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ABSTRACT: The invariant-mass distribution for the coherent photoproduction of dipions
in ultraperipheral PbPb collisions is measured using data, corresponding to an integrated
luminosity of 224.6 +9.6ub~!, collected by the LHCb experiment in 2018 at a nucleon-nucleon
centre-of-mass energy /snN = 5.02TeV. In the mass range from 400 to 1200 MeV, the results
are consistent with previous experiments, with the spectrum dominated by the p° meson,
which interferes with a nonresonant component, together with a smaller w meson contribution.
In an extended mass range up to 2300 MeV, models previously used do not fit the data and a
consistent description requires the introduction of two resonances at masses of 1350 = 20 MeV
and 1790 + 20 MeV with widths of about 300 MeV. The cross-section for each meson is
measured differentially in twelve bins of rapidity from 2.05 to 4.90. The p° cross-section
increases with rapidity from about 400 to 600 mb and is measured with a typical precision of
8%, while the cross-section times branching fraction for the w, p’ and p”, with the statistical
precision of the data, do not have a pronounced rapidity dependence and are between 0.5
and 1.5mb, with uncertainties up to 30%. A large nuclear suppression is observed for the
p° meson compared to expectations based on photoproduction on the proton that use the
impulse approximation. Significant suppression is also observed compared to that predicted
by elastic scattering described in the Glauber approach, or with the addition of inelastic
scattering in a Gribov-Glauber model.
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1 Introduction

Photoproduction of vector mesons on nuclei probes nuclear structure and is sensitive to
nuclear shadowing and saturation effects [1-4]. The process can be studied in PbPb collisions
at the LHC, when a photon is emitted from one lead ion, fluctuates into a virtual quark
pair, and collides with the other target ion. The interaction with the target is mediated by
colourless QCD propagators, Reggeons or Pomerons [5], and is shown diagrammatically in
figure 1. Since the net colour flow in coherent photoproduction is zero, only a single vector
meson is produced with a clear gap in rapidity relative to the outgoing ions. At small impact
parameters, additional strong interactions between the ions are likely, thereby destroying the
rapidity gap. However, by moving beyond the range of the strong force, only electromagnetic
sources need to be considered. Experimentally, this is achieved in ultraperipheral collisions
(UPC) [6], which produce the distinctive signature of a single reconstructed meson and no
additional particle production, with the ions remaining intact.

This paper presents a study of the dipion final state produced in PbPb UPC, by the LHCb
collaboration. Although dominated by the p° meson, contributions are also present from the
w meson, nonresonant production, as well as possible excited vector mesons. Measurements
of the cross-sections for coherent p° and w meson production are performed. The measured
p¥ cross-section, opppp_ph 20 Ph, together with a calculation of the photon flux, then allows
the photoproduction cross-section on the nucleus, o.py_, ,0pp, to be derived. A comparison

of this result with photoproduction on the proton, o allows the nuclear suppression

Yp—pp>
factor to be determined [3, 7]. Naively, in the impulse approximation [8], the ion-to-proton

photoproduction ratio should scale as A%/3 where A is the number of nucleons. However, since
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Figure 1. Graphical representation of p-meson photoproduction in PbPb collisions. The shaded area
depicts the interaction of the p meson with the target.

the p" meson is produced before it hits the target [9], it may undergo multiple interactions
with the nucleons, which suppress the observable cross-section. This can be taken into account
by the Gribov-Glauber mechanism [10, 11] giving predictions [12] where the suppression
depends on the total p-nucleon cross-section. The suppression for p” mesons is much larger
than for J/i) mesons, since the total p’-nucleon cross-section is about 20mb, three order
of magnitude greater than the J/i)-nucleon cross-section, which leads to a suppression of
0,pb—popp compared to the impulse approximation by a factor five for the oY, in contrast
to about 10% for the J/i meson. Suppression in excess of this would require additional
mechanisms for nuclear shadowing [13] such as saturation, which is expected to be enhanced
in nuclear collisions [4] and at low values of Bjorken-z, the fractional momentum of the
partons in the nucleon. In this respect, the forward region covered by the LHCb experiment
is of particular interest since in p®-meson photoproduction, x values down to 1076 are probed.

The p meson is a broad resonance decaying almost exclusively to two pions. Since its
discovery in the early 1960s, there have been difficulties in measuring its mass and width. In
photoproduction, the resonance is also skewed, which is attributed to sizeable interference
with the nonresonant production of pion pairs. A 1974 review by Spital and Yennie [14]
summarises the situation, which is essentially unchanged today, in observing the resonance
shape from reconstructing po — 77~ decays. The most precise measurements of the mass
and width come from eTe™ — 77~ data and 7 decays, where discrepancies between these
measurements seem to have been resolved [15]. The quoted values in the PDG [16] have very
small uncertainties on the mass, mj, = 775.26+0.23 MeV,! and width, [ =147.4+0.8 MeV,
but there are several assumptions and model dependencies involved in this determination.
The situation is far from settled with a recent paper finding a value for the mass about
20 MeV lower [17]. Consistency in the p parameters and the dipion spectrum measured in
different production mechanisms is important, not just for an understanding of light-meson
spectroscopy, but also because these feed into the determination of the hadronic corrections
to the anomalous muon magnetic moment, g — 2 [18].

!Natural units are used throughout this paper.



The p parameters can be determined very precisely in PbPb collisions with the LHCb
detector, making use of a large sample of about 20 million dipion events in UPC that has
good invariant-mass resolution and is essentially free of background. This is due to the
excellent tracking reconstruction and particle identification of the LHCb detector and the
fact that in UPC, the transverse momentum, pr, being the Fourier transform of the impact
parameter, is very small.

