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Abstract: We propose searching for dark photon signals in the decay channel of # mesons, specifically through the
leptonic decay (A’ — ete”(u*u™)) observable in photon-photon interactions during ultra-peripheral heavy-ion colli-

sions. We estimate the total cross-section for dark photon production in ultra-peripheral PbPb collisions at current

and future hadron colliders. Our findings support the potential for detecting dark photon signals at the LHC, High-
Luminosity LHC, High-Energy LHC, and Future Circular Collider.
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I. INTRODUCTION

High-energy experiments in hadron physics provide
an important window for testing the theory of quantum
chromodynamics (QCD), the strong interaction theory of
the standard model. The study of the properties of the 7
meson provides a test of the basic symmetries of QCD in
the standard model and even the possibility of a theoretic-
al precedent beyond the standard model (BSM). In addi-
tion, the study of the # meson may provide a theoretical
basis for anomalous behavior of basic symmetries. The
first prediction of the # meson came from the Sakata
model in the 1950s [1-5] and was finally completed by
Gell-Mann and Ne'eman [6, 7], using an eightfold ap-
proach to fill in the last piece of the pseudoscalar meson
octet. In 1961, the n meson was discovered in the three-
pion resonance state [8], but due to isospin symmetry,
Gell-Mann did not identify this channel. In addition to the
traditional studies of # decay modes (see the recent re-
view paper [9]), # also serves as a laboratory for search-
ing for new weakly-coupled light particles at the GeV
scale. These particles include dark photons and other hid-
den gauge bosons, light Higgs-like scalars, and axion-like
particles. These particle states are predicted to be associ-
ated with dark matter and other matter beyond the SM
frameworks and have become one of the most active re-
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search areas in phenomenology over the past decade
[10-13].

Dark matter dominates the cosmic matter density, and
its cosmological abundance and stability may indicate the
existence of a dark sector with its own forces, symmet-
ries, and spectrum of frequencies, perhaps as rich as the
standard model [14]. Meson studies provide a unique op-
portunity to discover dark matter in the MeV-GeV mass
range [15, 16]. From the perspective of symmetry, the
symmetries of the standard model are extended at the
level of dark matter. In particular, the extension of the
SUB)xSUR2)xU(1) gauge symmetry predicts new light
vector bosons - dark photons A’. In this manner, search-
ing for dark photons in experiments can utilize these
couplings to explore the contributions of dark photons in
electromagnetic interactions [17, 18]. Various experi-
ments have been conducted to study the properties of
dark photons, including Refs. [19-26]. In particular, it
has been found that the study of meson decays can
provide probes of dark photons, largely due to the signi-
ficant number of meson events produced by large hadron
colliders, which can provide a considerable number of de-
cay modes. Inspired by Ref. [26], we will investigate the
production of dark photons in conjunction with the rare
decay process of #.

Searching for light hidden particles through the study
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of # decay modes is feasible. In addition to # decay being
a primary channel for searching for various exclusive hid-
den particles produced by proton beam dump [11,
27-31], one of the main reasons is that tagging # decay
can easily distinguish between different models based on
the other particles in final states. Therefore, existing high-
energy colliders, as well as future ones, are crucial for
searching for dark photon and dark matter candidates [17,
32]. The process of obtaining dark photons from # decay
has been thoroughly analyzed and discussed in Ref. [33],
and we integrated these perspectives into this study.

In this paper, we propose that in ultra-peripheral colli-
sions (UPCs), it should be possible to find the channel
where 7 decays into a dark photon and a classical photon,
and we consider the light decay of the dark photon, ulti-
mately leading to the reconstruction of events with a spe-
cific mass of the dark photon. The remainder of this pa-
per is as organized follows: In Sec. II, we provide some
information on the production of # in UPCs, including the
equivalent photon approximation and a realistic model for
the nuclear photon flux. We also describe the branching
ratio of 7 — A’y. The main numerical results are presen-
ted in Sec. III, including the distribution of event yields
with respect to the parameters at different center-of-mass
energies. Finally, we present the main conclusions of this
work, along with a brief discussion and outlook of the ex-
perimental aspects.

