —% —3 0 —1 0 —% 0 —1 0 —1

Table 11. Coefficients cflt’g) relevant for dijet bounds in the doublet, triplet and bidoublet models

(1,8)

as well as the coeflicients d,,~’, which are independent of the flavour and electroweak groups.

Neglecting electroweak gauge couplings, one can then write the Wilson coefficients of the
above operators as

2 4
g 1,8) g (1,8)
C’(1 8 _ Zp [32520( + < 3 s+ s 3) d ] , B.3
ab ml% b“ab gg ( b)gp ab ( )

where (a,b) = (¢, u,d) and si’d = s%u’d, 32 = 57 (in the bidoublet model, for simplicity we

will neglect terms with s? ; over terms with s7,). The numerical coefficients c(b 8 depend
on the electroweak structure and on the flavour group and are collected in table 11 together

with the d'p®).

C Production and decay of vector resonances

The production cross section of a gluon resonance in pp collisions reads

olpp = G*) = - |(19L1° + |9il*) Lua(s,mp) + (9117 + 9% [*) Laals, m3) | (C.1)

T
9s
where

tuts.9) = [ Snansi( on) ©2)

is the parton-parton luminosity function at partonic (hadronic) center of mass energy Vs
(v/s) and the couplings gz’j% are defined as £ D upy"T"gj{urG), and can be read off
eq. (B.2). Again, there is a contribution due to fermion mixing, which is only relevant in
U(3)? models due to the potentially sizable compositeness of the first generation, while the
contribution due to vector mixing is always present. The total width reads

N(G* > qq) = Zzﬁom%mw (C.3)

g=u,d i=1
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while the branching ratio to dijets is simply the width without the top contribution divided
by the total width.6

D Chirality-conserving flavour-changing interactions in U(3)3
In U(3)3¢ the effective Yukawa couplings have the form

450w YUSRuUR (D.1)

(and similarly for the down quarks) where §r, is a generic 3 x 3 mixing matrix and Yy,
Sku are both proportional to the unit matrix. In U(3){ the role of the mixings is reversed
and the Yukawa couplings take the form

qLSLuYUSRuUR. (D.2)
At the same time, before going to the physical basis, the relevant interactions with the
composite resonances have the form in U(3)3,
pu(@LéLu'Y/LgEJUQL) (DS)
and in U(3)3 4
pu(quLu’YMS*LUQL)' (D4)

In U(Z’:)?l’DLC the physical bases for up and down quarks are reached by proper 3 x 3 unitary
transformations that diagonalize 57, and Sr4

Ubsr,Upl = 8928 Uda Ul = 30ise, (D.5)

so that the CKM matrix is V = UEUST. In the same physical basis the interaction (D.3)
in the down sector becomes

pu(dLV 8758y, (598 Vdy) ~ pusti&i(drinudey), & = ViiVi, (D.6)

which explains (5.6). Note that the ratio of the third to the second entry in §CLli7jg equals
Yt/ye. On the other hand a similar procedure for U(3)3 - leaves (D.4) unaltered since sr,
is proportional to the identity matrix.

E U(2)? in composite models

For ease of the reader we recall the setup of U(2)3. The strong sector can be taken invariant
under a U(2)g4+u+p flavour symmetry acting on the first two generations of composite
quarks. In right-compositeness — meaningful only in the bidoublet model — in order to
generate the CKM matrix one has to consider a larger U(2)quiy x U(2)gisp symmetry.
Let us define

u __ Qu _U _qL u_uR
g ) ) )

5Neglecting the top quark mass in the kinematics, which is a good approximation for multi-TeV reso-

nances still allowed by the constraints.
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where the first two generation doublets are written in boldface, and the same for down-type
quarks. The mixing Lagrangians in the cases of left-compositeness and right-compositeness
are respectively”

U(2 3 _ _ —
EmEX)LC =mu3Arus BLE3p + Mu2Aruwe AL QR + musAru3 Trtr
+ myo dy (l_]LV)tR + mya [_]LAuuR + h.c. + (’LL, U,t, T —d,D,b, B) (EQ)
and
U(Q)Bf{c T r 7 — u
Lo Y =musArus TLtr + mu2Aru2 ULUR + MusArw)3 BLESR

+ muys du (QLV)QgR + my2 q_LAUQ’l]L{ + h.c. + (U, Ua tv T — da Da b7 B) (E3)

The mixings in the first line of (E.2) and (E.3) break the symmetry of the strong sector
down to U(2), x U(2), x U(2)4. This symmetry is in turn broken minimally by the spurions

V ~(2,1,1), Ay~ (2,2,1), Ay~ (2,1,2). (E.4)