Although dominated by the p® meson and interference with nonresonantly-produced
dipions, a precise measurement of the dipion spectrum allows other resonances to be identified.
Interference between the p° and w mesons, which was observed in AuAu collisions by the
STAR collaboration [19], in ep collisions by the H1 collaboration [20], and in pPb collisions
by the CMS collaboration [21], is seen allowing the differential cross-section for w production
in UPC to be measured. The dipion spectrum also indicates the presence of other particles,
likely to be excited p® mesons. In ref. [22], the ALICE collaboration reports an excess of
events in the high-mass region, corresponding to a resonance mass of 1725+ 17MeV and a
width of 143 + 21 MeV, as determined with a simple Gaussian model. With a similar model,
the STAR collaboration [23] obtained a mass of 1653 £ 10 MeV and a width of 164 £ 15 MeV,
which they noted was compatible with the spin-3 p3(1690).

Measurements of UPC p%-meson production have been performed by the STAR collab-
oration [19, 24, 25] at nucleon-nucleon centre-of-mass energies, /sy, of 62.4 and 200 GeV
on gold nuclei, by the CMS collaboration in pPb collisions at 5.02 TeV, while the ALICE
collaboration performed measurements on xenon at 5.44 TeV [26], and lead at 2.76 and
5.02TeV [22, 27, 28]. The STAR and ALICE data on coherent p production in heavy-ion
collisions were compared to the impulse approximation, Glauber, and Gribov-Glauber models
in ref. [12], where it was shown that the impulse approximation was about a factor four above
the data, while the Glauber model was about a factor 1.5 too high. With the implementation
of a Gribov-Glauber model, agreement with the data was achieved, although this used a
parametrisation of H1 data that has since been improved [20].

Recent discussion on nuclear suppression in coherent production has revolved around
measurement of the J/1) meson, which have been performed by the STAR collaboration [29]
and at the LHC by the ALICE [30-32], CMS [33] and LHCb [34] collaborations, where the
nuclear suppression factor is consistent with, or exceeds, what is expected in saturation
models [7]. Complementary measurements for the p meson are welcome, since here the
effect is much larger, although there are greater theoretical uncertainties when working in
the nonperturbative regime.

The structure of this paper is as follows. In section 2, the detector, data-taking conditions
and simulation are described. The selection of the sample of dipions is detailed in section 3.
The lineshape measurement is presented in section 4. The cross-section results are given in
section 5 and details of how these are used to extract the nuclear suppression factors are
given in section 6. Section 7 presents conclusions.

2 The LHCD detector, data collection and simulation

The LHCb detector [35, 36] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, originally designed for the precision study of particles containing b or ¢



quarks. The detector includes a high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the collision region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4 T'm, and three stations of
silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking
system provides a measurement of the momentum, p, of charged particles with a relative
uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV. The minimum
distance of a track to a primary PbPb collision vertex is measured with a resolution of
(15429 /pr) pm, where pr is in GeV. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov (RICH) detectors. Photons, electrons
and hadrons are identified by a calorimeter system consisting of scintillating-pad (SPD) and
preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron filters and multiwire proportional chambers. The
pseudorapidity coverage is extended by forward and backward shower counters (HeRSCheL)
consisting of five planes of scintillators with three planes at 114.0, 19.7 and 7.5 m upstream
of the LHCb detector, and two planes downstream at 20.0 and 114.0 m. The HeRSCheL
detector [37] significantly extends the acceptance for detecting particles from dissociated
nuclei by covering the pseudorapidity range of 5 < |n| < 10, enhancing the classification of
central exclusive production and UPC events. The online event selection is performed by a
trigger, which consists of a hardware stage, based on information from the calorimeter and
muon systems, followed by a software stage, which applies a full event reconstruction.

The data used in this analysis were collected in PbPb collisions in 2018 at a nucleon-
nucleon centre-of-mass energy of 5.02 TeV, which corresponds to a total integrated luminosity
of 224.6 9.6 ub~! [38]. The data were selected by a low-multiplicity trigger at the hardware
stage that required between one and twenty SPD deposits, which has a signal efficiency
above 98% over most of the dipion mass and rapidity range, since only two SPD deposits are
expected for the signal. At the software trigger stage, one or more tracks were required to be
reconstructed in detectors located both upstream and downstream of the magnet.

The use of simulation is limited to correcting for geometrical acceptance, measuring
inefficiencies that amount to about ~ 3%, and constraining the yields of small backgrounds
whose shapes are determined in data. The production and decay of p° mesons is generated by
the STARLIGHT program [39], which is also used to investigate the two-photon production
of muon and electron pairs. In addition, since the kinematics of the decay are fully deter-
mined once the mass, rapidity and transverse momentum of the parent meson have been
specified along with the decay angle in the rest-frame of the meson, the ROOT [40] routine
TGenPhaseSpace is used to study other particle decays. The interaction of the generated
particles with the detector, and its response, are modelled using the Geant4 toolkit [41, 42]
as described in ref. [43].

3 Selection of coherent UPC-produced dipions

Coherent UPC, without the presence of additional hadronic interactions, can be selected
by ensuring the impact parameter is greater than twice the radius of the ions and thus the
transverse momentum of the central system is small, pp ~ 40 MeV, and the ions remaining
intact, so no additional particles are produced apart from the central system. For this analysis,



the experimental signature is two pions and nothing else in the detector, with the pions
being approximately back-to-back in the transverse plane.

Simulation is used to determine a fiducial region in which the detector reconstruction is
efficient. Both tracks must have pp > 100 MeV and 2 < n < 5, and the parent meson must
have a rapidity, y, in the range 2.05 < y < 4.90 and a mass above 400 MeV. The angle, 6%,
between the outgoing positively charged pion and the outgoing lead ion, in the rest frame of
the parent meson, must satisfy | cos 6*| below a value that varies from 0.7, between rapidities
of 3 and 4, to 0.2 at the edges of the detector.