II. PRODUCTION OF DARK PHOTONS IN
ULTRA-PERIPHERAL LEAD-LEAD
COLLISIONS

A. Cross-section in UPC process

The process of PbPb UPC producing # and decaying
into A’ is shown in Fig. 1, where the # meson is gener-
ated by the interaction of heavy-ion beam radiation.
UPCs require the impact parameter of the two lead nuc-
lei to be greater than twice the nuclear radius. In UPCs,
the total cross-section of PbPb — PbPby can be written in
the well-known form from [34] with equivalent photon
approximation [35]

o (PbPb — Pb®75®Pb; s)
w

XN (wi,b) N (w2,b)0(lb) —by| —2Rpy), (D

where W = V4w w, represents invariant mass of the yy
system, and y is the rapidity of # in the final state. The
photon flux energy w ) is written in terms of W and y as
follows:

Pb

Pb
Fig. 1.  (color online) Feynman diagram illustrating the pro-
duction of dark photons in Pb-Pb ultraperipheral collisions.
The cyan shading represents the unknown details of the # de-
cay, and wj(z) denotes the energy of the photon fluxes radi-
ated by the two lead nuclei. We only consider the case where
dark photons decay into electron or muon pairs.

w w
wlzfe‘ and wzzfe). (2)

The step function in Eq. (1) serves as an absorption
factor, excluding the overlap collisions of nuclei and
thereby constraining the results within the UPC frame-
work. It is important to emphasize that the step function
represents the approximation of nuclei as hard spheres.
To consider the electromagnetic distribution within the
nuclei, besides introducing the electromagnetic form
factor (as mentioned later), it may also be necessary to
account for nuclear breakup, as referenced in [36]. This
nuclear breakup can introduce significant corrections in
the process of lepton pair production via photon-photon
collisions [37, 38], but it is not the primary focus of our
work. Moreover, b; and b, represent the impact paramet-
ers. For nucleus, we choose Rpy, = roAp; with ry = 1.2 fm,
and the mass number of lead is Ap, =208. In particular,
N(w,b) is the equivalent photon flux for a given photon
energy w and impact parameter b, which can be ex-
pressed in terms of the form factor F(g?) for the equival-
ent photon source as follows:

Z2a,, 1

ol e
(bw/yL)?* +u? 1 :
xF ( VR > Golyrrwe

€)

N(w,b) =

where Z is the atomic number of nucleus and «,,, denotes
the fine structure constant. y; is the Lorentz factor, which
is discussed below. J, () is the first-kind Bessel function.
Form factor is the Fourier transform of charge distribu-
tion in the nucleus. If one assumes tha p(r) is the spheric-
al symmetric charge distribution, the form factor is a
function of photon virtuality ¢* [39]:

¢ qr)
3! 5!

F<qz> =/4§P(r)sin(qr)rdr= 1- - (4
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Referring to Refs. [39, 40], the form factor function is
given as

2

- A+ ¢?

F(q) ®)

with A =0.088 GeV for nucleus [41—43]. Thus, the equi-
valent photon flux is written as

VAL
Nwb =20 L0k (,2)
T

w LyL YL

2 2 2

- Zank (b Zan } . ()
YL YL

where K, is the modified Bessel function of the second
kind. Lorentz factor y, is computed as y, = +/syn/2my,
where my is the nucleon mass.

The cross-section for the yy — n process can be cal-
culated using the Low formula, given by [44]

r —
G(yy > mW?) =822 2J + DLW —my),  (7)
m

n

where J =0 is #'s spin, and T’,_,,, is the two-photon de-
cay width of #. Moreover, m, denotes the mass of the #
meson.

Based on Egs. (1)—(7), the total cross-section of the
process PbPb — Pb®ye*e™(u* 1) ® Pb is defined as

o(PbPb — Pb®ye*e(u* ™) ® Pb; s)
= o (PbPb — Pb®7®Pb)
X B — Ay)XBA — eTe (U u)), ®)

where s is the square of the center of mass energy of the
PbPb system. B(n — A’y) and B(A’ — e*e (u*u~)) denote
n decay to dark photons and dark photon decay to elec-
tron or muon pair, respectively.