Using U(2)? transformations of the quarks they can be put in the simple form

10ty
v (%) A= Cu  Bu€ Axur 0 (u > d), (E.5)
€L, —Syue " ey 0 Axuo

where X = R, L in left- and right-compositeness, respectively. Here we do not discuss the
case of generic U(2)? breaking introduced in [43].
The SM Yukawa couplings (2.7) can be written in terms of the spurions as

. ay Ny, bt€i¢tV . aq Ny bbei‘f’bV
Yu = 5 Yd = ) (EG)
0 Yt 0 Yo
where
Yt = YU3SLu3SRu3, (E.7)
ay = YyoSru, by = Yyosruo du, in left-compositeness, (E.8)
Gy = YU2SRu2, by = Yyssgrus du, in right-compositeness, (E.9)

sxi = Axi/v/1+ (Ax;)?, and similarly for ag, by and y,. Here and in the following we
consider all the parameters real, factoring out the phases everywhere as in (E.6). The g, 4
are diagonalized to a sufficient level of approximation by pure unitary transformations of
the left-handed quarks [32]

Uu:(



where

dyer, dger,

st = YyoSrus , sp = YpoSrdao , in left-compositeness, (E.11)
Yt Yb
dyer, dqger, . .
st = YyU3sgrus , sy = YD3SRA3 , in right-compositeness. (E.12)
Ye Yo

The CKM matrix is V = UuU; and, after a suitable redefinition of quark phases, takes

the form ‘
1—)\%/2 A su5e7 1

Vo~ - 1-X2/2 ¢yus : (E.13)
—545€'@t)  _gey 1
where
SuCd — CuSqe ' = \e, s’ — g,e'Pt = ge'X, (E.14)

Chirality-conserving flavour-changing interactions. Equations (D.3), (D.4) remain
formally true in U(2)? as well, with the following qualifications. Y77, sgy, SL, are no longer
proportional to the identity but are still diagonal with only the first two entries equal to
each other. At the same time minimal breaking of U(2)? leads to a special form of the
matrices Sy, Sry that allows to diagonalize approximately the Yukawa couplings by pure
left unitary transformations of the form (E.10).

In U(2)3 these transformations lead to exactly the same equation as (D.6), whereas
in the U(2)}, case equation (D.4) in the down sector goes into

pulALUas st uUSdL) = pustoxis(drivudey),  xi; = USUS, (E.15)

Remember that, contrary to the U(3)?ﬁc case, Sr,, although still diagonal, is not propor-
tional to the unit matrix. Hence a flavour violation survives as in (6.1) with
8 .
rp = 2t (E.16)
S

Note that in U(2)}q, for Yo ~ Ypo ~ O(1) and dy,dg < O(1), (E.11) leads to two
possibilities:

1. 8¢ < sp, 1.e. |rp| = 1;

2. 84 ~ sp ~ |Vgp|, which allows |ry| to deviate from 1 but requires at the same time

Sru2€r, ~ |Vep|.

In the first case one would have m,, 2 1-1.5TeV from the flavour bounds of table 6, while
in the second case one can obtain a minimal value of m, ~ 0.6 TeV, as in table 8, for
[rp| ~ 0.25 and Y ~ 1. However, to avoid a too large U(2)3-breaking — i.e. a large e, —
the mixing angle of the first generations quarks sy.s cannot be too small. This in turn
has to be confronted with the lower bounds on m,, from Ry, Vokwm and the dijet angular
distribution shown in table 12: to make them consistent with m, ~ 0.6 TeV, it must be
€, = 0.3. Note anyhow that we are not treating €7, as an expansion parameter.
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Observable Bounds on my, [TeV]
doublet triplet bidoublet
Ry, 7.2 s12Y2 6.8 sp2Ys 5.6 spu2Yue
Vekm 8.4 s10Ys 6.8 s70Yo 6.8 sp0Yyo

pp — jj ang. dist. 4.3 s%ng 5.3 S%QYQ 5.3 SQLuQYUQ

Table 12. Lower bounds on the fermion resonance mass my in TeV in U(2)? . from left-handed

1st and 2nd generation quarks mixed with the composite resonances by an angle sy 2.

In the bidoublet model, in addition to (E.15) there are also the terms coming from the

mixing with the dequ current, which are suppressed as 1/z2. In the up-quark sector

with right-compositeness only this suppressed contribution from Q¢ gives rise to flavour

violation, while in left-compositeness the analog of (E.15) holds, with Uy replaced by U,,.

Flavour violation from chirality-conserving right-handed quark bilinears is instead sup-

pressed, a general property of the Minimal U(2)? framework [31, 32].
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