Dipion candidates are formed by requiring precisely two oppositely charged tracks
reconstructed in the fiducial region with no additional tracks or photons. The tracks must
form a vertex that is spatially consistent with the average interaction region. Both tracks
must be consistent with the pion hypothesis created using information from the RICH
detectors. The contamination from dikaons in the sample is estimated to be below 0.5%
and is determined using ¢ — KTK~ decays that can be reconstructed in events where
either track is consistent with the kaon hypothesis. Neither track should be identified as
a muon or electron. For rapidities above 3.25, this reduces the contamination from the
vy — ee and vy — pp processes to below 0.5%, while below rapidities of 3.25, the maximum
contamination is 8% and concentrated at the lowest dipion masses. Low activity is required in
the HeRSChelL detector, which has a good efficiency to detect nuclear breakup. To suppress
multihadron contamination including w — 7t7~ 7% and p® — 7T 7~ decays, it is required
that the transverse momentum of the dipion system is below 100 MeV, which reduces this
background to below 0.5%. The final sample contains about 20 million candidates.

Acceptance and efficiency correction factors, €, are determined as a function of the dipion
mass, rapidity and cos 8*, assuming that the p meson inherits the transverse polarisation
of the photon and decays following a 1 — cos? 6* distribution. The acceptance is mainly a
geometric effect and is determined in simulation as the fraction of mesons decaying inside the
fiducial volume, taking account of the magnetic field that can bend low-momentum particles
out of the active region of the detector. At central rapidities it is close to 70% decreasing to
5% in the far-forward region. A systematic uncertainty of between 4 and 6%, which is the
largest single source of uncertainty, is assigned to this estimation by comparing the response
of known pions from the decay Kg — mr7~ in data and simulation.

The Kg — w7~ sample in data is also used to determine the pion-identification
efficiency, which is typically (904 3)% where the uncertainty arises from kinematic differences
between the p and Kg mesons. The efficiency due to the requirement that there are no
photons reconstructed in the event is calculated per rapidity bin, using events with identified
photons but a well-balanced pr between the two pions. This is typically 94% and a systematic
uncertainty of 2% is assigned as the largest difference with simulation. The vetoes on identified
electrons or muons have typical efficiencies of (98 4+ 1)%. The efficiency for the HeRSCheL
veto on activity varies from 80% to 85% with rapidity. That veto is estimated to remove about
half of the events having an additional electromagnetic interaction between the nuclei [44],
which leads to excitation of one or both ions, a subsequent neutron emission (seen using
zero-degree calorimeters by the ALICE and CMS [28, 33] collaborations), and partial or full
breakup of the nucleus. Such events are identified by the presence of a diffractive peak in the



pr distribution of the vetoed events and a systematic uncertainty of 2% is assigned, reflecting
the precision with which the shape of the incoherent component is determined. Efficiencies
for the other selection requirements are above 94%. The total systematic uncertainty on the
efficiency of the selection is about 7% of which 4% is uncorrelated between rapidity bins.

4 Fit to the dipion spectrum

The fractions of dipions associated to the decay of the p meson and to other processes are
found from a 2 fit to the number of events, N, binned in dipion invariant mass, myr. The
data are fitted with a function of the form

/ e(m')S(m, i) R(mor, m')dm' + B(mirr), (4.1)

where S is the signal function with free parameters «;, € is the efficiency and acceptance
correction, and R is a resolution function obtained from simulation and parametrised by the
sum of two Gaussian functions. The narrower Gaussian is used to describe dipion candidates
whose associated tracks are fully reconstructed by the tracking system and has a width that
varies linearly from 3.5 to 8.0 MeV with rapidity and contributes a fraction that varies from
50% to 95% with rapidity. The wider Gaussian has a width of 50 MeV and accounts for
candidates where one of the pions does not reach the tracking stations downstream of the
magnet, usually due to low-momentum particles being swept out of the acceptance by the
magnetic field. The background contributes less than 1% for y > 3.25 and its shape, B, is
described using simulation and control samples in which the respective individual background
source has been enhanced. For y < 3.25 the background is only significant at the lowest
dipion masses: above 600 MeV it is less than 3%.

For the signal function, several different parametrisations are used. First, a model, due
to Soding [45] that has contributions for a p resonance and a nonresonant continuum that
is constant with mass. Second, an extension to this that includes a contribution for the w
resonance. The third model uses a more flexible shape to describe the continuum. Finally,
two additional resonances are introduced to describe the spectrum in an extended mass range.

The first parametrisation of the dipion spectrum is due to S6ding [45], which models the
p meson using a Breit-Wigner function with mass, m,, and an energy-dependent width, T',
and includes interference with a nonresonant contribution described using a constant:

s MarMpl (Myr)

o nr| 4.2
(M) o fpmgm —m32 + impl (M) +/ (4.2)
with

(M) = Tyt a(rmar) (4.3)

where T, is the pole width, g(m) = /m? — 4m2 is the momentum of the pion with mass
my in the centre-of-mass of a system with mass m, while f, and f,, are free parameters,
describing the p and nonresonant contributions, respectively.

The fit is performed for m,, between 400 MeV and 1200 MeV in twelve bins of rapidity.
Compared to measurements at other experiments [19-22, 24, 25, 27, 46-48)], it is possible



Experiment LHCb | ZEUS [46] | H1 [47, 48] | ALICE [27]

Fit range [GéV | 0.4,1.2] | [0.55,1.20] | [0.6,1.1] 0.6,1.5]
m, [MeV | 771+ 3 770 £ 2 769 + 4 762.0752
T, [MeV | 149+ 4 146 + 13 162+ 8 150133

| fur/ fo| [GeVTY2] | 0.7240.04 | 0.70£0.04 | 0.57+0.09 | 0.5070:10

Table 1. Results of the fit to LHCb data that uses eq. (4.2), compared to measurements by other
experiments. The uncertainties on the LHCDb values are dominated by systematic effects.
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Figure 2. Dipion invariant-mass distribution with the result of the fit superimposed, where the signal
is modelled by the function in eq. (4.2). The lower panel shows the normalised residuals.

to extend the fit to lower mass values due to a reduced background contamination and the
ability to reconstruct tracks down to a pt of 100 MeV. The results of the fit for the rapidity
range 2.75 < y < 4.50 are given in table 1 and are similar to those from other experiments
for the mass and width, while the nonresonant contribution differs between experiments,
most likely due to different amounts of residual background. Due to the large signal sample,
the statistical uncertainties on the fit parameters are below 0.1%. A systematic uncertainty
is estimated from the standard deviation of the results in the individual rapidity bins and
by fixing the background contribution to zero.