We first consider the branching ratios of dark photon
decays to lepton pairs, specifically the branching ratios of
the A’ — eTe” or A’ — u*u~ processes. Information on the
mass-dependent decay branching ratios of the dark
photon below the # meson mass threshold can be found in
Ref. [33], indicating that for m, <m,, the dark photon
mainly decays into the two aforementioned decay chan-
nels. We adopt the branching ratio results from [33] and
present the branching ratios of the dark photon A’ decay-
ing into the two types of lepton pairs in Fig. 2.

It is important to emphasize that in this work, we only
consider the dark photon decay below the # meson mass
threshold. The appearance of decay channels with had-
rons as final states leads to a reduction in the branching
ratios for lepton pairs, which is beyond the scope of this

— F=ete-

1.001 —— F=ptu-
075
1
NS
R 0.50

0.251

0.00 " " ; " . . : .

0.1 0.2 03 04 05 06 0.7 0.8 0.9
mu [GeV]
Fig. 2. (color online) Branching ratios of dark photon decay-

ing into lepton pairs, including electron and muon pair final
states. The curves come from Ref. [33].

study. Now, there is one remaining branching ratio re-
lated to the dark photon B(n — A’y) that needs to be dis-
cussed, which is also the largest source of uncertainty in
the current analysis.

B. Branching ratio of n — A’y

The dark photon is the benchmark model for gauge
mediators accessible at low energies [18, 45, 46]. The
gauge boson A’ mixes with a photon through kinetic mix-
ing and charge coupling [47, 48]. The kinetic mixing term is

E
inmix. — — FIVB#V’ 9
Liin mix. 2cosfy * ©)

where F) (B") is the U(1)" (hypercharge U(1l)y) field
strength tensor and 6y is the weak mixing angle. This
will result in a kinetic mixing coupling between the fields
of the standard model and the U(1)' field Liy = —eejt, A,
As the kinetic mixing parameter ¢ is constrained to be
small, these couplings are far weaker than electromagnet-
ism [9, 47-50]. The couplings are suppressed by &. The
NAG62 collaboration at the CERN SPS has reported the
results of the search for # decays to photons and dark
photons A’ [25], improving the previous constraints on
the dark photon mass m, and coupling €*. However,
there is currently no viable approach for the precise ex-
ploration of the parameter space of dark photons (m,4,,&?).
Based on previous studies of the decay mode of 7 in-
to a classical photon and dark photon, we adopt the
branching ratio form from Refs. [27, 29, 51-53]:

B — Ay) = 2828(17 - vy) (1 —mi, /m727)g
X | Fypry (2, 07, (10)
where B(n — yy)=39.36% denotes the branching ratio of

n decay to 2y [54]. From Refs. [29, 53], the transition
form factor F,,., ~ 1 is used in our analysis.
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We now find that to calculate the total cross-section
in Eq. (8), it is necessary to determine the values of the
dark photon's mixing parameters (my4,£%). As mentioned
earlier, there is currently no well-established method to
tightly constrain these parameters with high precision.
Following suggestions from literature reviews [9, 55—59],
we limit the dynamical mixing parameter ¢ of the dark
photon to 107 <e<10™*. We acknowledge that the
strength of the dark photon coupling is constrained by ex-
isting and future experiments, and our results strongly de-
pend on the choice of &.

III. RESULTS AND DISCUSSIONS

We first simply examine the influence of the paramet-
ers my and & on the results. For this purpose, we first
calculate the rapidity distribution do-/dy for the process
PbPb — PbPby, considering the n— A’y and A’ —
e*e (utu~) decay processes. As shown in Fig. 3, it is
evident that the calculated results strongly depend on the
chosen parameter space (my.,£*). Therefore, a high-preci-
sion determination of the properties of the dark photon in
experiments is necessary. It can be seen from Eq. (10)
that the cross-section is suppressed by the parameter &2,
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Fig. 3.

and the smaller the mass of the dark photon my., the lar-
ger the cross-section. This indicates that in the collision
process under study, there is a higher likelihood of produ-
cing low-mass dark photons in the final state. The dark
photon decaying into different lepton pairs, such as e*e”
or u*u~, is the reason for the different differential cross-
sections under the same parameter settings. This can be
observed in Fig. 2.

