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We show that ultraperipheral heavy-ion collisions at the Large Hadron Collider (LHC) can be used to
search for axionlike particles with mass below 100 GeV. The Z* enhanced photon-photon luminosity from
the ions provides a large exclusive production rate, with a signature of a resonant pair of back-to-back
photons and no other activity in the detector. In addition, we present both new and updated limits from
recasting multiphoton searches at LEP II and the LHC, which are more stringent than those currently in the

literature for the mass range 100 MeV to 100 GeV.
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Introduction.—A number of outstanding experimental
and theoretical observations point to an incompleteness of
the standard model (SM); notable examples include the
existence of dark matter, the strong CP problem, and the
hierarchy problem. Proposed resolutions typically involve
the introduction of new particles or even whole new sectors
beyond the SM. The Large Hadron Collider (LHC), in its
capacity as an energy-frontier proton-proton (p-p) collider,
has a suite of dedicated searches for many different new
physics scenarios (for an overview, see Refs. [1,2]).

Beyond p-p collisions, the LHC also collides heavy ions
at unprecedented energies. ATLAS, CMS, LHCb, and
ALICE have all recorded proton-lead (p-Pb) and lead-lead
(Pb-Pb) collisions. For Pb-Pb collisions at the LHC, the
design luminosity is ~1 nb~!/yr, with an eventual center-
of-mass energy per nucleon of /syy = 5.5 TeV. With this
reduced luminosity and lower per-nucleon collision energy,
heavy-ion collisions are not optimized for typical beyond
the SM (BSM) physics searches. However, the large charge
of the lead ions (Z = 82) results in a huge Z* enhancement
for the coherent photon-photon luminosity, which can in
principle be exploited to search for new physics that
couples predominantly to photons. Interestingly, this coher-
ent enhancement extends to energies above 100 GeV,
essentially because the wavelength of such high energy
photons is still longer than the Lorentz-contracted size of
the ultrarelativistic Pb ions.

These coherent electromagnetic interactions occur in
ultraperipheral collisions (UPCs), where the impact param-
eter is much larger than the ion radius, such that the ions
scatter quasielastically and remain intact. (See Refs. [3-5] for
reviews.) Such exclusive processes are characterized by a
lack of additional detector activity and a large rapidity gap
between the produced particles and outgoing beams. This
allows very efficient background rejection of nonexclusive
interactions and provides a clean environment to search for

Although the rate for this process is too small for the planned
luminosity at the LHC [9], it is, nevertheless, a very
instructive benchmark for the study of exclusive particle
production in UPCs. Other proposals include searches for,
e.g., supersymmetry [10] or extra dimensions [11], but have
not been competitive with the analogous searches with p-p
collisions.

In this Letter, we present an application of heavy-ion
collisions to search for scalar and pseudoscalar particles
produced in photon fusion (Fig. 1) and with mass in the
range 5 to 100 GeV. (See [12-14] for early proposals
related to MeV-scale particles in low energy heavy ion
collisions.) Relatively light pseudoscalar bosons are natural
ingredients in a large class of models which invoke the
breaking of approximate symmetries. The z° and 5 are
known examples in the SM. In extensions of the SM, such
particles can couple to the electromagnetic sector through a
Lagrangian of the form

where a is the new pseudoscalar, often referred to as an
axionlike particle (ALP), F* = %E”UPGF o> M, 18 the mass
of the ALP, and 1/A is the coupling constant. We also
consider an ALP coupling to hypercharge, through the
operator —[1/(4 cos?0y)](a/A)BB. Although we take a
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new particles. One particularly fascinating early proposal ~ FIG. 1. Exclusive ALP production in ultraperipheral Pb-Pb
was a search for the SM Higgs boson in photon fusion [6-8]. collisions.
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pseudoscalar as a benchmark, our conclusions apply for
scalars as well, upon substituting F(B) with F(B) in Eq. (1).

For UPCs, the total cross section for ALP production in
the narrow width approximation is given by

7752

o, =

T(a = yy)L,,(m7), (2)
a

where I'(a — yy) = (1/64x)(m}/A?) is the decay width of

the ALP into photons, and L£,,(m3) is the photon-photon

luminosity, evaluated at m,,.

Photon-photon  luminosity.—For an ultrarelativistic
charged particle with charge Z > 1, the surrounding
electromagnetic fields can be thought of as a pulse of
nearly on-shell photons. This is known as the Weizsicker-
Williams method, or the equivalent photon approximation
[15,16]. To facilitate a qualitative discussion of the relevant
physics, we first consider the flux per unit area for a
relativistic point particle:

N(E,b) = Z—Zza <E>2K% (ﬂlﬂ) (3)
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where y is the Lorentz boost of the ion, 5 is the transverse
displacement from the moving charge, and K; is the
modified Bessel function. The total photon-photon lumi-
nosity for exclusive collisions is then

R Y P ; -
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X P(|by = by[)3(3 — 4E, Ey). )

where P is the probability for the absence of hadronic
interactions. To further ensure that the collisions are
exclusive, the integral is restricted to |l;1,2| > R4, where
R, is the nuclear radius. This justifies the approximation of
a pointlike charge distribution in Eq. (3); different charge
distributions have been considered as well, see, e.g., [17].