The fit is shown in figure 2. Although the overall shape is similar to the data, the fit
quality is poor, particularly in the region of the w resonance. Similar observations were
made by the STAR [25], H1 [20], and CMS [21] collaborations and led to the introduction of
a second Breit-Wigner function. Following the STAR parametrisation, the signal function
is extended to read

Manmpl (M) VimgrmgTy

m2. —m2+im,l'(mgr) + for t S exp(zqﬁw)mz m2, + imy,Ly,

T

S(mzx) = | fp . (4.4)
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Figure 3. Invariant-mass fits to data where the signal model includes a contribution for the w
resonance with the parametrisation of (left) eq. (4.4) and (right) eq. (4.5).

LHCb STAR [19] | CMS [21]
m, [MeV | 77443 776.2+02 | T73+1
T, [MeV ] 153+ 3 148 + 1 148 4+ 3
| fur/ fo|[GeVTY2] | 0.73£0.03 | 0.79 4 0.08 | 0.50 + 0.06
b [rad] 14401 | 1464011 | 1.8+0.3
| fu/ fol 0.32+0.03 | 0.36+0.05 | 0.40 + 0.06

Table 2. Results of fits to LHCb data that include an w resonance using the parametrisation of

eq. (4.4), compared to measurements by other experiments. The uncertainties quoted for the LHCb
measurements are the estimated systematic contributions.

where f,, is the contribution of the w resonance and ¢,, is its phase relative to the p meson. The
mass, m,,, and width, T',,, are fixed to the PDG values [16] and a constant width is assumed
for I',, as it is very narrow: implementing an energy-dependent width for the w resonance
makes minimal difference to the fit results. The left panel of figure 3 shows that the quality
of the fit improves considerably in the peak region, and although the absolute size of the w
contribution is small, its presence and the resulting p — w interference has a significant impact.
The parameters of the fit are presented in table 2 and are consistent with the STAR results.

The H1 collaboration used a different parametrisation of the phase and interference

and also included two additional parameters to allow the nonresonant shape to differ from
a constant:

q*(1Mrr) N Jor ’
SUm0e)= gy e (o) ) e
(4.5)



LHCb H1 [20]
m, [MeV ] | 774 £3 770.8 + 1.3%23
Ip[MeV] | 153+3 151.3 +2.2719
[ fur/ fol 0.18 £0.02 | 0.189 % 0.026150%
¢ [rad] | —0.20+0.04 | —0.53 + 0.22792L
[fur! £l 0.15+0.01 | 0.166 +0.0175:9%
A [MeV ] 400 £100 | 180 4 590129
g 11+£01 | 0.76+£0.357 0

Table 3. Results of fits to LHCb data that include an w resonance using the parametrisation of
eq. (4.5), compared to the measurement by the H1 collaboration. The uncertainties quoted for the
LHCb measurements are the estimated systematic contributions.
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Figure 4. Invariant-mass fits to data (left) in the region between 400 and 1200 MeV, where the signal
contribution is parametrised by eq. (4.5), and (right) in the full region, where the signal model is

parametrised by eq. (4.7), which includes two additional resonances and a phase for the nonresonant
component.

where
mvrv

L | ’ 4.
BWy (mzz) m2. —mi + imyT(mgr) o

are Breit-Wigner distributions for the p and w resonances (with V' = p,w), and A and ¢ are free
parameters. Adopting their convention gives a better fit to the data as can be seen in the right
panel of figure 3. The results are summarised in table 3 and are consistent with the H1 results.

Although the fit is acceptable in the fitted region, when expanding the fit range up to
dipion masses of 2.3 GeV, displayed in the left panel of figure 4, the model overshoots the
data by an order of magnitude. Furthermore, the data show a clear structure at around
1.7GeV, which is also discernible in STAR [23] and ALICE [22] data. To improve the quality
of the fit to the extended mass range, two modifications are made to the signal model that



now takes the form:

3 2
S(imay) = fm £ BW (s (1 s exp(iqﬁw)’?rgsww(mm)) (4.7)
. 2
i for exp(l¢nr) , + fp/ eXp(i(ﬁp,)BWp,(mﬂﬁ) + fp// eXp(i¢p1/)BWp//(mww)

(M3 —4mZ + A?)

First, a phase factor, ¢y;, is introduced between the p and nonresonant components and
this leads to a reduction of the signal function at higher masses. Second, to describe the
bump around 1.7 GeV and the cusp at about 1.2 GeV, two extra Breit-Wigner resonances
are introduced to describe excited p states, designated as p’ and p”, with f, and f,, the
contributions of each. The parameters of the fit are given in table 4 and the result is shown
in the right panel of figure 4. Excellent agreement with data is obtained across the full range.
There is a long history of possible vector states in the high-mass region as discussed in
the PDG review [16]. The p’ resonance is measured to have a mass of 1350 £ 5 & 20 MeV and
a width of 320 4= 10 4= 40 MeV, while the p” resonance has a mass of 1790 & 5 4= 20 MeV and a
width of 290+10+40 MeV, where the first uncertainty is the statistical precision of the fit result
and the second is due to systematic effects, evaluated using the standard deviation of results
obtained by fitting the model separately in each rapidity bin. The statistical significance of
either or both resonances compared to the null hypothesis of eq. (4.5) greatly exceeds the
threshold for claiming an observation. However, it should be pointed out that improvements
to the fit have been obtained with alternative parametrisations including using a form factor
to multiply BW,, and including a contribution from a noninterfering f»(1270) meson.
These measurements are consistent with the values of the p(1450) and p(1700) mesons in
the PDG [16], noting the role the choice of dynamic lineshapes can play. Further evidence for
the existence of these particles was reported by the Babar collaboration using ete™ — mwm(y)
data [49] where the same qualitative features are observed as in the LHCb data. The
production processes are similar with the main difference being that in photoproduction the

