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1 Introduction

The study of photon-photon (v7) interactions at multi-GeV energies was first realized in
the laboratory in ete™ collisions at DESY PETRA in the 1980s [1] and at CERN LEP
in the 1990s [2, 3], and has received a significant experimental and theoretical boost in
collisions with hadron beams in the last twenty years thanks to the large v energies and
luminosities accessible at the BNL Relativistic Heavy-Ion Collider (RHIC) [4] and CERN
Large Hadron Collider (LHC) [5, 6]. In the equivalent photon approximation (EPA) [7, §],
the electric field created by a charge accelerated at high energies can be interpreted as a
flux of quasireal photons whose energies E, and number densities N, grow proportionally
to the Lorentz relativistic factor (E, o< v7) and squared charge (N, o Z?) of the beam
particles, respectively [9, 10]. At the LHC, one can exploit the availability of multi-TeV
beams (leading to boosts of v, = Epcam/mp N & 7500, 3000 in collisions with protons and
ions' at nucleon-nucleon center-of-mass energies (c.m.) of \/Syy = 14, 5.5 TeV, respectively)
and large electric charges (up to Z = 82 for Pb ions) to produce a very large number of
different processes via photon-photon fusion [11].

Most of the studies of vy processes have been carried out in proton-proton (p-p), proton-
nucleus (p-A), and nucleus-nucleus (A-A) “ultraperipheral” collisions (UPCs) at impact
parameters larger than twice their transverse radii, i.e., without overlap of their transverse
matter profiles, and with the protons and/or ions coherently emitting quasireal photons. Since
the hadrons remain intact after their electromagnetic interaction, the UPCs feature extremely
clean topologies characterized by just an exclusive final state produced in an otherwise empty
detector. The requirement of coherent emission from the hadron charge distribution imposes
very low maximum virtualities of the emitted photon: Q2. ~ 1/R?, where R is the charge
radius, i.e., @* < 0.08 GeV? for protons (Rp &~ 0.7 fm), and Q% < 81074 GeV? for Pb nuclei
(Rpp =~ 7fm). More recently, 7 collisions have also been observed in nonexclusive final
states where the hadrons overlap and produce many additional particles in parton-parton

'For proton and nucleon masses: m, n = 0.9315,0.9383 GeV, respectively. Natural units, i = c = 1, are
used throughout the paper.
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Figure 1. Selection of diagrams for the photon-fusion production of a pair of charged leptons,
vy — €10~ with ¢ = e* u*, 7%, in collisions of electrons, protons, and/or ions: Born (leftmost),
and real (second) and virtual (rest of the diagrams) NLO corrections.

interactions concomitant with the two-photon interaction [12-14], as well as in high-luminosity
p-p runs with large number of overlapping collisions (pileup) in the same bunch crossing [15].
To identify vy — X collisions in both exclusive and nonexclusive events, one exploits the fact
that the colliding photons have very small virtualities and, therefore, that the final state is
basically produced at rest in the transverse plane, i.e., p)T( ~ 0, and thus its decay products are
back-to-back in azimuthal angle ¢, i.e., have a very small acoplanarity Ay =1 — |A¢|/m ~ 0.
In the case of p-p collisions, one can in addition detect one or both surviving proton(s) in
dedicated very forward detectors inside the LHC beamline [16-19], provided that the v~
collision produces a system with large enough masses m., 2 100 GeV [20-22].

Arguably, the simplest photon-photon collision process in the standard model (SM) is the
t-channel production of a pair of charged leptons, vy — ¢T¢~ with ¢* = e*, u*, 7%, whose
elementary cross section is proportional to the square of the electromagnetic coupling, a =
1/137.036 (figure 1, left). Among those, the Breit-Wheeler (B-W) process vy — eTe™ by which
pure light is transformed into matter, was the first one studied in quantum electrodynamics
(QED) [23]. The simplicity and relatively large cross section of the B-W process have
facilitated its measurement in eTe™ collisions [24, 25] as well as in UPCs at fixed-target
and collider energies (by the WA93 [26], CERES/NA45 [27], STAR [28, 29], PHENIX [30],
CDF [31, 32], ALICE [33], CMS [21, 34-36], and ATLAS [22, 37-39] experiments), and found
in overall agreement with the theoretical EPA predictions at leading-order (LO) accuracy in
QED. However, incorporation of theoretical contributions from final-state v radiation (FSR)
(second diagram of figure 1) [36, 40] —as well as properly accounting for the polarization of
the incoming photons in order to reproduce particular dielectron azimuthal distributions [41]
— are needed to reach accord with the latest more precise data. A good control of the B-W
process where one or both et radiate a hard bremsstrahlung photon, is of relevance also
as a background in studies of light-by-light (LbL) scattering vy — v [42], as confirmed
by the experimental measurements [35, 36, 38, 43].