If we neglect the exclusivity term P, Eq. (4) can be
written in a factorized analytic form [18,19]

N E, E>\ ..
EW(S) = 5/ dEldEzl’l}, <E—R) n}, <E—R>5(S — 4E1E2),
(5)
where Er = y/R,, and
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which acts as a photon distribution function with
x = E| ,/Eg. The center-of-mass energy where the coher-
ently enhanced photon-photon luminosity becomes expo-
nentially suppressed is roughly 2Eg. For the LHC, this
scale is

R 55Tev) \ R,

where the boost factor y = 2932 and R, = 1.2A4'/3 fm,
with A = 208 for the isotope used at the LHC.

In general, the exclusivity factor P can, however, not be
neglected, which implies that Eq. (4) cannot be factorized.
To address this issue, we implemented ALP production in
the public Monte Carlo code STARIight [20], which com-
putes P using nuclear density profiles and evaluates Eq. (4)
numerically. To estimate uncertainties associated with the
ion radius, we also numerically evaluate Eq. (4) with an
approximate form for P(\l;l - 1;2|) = 9(|l;1 - 52| —2Ry).
A 5%-10% variation of R, in this calculation translates
into a 10%—-20% effect on the luminosity. While we use the
full sTARIight calculation for the ALP signal, it is useful to
compare with the simplified analytic form in Eq. (5).

In particular, for E < Ej the flux is dominated by the |5, —

52| > 2R, part of the integral, and the effect of the
exclusivity factor is subdominant. Compared to the analytic
approximation in Eq. (5), we find that the production cross
section from STARIight does not differ significantly for low
mass ALPs, and is up to 20% lower for m, ~ 100 GeV.

Before moving to the experimental side of our story, there
are a few additional details worth mentioning. First, in our
treatment we neglected polarization effects which a priori
could result in different production cross sections between
scalars and pseudoscalars. However, it was shown such
effects are small, after integrating over all impact parameters
[18,21]. Second, in the equivalent photon approximation
we implicitly assumed zero virtuality for the photons. The
STARlight calculation accounts for small photon virtualities,
which results in a small (<100 MeV) recoil of the yy system
against the ions themselves, see [22]. Third, in a large fraction
of events the ion will end up in an excited state after the
collision takes place, for instance through giant dipole
resonances [23]. This can lead to downstream dissociation
and neutrons ejected in this process can be picked up by the
zero degree calorimeters, providing an additional tagging
technique for UPCs, see, e.g., [24].

Analysis strategy.—Event selection: Our proposed
analysis closely mimics the CMS search for exclusive yy
production in p-p collisions [25], as well as the analogous
search for light-by-light scattering proposed in Ref. [26].
For Pb-Pb collisions we rely on a dedicated trigger for UPC
events which requires two photons with pr > 2 GeV, as
well as the absence of any activity in at least one of the
forward calorimeters. We hereby assume 90% trigger and
reconstruction efficiency. Our off-line selection consists of
a pseudorapidity cut of |57| < 2.5 on each photon as well as
a tight cut on the azimuthal opening angle of |A¢ — | <
0.04 for back-to-back photons. These cuts are nearly fully
efficient for high mass ALPs and yield a 70% fiducial
efficiency for the lowest masses that can be recorded by the
trigger (m, 2 5 GeV). In the following, we assume a mass

2E, :;—y: 170 GeV( VSN >(7 fm), (7)
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FIG. 2. The dominant backgrounds to the ALP signal are from £
light-by-light scattering in ultraperipheral Pb-Pb collisions, and < ‘g
ete™ production where both electrons fake a photon. 100 ]
resolution of 0.5 GeV; although the mass resolution is
expected to be worse for m, 2 20 GeV, this will not affect 4‘0 50
the sensitivity since backgrounds are negligible in this
regime.
We assume a rejection of all events from nonexclusive FIG. 3. Differential cross section for signal and background.

processes through a strong veto on tracks and additional
isolated activity in the calorimeters, e.g., [24]. Given the
absence of pileup at Pb-Pb collisions, we do not expect
such a veto to significantly degrade the signal efficiency
(see also [25]).

Backgrounds: There are two types of backgrounds
important for the ALP search: irreducible SM photon
production and experimental backgrounds which fake
diphoton production. The irreducible background consists
of exclusive photon production mechanisms which give
rise to an approximately smoothly falling distribution in
m,,. The second background comes from photon fakes due
to electrons.