e~ annihilation. The coupling between

photon is quasi-real while it is strongly virtual in e
the photon and the pions is probed in both processes so the LHCb data may help clarify
the resonant contributions, which have an impact in determining the hadronic corrections

to the g — 2 measurement [50].

5 Cross-section

The production cross-section, oy, for a vector meson, V, is determined in twelve bins of
rapidity from 2.05 to 4.90 through

dUV _ fsmogNV
dy Ay L BFV—>7r7r ’

(5.1)

where Ny is the number of vector mesons associated to the signal component S, the integrated
luminosity is represented by L, the bin width by A, and BFy_,, is the branching fraction
of the decay of vector meson, V, to two charged pions. For the p meson, BF,_, . is taken
to be 0.9901 + 0.0016 by subtracting the branching fractions for the sub-dominant decay

,10,



Parameter (eq. (4.7)) Result
m, [MeV ] 774+ 3

L, [MeV ] 148 + 7

| far/ fol 0.18 +0.03
Pnr —0.1£0.1

A [MeV | 420 + 150
) 1.2+0.1

| fu! £l 0.14 £ 0.02
¢ [rad] —0.20 + 0.06

| forl fol 0.013 + 0.008
my [MeV | 1350 + 20
T, [MeV ] 320 + 40
by 2.440.3

| fon/ fol 0.006 + 0.002
My [MeV ] 1790 + 20
T, [MeV | 290 =+ 40
Dpr 1.2+0.7

Table 4. Result of the fit to data with the signal model of eq. (4.7), which includes a phase for the
nonresonant component, and Breit-Wigner functions for the w, p’ and p” resonances. The uncertainties
are dominated by systematic effects.

modes [16] from unity, while for the w meson BF,,_» = 0.0153 + 0.0012. For the p’ and p”
mesons, where the branching fractions are not measured, the product BFy_, .(doy /dy) is
reported. A tiny correction, fomog = 0.9985 £ 0.0001 is found through reconstruction of the
longitudinal position of the dipion vertex, and accounts for vector meson photoproduction
in fixed-target collisions that occur due to gas that was injected into the interaction region
for a precision luminosity measurement [38].

The number of mesons in each rapidity bin is given by

my +5I"y
Ny :/ S(m)dm, (5.2)
2me
with S, depending on the model, defined in eq. (4.4), (4.5) or (4.7), with the coefficients
fos s fors fons far set to zero except for the meson of interest. In order to compare the
cross-section results across experiments, the integration is performed, by convention, from
threshold to my + 5y, which are taken to be 1510, 826, 2950 and 3240 MeV for the p, w, p’
and p” meson, respectively. The reference fits for the measurement of the p and w cross-section
use the model of eq. (4.5). Fitting with the model of eq. (4.4) increases the p cross-section
on average by 2% but increases that of the w meson by 34%, showing the model-dependence
of the results. The fit with the model of eq. (4.7) increases the p cross-section by 6%, while
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Rapidity [2.05,2.25] [2.25,2.50] [2.50,2.75] [2.75,3.00]
9% [mb) 473+ 23 £40 | 412+ 16 £33 | 434+ 17 £34 | 453+ 18 £36
422 [mb] 52+ 10 +6 24+ 4 +3 31+ 3 +4 324 4 +4

BF(p/ — mm) 922/ [mb]

dy

1.55£0.12+0.33

1.36 £0.08 =£0.29

1.46 £0.07£0.31

1.46 £0.07 £ 0.31

BF(p" — mm) 932 [mb] | 0.89 +0.07 4+ 0.28 | 1.04 £ 0.05 £0.32 | 1.15 £ 0.06 + 0.36 | 1.26 & 0.06 = 0.39
Rapidity [3.00, 3.25] [3.25,3.50] [3.50,3.75] [3.75,4.00]
9% [mb)] 464+ 18 +37 | 477+ 19 £33 | 487+ 19 £33 | 493+ 19 +33
4% [mb) 2+ 3 +5 45+ 3 +5 45+ 3 +5 36+ 3 +4

BF(p' — ww)m[mb}

dy

1.33£0.07+0.29

1.18 £0.59 £ 0.25

1.03£0.05£0.22

0.93 £0.05£0.20

BF (p — ) %% [mb] | 1.35 +0.06 +0.42 | 1.2+ 0.05 +0.38 | 1.08 +0.05 +0.33 | 0.92 4 0.05 +0.28
Rapidity [4.00,4.25] [4.25,4.50] [4.50,4.75] [4.75,4.90]
<% [mb) 4984+ 20 £28 | 520+ 21 +30 | 556+ 22 +38 | 625+ 43 +44
42 [mb] 43+ 3 +4 46+ 4 +5 55+ 6 +6 414 14 +4

BF (o' — 77) g2 [mb]

1.08 £0.06 £ 0.22
0.60 £0.03 £0.18

1.29 £0.06 £ 0.27
0.56 £0.03 £0.17

1.44 £0.10 £ 0.30
0.29+£0.03 £0.09

1.56 £0.29 £ 0.33
0.02+0.04 £0.01

BF(p" — 7m) dg;” [mb)]

Table 5. Differential cross-section for the p,w, p’ and p” mesons in bins of rapidity, using the model
of eq. (4.7). The first uncertainty includes statistical and uncorrelated systematics. The second
uncertainty represents the correlated systematics.

that of the w meson is unchanged. The total systematic uncertainty for the p cross-section
varies from 7 to 10%, of which about 4% is uncorrelated between bins.