It is valuable to study the total cross-section of UPC
and the number of detectable event signals in the detect-
or. We assume the total cross-section within the detector's
central rapidity interval (|y| <2.0), which is a typical
rapidity range for the CMS and ATLAS detectors at the
LHC. We consider the ultra-peripheral PbPb collision
scenarios in line with the future operation and upgrade
plans of the LHC. Following the references, we estimate
the total cross-section for the next run of the LHC at cen-
ter-of-mass energies of +/s=35.5 TeV, for the High-Lu-
minosity LHC (HL-LHC) also at 5.5 TeV, for the High-
Energy LHC (HE-LHC) at 10 TeV, and for the Future
Circular Collider (FCC) at 39 TeV [60—62]. Furthermore,
we assume that the luminosities for these collider plans
correspond to a full year of operation at L = 3, 10, 10, and
110 nb"! [26] and estimate the signal events for the pro-
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(color online) Rapidity distributions of the differential cross-sections do/dy (in nb) at /s=5.5 TeV in PbPb UPCs. (upper

panels) Considering the dark photon decay into the e*e™ channel, we separately examined the cases with fixed m4 = 0.3 GeV and fixed
&2 =1078. (lower panels) Considering the dark photon decay into the u*u~ channel, we separately examined the cases with fixed

my = 0.3 GeV and fixed 2 = 1078.
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duction of dark photons decaying into electron and muon
pairs.

Figure 4 presents the total cross-section for the pro-
duction of dark photons in PbPb collisions in the two-di-
mensional parameter space (my4,&*). The center-of-mass
energy is set to /s =5.5 TeV, and we consider different
lepton decay channels for the dark photon. Overall, both
types of lepton decays of the dark photon show a trend of
increasing total cross-section with increasing £ and de-
creasing my, . However, in the case of A’ —e*e™, the
cross-section exhibits a clear boundary around m,, ~ 2m,
(see left panel of Fig. 4). This is due to the possibility of
the u*p~ final state decay above the threshold of twice
the muon mass.

These predicted cross-sections need to be considered
and discussed in the context of the main background. As-
suming the parameter choices my =0.05 GeV, &> =108
for the A’ — e*e” case and my =0.22 GeV, & =10"% for
theA” - u*u~ case, we estimate the main background
n—yete (utu). First, we find the corresponding
branching ratio from the Particle Data Group [54] to be
B — yete (utu~)) = 6.9(0.31) x 1073, Next, we estimate
the ratio of the PbPb cross-section with and without the
intermediate dark photon at /s =5.5 TeV, using the de-
tectable rapidity range of the central rapidity detector,
[y <2.0. For A’ — e*e™ type, the resulting signal and
background cross-sections are g =0.0941 nb and
Obackeround = 84744.681 nb, respectively. For these cases,
we have estimated and predicted that the signal-to-back-
ground ratio is 1.1 x 107°. The signal-to-background ratio
for the decay of dark photons into muon pairs can be ana-
lyzed similarly, which gives the signal-to-background ra-
tio 3.0x 107%. One can observe that the main background
from the decay is still quite significant. Of course, this ra-
tio depends on the two parameters related to the dark
photon discussed above. If we consider more complex
couplings involving resonant states, such as considering
intermediate states like vector mesons, the signal-to-noise

108
101
1072
o)
Nw 10-9 10 .E.
8
1074 B
107
10710 107°

01 02 03 04 05
my [GeV]

Fig. 4.

ratio will be improved [63]. In meson decays, constraints
on searching for dark photon signals in the invariant mass
spectrum of electron-positron pairs are provided. The ori-
gin of the final state electron-positron pairs should be
considered and reflected in the signal-to-noise ratio ana-
lysis. Moreover, we naively assume that the direct final
state of ye*e (u*u™) is easily distinguishable in experi-
ments so that such background noise can be removed,
thus obtaining event selection related to the dark photon.

Subsequently, we provide predictions for the number
of signal events that could be achieved under the current
experimental energy and luminosity conditions at the
LHC, as well as the estimated signal yields for the HL-
LHC, HE-LHC, and FCC facilities. Similar to the estima-
tion method for the total cross-section, we simultan-
eously consider the dark photon decaying into e*e™ and
whu~, providing a two-dimensional distribution of signal
yields with respect to the parameters (m,.,&?) under vari-
ous experimental conditions, as shown in Fig. 5.