Because of the Z* enhancement of the photon flux, the
dominant irreducible background comes from light-by-
light scattering (LBL), a process which was first calculated
for heavy ion collisions in [26]. This is shown on the left-
hand side of Fig. 2. We have computed the rate for LBL in
the equivalent photon approximation using the one-loop
matrix element for massless fermions [27] and find rea-
sonably good agreement with detailed calculations in
[26,28,29]. Such a background is irreducible but follows
a continuum (except for small effects at around the bb
threshold), as can be seen in Fig. 3.

Another continuum background where the ions remain
intact arises from exclusive hadronic processes, such as
central exclusive production of photons. For p-p collisions,
this process has been calculated [30-32] and constrained
experimentally at 7 TeV with CMS [25]. To the best of our
knowledge, no prediction is currently available for the
analogous process in heavy-ion collisions. One could make
a simplistic estimate of this contribution in Pb-Pb collisions
by rescaling the p-p prediction with ~A%/3 (by reason that
only the outermost nucleons contribute) which would
render this background negligible; however, we note that
there is a large theoretical uncertainty in the expected
scaling with A. Nevertheless, even without an accurate
prediction for the rate, this background can be experimen-
tally controlled with the cut of |[A¢ — z| < 0.04 applied to
the photon pair [26].

Shown from bottom to top are the stacked background distribu-
tions for bremsstrahlung photons from electrons (purple), fake
photons from electrons (blue) and light-by-light scattering (LBL)
(green). The red (orange) line shows an injected signal with a 5 nb
production cross section for m, =15 GeV and A =17 TeV
(m, =40 GeV and A = 8 TeV), taking an energy resolution of
0.5 GeV.

A second hadronic background comes from exclusive
production of mesons with substantial branching fractions
to photons. We consider exclusive z°z° production as an
example process in this category. Using the total rate
computed in [33], we find the fiducial rate after our cuts
to be less than 1 nb. In this estimate we also assumed that
two photons for which AR < 0.1 are resolved as a single
photon.

An important reducible background could come from
ete™ pair production [34], where both the electron and
positron are misidentified as photons. The leading order,
fiducial cross section for this process (right-hand panel in
Fig. 2) is as large as 320 ub, as computed with the STARIight
package. This large e™e™ rate implies that it is essential to
keep the mistag rate sufficiently low. With an estimated 1%
mistag rate for each electron this process provides a small
but non-negligible background, as shown in Fig. 3.

There could also be a significant number of hard
bremsstrahlung photons emitted from the leptons in exclu-
sive ete™ production [35] (bremsstrahlung photons from
the ions themselves only have p; < 1/R4 ~ 60 MeV).
Events where the ee™ tracks are lost or where both
leptons go down the beam pipe can then contribute to
the background for the yy search. To estimate this con-
tribution, we compute the differential cross section for
vy — ete yy for fixed v/§ with MadGraph [36] and sub-
sequently reweight the cross section with the Pb-Pb photon
luminosity function. We hereby require the e*e™ to either
have high rapidity |y| > 2.5 or low p; < 100 MeV,
while the photons must pass the cuts specified above.
Even though the total rate for this process is rather high, we
find the fiducial rate to be small, as shown in Fig. 3.
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FIG. 4. (Left) Expected sensitivity to the operator (1/4)(1/A)aF Fin heavy-ion UPCs at the LHC (green solid and dashed curves, for
a Pb-Pb luminosity of 1 and 10 nb™!, respectively). Shown for comparison is the limit from 36 pb~! of exclusive p-p collisions [25] (red
dot-dashed). New and updated exclusion limits from LEPII (OPAL 2y, 3y) [42] and from the LHC (ATLAS 2y, 3y) [43,44] are indicated

by the various shaded regions (see text). (Right) The analogous results for the operator [1/(4 cos? @y,)](1/A)aBB. The LEPI, 2y (teal

shaded) region is taken from [38].

The relevant exclusive backgrounds and some example
signals are all shown in Fig. 3. With an integrated
luminosity of 1 nb~! and for m,, 2 15 GeV, we find the
expected background to be smaller than 1 event/0.5 GeV.

Results and discussion.—The ALP parameter space is
already substantially constrained by cosmological and
astrophysical observations, as well as by a broad range
of intensity frontier experiments (see, e.g., [37] for a
review). In the regime of interest for UPCs (1 GeV<S
m, < 100 GeV), the existing constraints, however, come
from LEP and LHC [38-40].