To improve the stability of the w cross-section as a function of rapidity, the fit range
is constrained to be between 600 and 900 MeV, and a correlated systematic uncertainty is
assigned corresponding to the standard deviation of differences to the fit result performed
between 400 and 1200 MeV. This is the dominant uncertainty. The fits to extract the
cross-section for the p’ and p” are performed in the mass range from 1.0 to 2.3 GeV, with all
parameters fixed except for f,, and f,,. The uncertainty includes a correlated systematic
component corresponding to the standard deviation of differences compared to the fit with
all parameters free in the full mass range. Also in this case, it is the dominant uncertainty.

The results are given in table 5 with the uncorrelated and correlated uncertainties quoted
separately, and are shown in figures 5 and 6. For the p meson, a comparison is made to
ALICE data [22], to the predictions of Guzey, Kryshen and Zhalov (GKZ) [12], and to the
results of the STARLIGHT generator [39]. Further details of this calculation are provided in
section 6. The trend in the data for p production is reproduced by the GKZ model, which
takes account of elastic and inelastic nuclear shadowing. However, the GKZ model predicts a
slightly higher overall cross-section. In other words, the data prefer more suppression than is
given by the QCD effects considered in ref. [12]. The measured cross-section roughly agrees
with the STARLIGHT generator although the p measurement is systematically higher for
rapidities above 3.5. However, no strong conclusions can be drawn since STARLIGHT simply
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Figure 5. Differential cross-section for coherent p photoproduction as a function of rapidity. The LHCb
points use the model of eq. (4.7) and the error bars represent the statistical and total uncertainties. The
shaded band corresponds to the estimated uncertainty on the GKZ prediction. The contributions due
to the photon emitted from each ion are labelled as W and W™ and are explained further in section 6.
Also shown are ALICE results at central rapidity and the output of the STARLIGHT generator.
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Figure 6. Differential cross-section multiplied by the branching fraction to dipions, in bins of rapidity,
for w, p’ and p” coherent photoproduction, calculated using the model of eq. (4.7). The error bars
represent the statistical uncertainty, while the bands correspond to the total uncertainty.
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uses a nuclear form factor to scale the HERA photoproduction results (see the comment
in section 4 of ref. [51]).

The results for the w photoproduction cross-section have a strong fit-model dependence
with the ratio o, /0, varying between 9.8 £1.0 (eq. (4.4)), 12.9+1.3 (eq. (4.5)) and 13.5 + 1.4
(eq. (4.7)). These results are in agreement with the determinations of this ratio by the
ZEUS [52] and H1 [20] collaborations of 8.6 & 1.0 and 10.3753 respectively, using pho-
toproduction on the proton at similar photon-proton centre-of-mass energies. The ZEUS
collaboration measured the w cross-section directly in the channel w — 7+t7~ 7%, while H1
measured it through its interference, as performed here, in the channel w — 77~

6 Nuclear suppression factor

Nuclear suppression effects are accessed by comparing the scaling between photoproduction

on the proton, o and photoproduction on the nucleus, o.py_, 0py,. First, the o

Yp—pOp> vp—p"p
results from the H1 [20] experiment are scaled to o.py,_,,0p1, using three models described
below: the impulse approximation, a Glauber model, and a Gribov-Glauber model. Then, after
accounting for the photon fluxes from the lead nuclei, a prediction is obtained for the coherent
production of p mesons in PbPb collisions, which is compared to the experimental data.
The differential cross-section for PbPb — PbpPb can be expressed [12] in terms of the
photoproduction cross-section vyPb — pPb using the photon flux dN,/dk for the number

of photons N, of energy k:

dopbPb—Pb pPb AN\ T AN, -
# = (kdkj) prbﬁppb(WJr)—F (kdk’y> U’\/Pb*)pr(W )- (6.1)

The two terms on the right-hand side correspond to each of the ions being the photon emitter.
For LHCb, the ‘4’ index corresponds to the higher-energy photon that is emitted by the ion
moving with positive rapidity towards the detector. The photon energy, k* = (m,/2) exp(£y),
and the centre-of-mass energy of the photon-ion system, W+ = (2k*/5)%5, are related to
the fractional momentum of the partons in the nucleon by x = m% /W?2. Thus for PbPb
UPC in LHCb, W+ is in the range 170-710 GeV corresponding to x ~ [1,19] x 10~¢ where
Pomeron exchange dominates, while W~ is in the range 5-22 GeV, and = ~ [0.001, 0.020],
where Reggeon exchange is also important.

In the absence of nuclear effects, the p photoproduction cross-section on the ion scales
from the cross-section on the proton according to the number of nucleons and is given
by the impulse approximation [8]. However, due to the large cross-section for p-nucleon
scattering, as the meson traverses the nucleus, multiple interactions are possible. This can
be taken into account in the Glauber model that considers elastic scatters, or extended to
include inelastic scatters with a Gribov-Glauber model [51]. Details of these calculations
are given in the appendix. The predictions for the impulse approximation, Glauber and
Gribov-Glauber models are shown in the left panel of figure 7, where it can be seen that
the elastic and inelastic rescattering effects have a major impact on the result. The data
are clearly inconsistent with the impulse approximation, while nuclear shadowing alone is
also insufficient to provide a complete description. Including inelastic scattering improves
the overall picture but some additional suppression is needed.
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Figure 7. Differential cross-section for the p meson as a function of rapidity for data (left) compared to
the impulse approximation, Glauber model, and Gribov-Glauber model and (right) with the estimated
contributions from photoproduction on each ion in the Gribov-Glauber model after including nuclear
suppression factors. The impulse approximation has been scaled down by a factor of two so it can be
viewed with this axis-range.