The distribution of signal events clearly depends on
the corresponding total cross-section distribution, follow-
ing the same trend of variation. Although the signal yield
generated under the current PbPb UPC experimental con-
ditions at the LHC is limited, it is possible to reconstruct
the dark photon production process by tracking rare # de-
cays in the FCC facility. Furthermore, compared to
7’ — Ay, 1 — A’y can raise the mass detection limit of
the dark photon to near the # mass threshold, providing
more options for dark photon mass selection.

IV. CONCLUSION AND OUTLOOK

In this study, we investigated the production of dark
photons from the decay of # mesons in UPCs at the LHC
with different center-of-mass energies. We utilized the
n — A’y branching ratio descriptions from Refs. [27, 29,
51-53] and the branching ratios of A’ decaying into
lepton pairs from Ref. [33]. By performing numerical cal-

10-8
1072
5
10 3
10—9 —
“ 1074 8
5
105
10710 10°°

0.25 0.30 0.35 0.40 0.45 0.50
my [GeV]

(color online) Cross-sections (in nb) for the dark photon production in PbPb collisions at +/s=35.5 TeV. The horizontal and

vertical axes represent the values in the (m4,£?) parameter space. The left and right panels are considered as the cases of 4’ decaying

into e*e” and ptu~, respectively.
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Fig. 5.

0.1 0.2 0.3 0.4 0.5
ma [GeV]

01 02 03 04
my [GeV]

10
0.25 0.30 0.35 0.40 0.45 0.50
my [GeV]

10l
0.25 0.30 0.35 0.40 0.45 0.50
my [GeV]

(color online) Two-dimensional (m,s,s?) distribution for the number of events per year in PbPb collisions at the LHC, HL-

LHC, HE-LHC, and FCC considering the central rapidity ranges (see text). The upper and lower panels are considered as the cases of

A'decaying into e*e” and u*u~, respectively.

culations, we estimated the total cross-section for produ-
cing dark photons in ultra-peripheral PbPb collisions at
existing and planned future hadron colliders, as well as
the signal yields, as depicted in Figs. 4-5.

In theory, in addition to heavy ion beams, proton
beams can also be used for UPC experiments; although
the photon flux input of UPCs is proportional to the
square of charge number Z? of the beam particles, proton
beams often have higher luminosity. However, higher lu-
minosity implies larger pileup, which will make this
measurement impossible in pp collisions [22, 24] (also
see the review article [64]). Thus, the absence of pileup in
PbPb collisions may make this system more beneficial to
trigger on and reconstruct any UPCs compared to pp col-
lisions. We also note that many studies have investigated
the production of a large number of # decay events in pp
collisions [24, 65], focusing on the perspective of strong
interactions producing #. Our work serves as a comple-
ment to these studies by exploring the UPC process. It
should be emphasized that high-precision measurements
of the n decay channel often require a higher statistical
yield of # mesons. In addition to existing heavy-ion col-
liders and the existing electron-ion collider at the Jeffer-
son Lab, planned future # factories could significantly in-
crease the yield of # mesons. A new experiment called
REDTOP (Rare Eta Decays To Probe New Physics) [66]
is being proposed, with the intent of collecting a data

sample of the order of 10" # (10" 5" for studying very
rare decays. Moreover, the Primakoff process [67] at
high-energy electron-ion colliders in the United States
[68, 69] and China [70—72] can also yield a significant
number of # mesons. In addition to the common two-
photon decay channel, the measurement precision of rare
n decays can also be significantly improved.

In addition to the upgraded versions of the LHC men-
tioned in this work, which enhance the experimental en-
ergy and luminosity, detector upgrades are beneficial for
tracking low-pr leptons and photons in the final state.
The future ALICE 3 Run 5 and Run 6 experiments [73]
have the potential to measure lower parameter space lim-
its (my,&?), such as &% = (4—10)x 10~ [58] in the # mass
region. Furthermore, high-precision tracking perform-
ance at very low pr can improve the efficiency of recon-
structing and tracking lepton pairs. This work is likely to
inspire more in-depth analyses, including cuts analysis
typically considered by experimental collaborations.
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