In Fig. 4 we show the expected sensitivity from UPCs,
both for the current (1 nb™') and the high luminosity
(10 nb~!) Pb-Pb runs. (Even though the integrated lumi-
nosity is higher, the expected limits from the p-Pb runs are
not competitive due to a less favorable Z> scaling of the
rate. Collisions of lighter ions, e.g., Ar-Ar, could be
competitive if the integrated luminosity is increased by 2
to 3 orders of magnitude compared to Pb-Pb.) For each
mass point we computed the expected Poisson limit [41]. In
the mass region for which there is background, we assume
the entire signal falls into a bin equal to twice the mass
resolution. In the remaining, background-free region we set
a limit on the total signal rate. We also show the analogous
limit from the p-p analysis performed by CMS [25],
although we find it is not competitive with other LHC
limits. For the BB operator, the expected limits from heavy-
ion collisions are competitive with the other collider limits,
whereas for the FF operator they are significantly stronger.

The existing exclusion limits come from beam dumps
[45,46], LEP, and the (p-p) LHC. We derive LHC limits
using a diphoton search at m, > 60 GeV [43], and using

the ATLAS 3y search at lower masses [44]. For the latter
search, we were not able to reliably extract a limit for
m, 2, 60 GeV with the available public information (see,
e.g., [38—40] for projected limits). For the BB operator, we
also show the limit on the exotic decay 70 = ay [44].

LEP searches also constrain associated production,
ete™ — ya. We show limits from a resonance search by
OPAL for m, > 20 GeV [42]. For 50 MeV-8 GeV, we
derive a new exclusion on the aFF operator by utilizing
data from the OPAL inclusive 2y search [42]. This
improves on previous limits [38], which were derived
using LEPI data. The analogous LEPI limits from [38]
are shown for the aBB operator. The Appendix gives more
details on the LEP and LHC limits summarized above.

Below m, <5 GeV the signal in Fig. 1 falls below the
trigger thresholds, and it is an interesting puzzle as to how the
reach can be extended to this regime. To further probe this
region with Pb-Pb collisions, we considered (i) an off-shell a
would provide a new contribution to light-by-light scattering,
(i1) associated production, for example with electrons
yy = aete”, and, (iii) ALP pair production yy — aa.
Unfortunately, these signal cross sections do not provide
enough sensitivity compared to existing constraints: for
A =1 TeV we find 0.004, 0.2, and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions at
the LHC can provide the best limits on ALP-photon
couplings for 5 GeV < m, < 100 GeV. The very large
photon flux and extremely clean event environment in
heavy-ion UPCs provides a rather unique opportunity to
search for BSM physics.
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Klein and Daniel Tapia Takaki for valuable comments
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APPENDIX: DETAILS ON LEP
AND LHC LIMITS

LEP.—The LEPI limits shown in the right panel of Fig. 4
are taken from Ref. [38], which used an inclusive eTe™ —
2y search on the Z pole to set limits on the process
ete” > Z - ay.

We extract limits from LEPII using the OPAL analysis
eTe™ = 2y, 3y [42]. For m, > 20 GeV, we apply the limits
on the cross section for ete™ — ay, a — 2y given in Fig. 9
of Ref. [42], obtained using the data sample with three
photon candidates. In the mass range 50 MeV-8 GeV, we
instead use the inclusive e e~ — 2y signal region. For such
ALP masses, the photons from the ALP decay are colli-
mated, but no explicit photon isolation is required by the
analysis of [42]. We derive new limits by generating events
for eTe™ — ay, a — 2y using MadGraph, and then applying
the selection criteria of [42] on photon energy, angle, and
acoplanarity (finding an efficiency ~0.9). Then, using the
observed and expected background quoted in Table 5 of
[42], and assuming Poisson statistics, we set a 95% con-
fidence limit bound on the signal cross section.

LHC.—For m, > 60 GeV, we calculate the fiducial
cross section of pp - a — yy and compare with the
constraints in Ref. [43]. Associated production of ay is
also constrained by multiphoton searches at the LHC. The
ATLAS analysis in Ref. [44] considers rare Higgs and Z
decays to three or more photons at the /s = 8 TeV run of
the LHC. While the models considered are somewhat
different from ours, the search for Higgs decay to aa
has a similar signal region. This analysis requires three
photons and places limits on a resonance in the invariant
mass of second and third photon. We have approximately
recast the published limits on the Higgs decay & — aa by
rescaling the acceptances for the photon cuts from the
Higgs model to the case of ALP associated production.
This is shown as the yellow region labeled ATLAS 3y in
our figures. With the available public information, it is,
however, not possible to fully reconstruct the analysis for
the ALP case, in particular due to the different kinematics
and combinatorics in the final state. We expect that this
limit can therefore be made more robust with a dedicated
study by the collaboration.

For the BB operator, we repeat the analysis described
above, including the contribution from Z° exchange. In
addition, Z° — ay is also possible as an exotic Z° decay.
We obtain a limit by comparing the branching ratio with the

constraint on Z° — 3y [44], shown as the Z° — 3y region
in the right-hand panel of Fig 4. We have cut this off at
m, ~ 70 GeV due to the requirement of p% > 17 GeV.
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