Equation (6.1) shows there is a two-fold ambiguity in determining the photon emitter.
However, at the highest rapidities, irrespective of nuclear suppression, the backward-going
lead nucleus is almost always the photon emitter. As a result, the first term on the right-hand
side only contributes 3% in the rapidity bin from 4.75 to 4.90, well within the systematic
uncertainties. Ignoring this ‘+’ solution, eq. (6.1) predicts a p cross-section for PbPb collisions
without nuclear suppression of 3330 + 770 mb, to be compared with the measured value
of 625 + 43 + 44 mb. In the perturbative regime where the Pomeron is equivalent to two
gluons, the nuclear suppression factor has been defined [3] with respect to the impulse
approximation using

Sia = | T, (6.2)
vPb—pPb

since for perturbatively produced objects like the J/i) meson, this quantity is related to
the ratio of the gluon parton distribution functions in the nucleus and the proton. The
same definition of S is used here, although the relationship with the parton distribution
functions is not possible using the nonperturbatively produced p meson. A suppression factor
of S1a = 0.43 £ 0.05 is measured at a centre-of-mass energy W = 5.4 GeV or equivalently,

a fractional parton momentum of x = 0.018.
The LHCb data also have sensitivity to the nuclear suppression factor at high W (low
x), since at low rapidities the ‘4’ solution contributes about one third. A fit to all the data
is performed as follows. Equation (6.1) is modified to include a nuclear suppression factor,

dopLPb—Pb o Pb AN\ T ol - AN\ nodel -
—dz 22> = (Sgodel)Q (kdkj) U’be%pr(WJr)_F(Smodel)Q(kdk?) Uwa%pr(W ),
(6.3)

where one suppression factor is used for high and one for low W, and

0~Pb—pPb
YPb—p
Smodel = model y (64)
U’be—)pr
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is more-generally defined with respect to the impulse approximation, Glauber, or Gribov-
Glauber model.

A chisquare fit is performed with a Lagrange multiplier to take account of the correlated
uncertainties, assuming that the uncertainties on the theory predictions are all correlated.
The quantity that is minimised is

2P _ pth 2
2 - i L 2

X2(ST, 87, )) :Z(Uun> + A2, (6.5)

) (2

uncor
(2
with dO’Pbpb%pbppb/dy given by eq. (63), and
07°" the correlated uncertainties associated with the experimental uncertainties, the photon

where x°*P are the measured values in table 5, o are the uncorrelated experimental

cor
3

uncertainties, z" = dopypp_pbppn/dy + Ao
flux, the parametrisation of o,x, and the dispersion of P(o) (as described in the appendix).

With the suppression factor measured relative to the impulse approximation, the fit
returns values of S;, = 0.3940.03 and sz = (0.0540.11 while A = 0.640.6. This result shows
that the events produced by higher-energy photons (lower-energy gluons) experience more
nuclear suppression than those produced by lower-energy photons (higher energy gluons), as
predicted by the Glauber and Gribov-Glauber calculations. A similar effect, albeit at a much
reduced level in the pertubative J/i) process, has been reported in refs. [3, 7] using ALICE and
CMS UPC data [28, 33]. To take account of rescattering contributions, the nuclear suppression
is calculated with respect to the Glauber approximation that includes elastic contributions
predicted by QCD. This returns Sg, pe, = 0-78 & 0.04 and S&Llauber = 0.30 £ 0.11 while
A =0.9£0.9. This shows that nonlinear effects are much more significant for the low-z gluons.
Finally, after including inelastic contributions using the Gribov-Glauber model, the relative
suppression factors are Sqpov—Glauber = 0-84 & 0.04 and SéribovfGlauber = 0.83 £ 0.06 while
A = 0.7+ 0.9. The result is shown in the right panel of figure 7. The data is in closer
agreement to the model although some additional suppression is still needed, which could
be due to saturation effects or an increased dispersion of P(o).

7 Conclusions

Using a clean sample of dipions produced in ultraperipheral PbPb collisions, the invariant-
mass distribution shows a prominent p® peak, but also contributions from nonresonant
production, the w resonance and higher-mass resonances. Hints of a resonance at 1.7 GeV
reported by the ALICE and STAR collaborations are unambiguously confirmed with the
larger LHCDb data sample that, in the model chosen, also requires a resonance at 1.35 GeV.
The cross-sections for coherent photoproduction of p°,w, p’ and p” mesons are measured as
functions of rapidity. The coherent w cross-section is found to be about a factor ten lower
than that of the p° meson in agreement with photoproduction measurements at HERA.
The differential cross-section for the p meson shows a slow rise with rapidity, in agreement
with the GKZ model that includes linear and nonlinear QCD effects using a Gribov-Glauber
calculation to describe multiple nucleon interactions. The observed cross-section is lower
by about 30%, indicating that additional suppression is required. In PbPb interactions,
there is a two-fold ambiguity in determining the photon emitter. However, by utilising
the different cross-section dependencies with rapidity, there is sensitivity to both high and
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low z-values. Compared to the Gribov-Glauber model, suppression factors of 0.84 £ 0.04
for values of z ~ 5 x 1072 and of 0.83 & 0.06 for z ~ 5 x 107 are obtained. Additional
suppression is observed and this could be caused by saturation effects. However, models
that explicitly include saturation cannot be used to predict the cross-section since the p°
meson is too light to apply perturbation theory. We thus rely on a phenomenological model
that scales and extrapolates fits to fixed-target and H1 data for photoproduction on the
proton. The LHCb photon-nucleon centre-of-mass energies in the range 170-760 GeV require
an extrapolation of the H1 data, while energies in the range 5-23 GeV are only measured in
fixed-target experiments, are less precise, and are also in a region where Reggeon exchange is
important. Thus, new measurements of photoproduction on the proton are highly desirable
at these energies and can be obtained at forward rapidities in proton-lead collisions at the
LHC, or using fixed-target gaseous collisions at LHCDb.
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A Cross-section calculations within the impulse approximation, the
Glauber model, and the Gribov-Glauber model

Using the photon flux, eq. (6.1) relates the differential cross-section for PbPb — PbpPb to
the photoproduction cross-section YPb — pPb, expressed using the impulse approximation,
the Glauber model, or the Gribov-Glauber model.
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The photon flux for quasi-real photons can be calculated in the equivalent photon
approximation [53] as a function of k£ and impact parameter b. Restricting b to be greater
than twice the radius of the ions, as is required in UPC, gives

2

AN,  27%
2

= (Rom©

K2() - K&(O]), (A1)

with ¢ = 2Rppk/y, where Rpy, = 6.68fm [54] is the radius of the ion, y is the nucleus
Lorentz factor, Z is the charge of the ion, « is the fine-structure constant and Ky, K; are
modified Bessel functions.

The impulse approximation is given by

dO— tmin
s (W) = 7222 (Wt = 0) [ P (0t (A2)

which only takes into account the nuclear form factor, Fpy,(t), and neglects all other potential
nuclear effects. The four-momentum-transfer squared is represented by ¢ = —p?r with

tmin = —mémf, / W*. The form factor is a Fourier transform of the nuclear density,
Y
Fpp(q) = q/o rsin(qr)p(r)dr, (A.3)

where the momentum transfer ¢ =~ pr and p(r) = pp(r) + pn(r) with p, and p, being
the density of protons and neutrons in the lead ion that are usually described through a
Woods-Saxon distribution

Po
p(r) = 1+exp((r—R)/d)’ (A-4)
with R = 6.68 (6.67) fm for the radius and d = 0.45 (0.55) fm for the skin depth of protons
(neutrons) [54, 55]. Requiring that [p,dV = 82 and [p,dV = 208 — 82 gives py =
0.063 (0.095) fm 3 for protons (neutrons).

The H1 collaboration measured p production in the energy range 20 < W < 80 GeV,
while the range considered here is larger. For W < 20 GeV, Reggeon as well as Pomeron
contributions are important, while for W > 80 GeV an extrapolation of the HERA data is
required. By fitting their data combined with fixed target data, the H1 collaboration found [20]

9= a0 () g (S)), s

with a cross-section of o(Wp) = 10.66 4+ 0.117075 ub at Wy = 40 GéV, while the Pomeron
and Reggeon powers are op = 0.207 + 0.015J_r8:8§§ and g = —1.45 % 0.12J_r8:§‘;’, and the
fraction of Reggeon contribution, fr = 0.020:&0.007J_r8:8%g. The t-dependence for their data is
approximately exponential: ‘(11—‘; = ‘é—‘ﬂt:g exp(bt), which by integration yields %—ﬂt:o = boyp—spp-
The b-dependence was also determined with H1 and fixed-target data using just a single
equation of the form

b(W) = b(Wo) + day log(W/ W), (A.6)
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that describes the data well in both the Reggeon- and Pomeron-dominated regions. The shrink-
age of the diffraction peak was observed with fitted values of b(Wp) = 9.59 + 0.14f8&§ GeV—2
and a; = 0.233 + 0.06415:02 GeV 2. Combining these results gives

ST (11— 0) = (b(Wa) + e log(W/ W) ) o (W0 { (VVVVO)S + fR(VVVVO)(SR}. (A7)

Using this expression in eq. (A.2) and eq. (6.1) allows a calculation of the differential cross-
section for UPC p production in the impulse approximation.

Multiple interactions are taken into account using a Glauber calculation, assuming
vector-meson dominance and using the optical theorem to relate the total cross-section to the
imaginary part of the forward scattering amplitude. Following ref. [51], the photoproduction
cross-section on the nucleus can be written,

2
Glauber _ [ € 27
O PbopPb = (f) /d b
P

where T4 is the thickness of the nucleus at impact parameter b and opn is the total p-nucleon

2
1 — e 9enTa(b)/2

(A.8)

cross-section. The experimentally derived quantity fp2 /(47) = 2.01 £ 0.01 is used for the p-y
coupling constant. The thickness is found from the nuclear density,

+oo

Ta(b) = / dz (pp(\/b2 2+ on(VE + z2)>. (A.9)
—0oQ

The total cross-section for p-nucleon scattering can be found once again from the optical

theorem,

doyp—pp _ _1<e>2 2
& (W,t=0) = 67\ 7, o,n(W), (A.10)

with do.,—pp/dt given by eq. (A.7).
The Glauber approximation only considers elastic scatters and needs to be extended

to include inelastic scatters. This can be done with a Gribov-Glauber model as described
in ref. [51], and eq. (A.8) is modified to

2 2
A= (1) [ @[ arpe)(1-emor) (A1)
P

where now instead of a single value for oy, a distribution, P(c), of p-nucleon cross-sections

is used with

1 —(o/o0—1)2/0Q2
P(o) = Cme (0/o0—1)%/8%, (A.12)
The parameters, C,0¢, 2 are detailed in ref. [51], where C' is a normalisation constant,
the average total cross-section [oP(c)do = o,n, and the width of the distribution, § is
constrained by data.

The uncertainties on the predictions are calculated as the quadratic sum of the uncertainty
on the photon flux, obtained by changing the ion radius by 0.5 fm, and the uncertainty on
doyp—sp/dt(W,t = 0), calculated from the uncertainties and correlations on the parameters
of eq. (A.7) given in ref. [20]. For the Gribov-Glauber model, an additional uncertainty is
added in quadrature, obtained by changing the dispersion of P(¢) as described in ref. [51].
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