Exclusive dimuon production, vy — p*u™, is even better controlled than the B-W
process for experimental and theoretical reasons. Experimentally, high-energy muons can
be often identified and reconstructed more accurately than electrons. Theoretically, muons
are 200 times more massive than electrons, and corrections due to collinear and/or soft
photon emissions, including lepton “dressing” to account for photon FSR, are under better
control. For these two reasons, the vy — uTu~ process has been often considered as



a useful “standard candle” to validate the experimental reconstruction, including its use
as a “luminometer” [44, 45|, and the theoretical ingredients (v fluxes, hadron survival
probabilities, radiative corrections, etc.) [46, 47] in two-photon physics. A large number of
experimental measurements of vy — utu~ exist in eTe™ [25, 48-51], e-p [52], p-D [32, 53],
p-p [21, 22, 37, 54, 55], p-Pb [56] and Pb-Pb [57, 58] collisions, with the latest, more precise,
Pb-Pb UPC results showing increasing deviations in some differential distributions with
respect to the predictions of LO QED Monte Carlo (MC) event generators [59, 60].

The third dilepton process of interest is vy — 7777, which directly probes the photon-
tau vertex and is thus sensitive to the anomalous electromagnetic couplings of the 7 lepton.
Given the short 7 lifetime, which precludes measuring its properties at storage rings, the
photon-fusion channel has been long proposed to probe the tau lepton anomalous magnetic,
ar = (g — 2)-/2, and electric dipole, d,, moments at ee~ [61] and hadron [62-66] colliders.
Two-photon production of tau pairs has been measured in ete™ [25, 50, 67] and in UPCs at
the LHC [15, 68, 69]. The currently best experimental measurement of a, = 0.0009f8:88§%
has been achieved via vy — 777~ in p-p UPCs at 13 TeV [15], superseding the previous
—0.052 < a; < 0.013 limit from LEP [67]. This latest LHC measurement has a precision and
accuracy approaching those needed to probe the first “Schwinger term” quantum correction
to (g — 2),, which is common to all leptons and amounts to aN“© = «a//(27) ~ 0.00116 [70].
Future measurements will be sensitive to higher-order SM terms, which result in a, =
0.00117721(5) [71], and to any potential beyond SM (BSM) modification. An improved
measurement of a,; has become an experimental priority given the long-standing data-theory
discrepancies observed for its muon counterpart a, [72], and the fact that, by standard lepton
mass-scaling arguments, the 7 particle should be more sensitive than the muon to potential
BSM physics by a factor of m2/ mi ~ 280.

The availability of larger vy — £7¢~ data samples measured at the LHC, with exper-
imental cross section uncertainties reduced to the few percent level, calls for an improved
theoretical description to match the experimental accuracy and precision. In this context,
full next-to-leading-order (NLO) corrections accounting for virtual and real QED emissions,
such as those shown in four rightmost diagrams of figure 1, are now a requirement to extract
precise physics results from photon-photon collisions. This is particularly true when aiming
at comparing data with theory to extract precision SM parameters, such as a,, and/or to
search for deviations in the absolute or differential cross section from the SM predictions
due to elusive new physics contributions. To our knowledge, the first theoretical calculations
that included NLO (QCD and/or QED) corrections for photon-photon processes in UPCs
were obtained for the vy — tf and vy — v~ processes employing the gamma-UPC code in
refs. [11] and [73, 74], respectively. Both studies showed that the NLO corrections augment
the predicted cross sections (by about 20% for ¢t and 5% for LbL scattering) and reduce their
theoretical QCD scale uncertainties, emphasizing the need to include them for the accurate
and precise calculation of v processes. The purpose of this work is to extend the number of
physics processes available with improved theoretical accuracy and precision, by calculating
the NLO QED corrections for the photon-fusion production of pairs of muon and tau leptons.

The paper is organized as follows. Section 2 describes the theoretical setup used to
compute the LO and NLO predictions for two-photon production of dimuon and ditau



T~ processes in UPCs at hadron colliders

final states. Results for exclusive vy — utp=, 7
—for the ditau case, a short discussion of the photon-fusion production in ete™ collisions
at LEP is also provided— are presented in sections 3 and 4, respectively, including total
cross sections as well as differential distributions. The paper is closed with a summary in
section 5. Appendix A provides technical details on the implementation of k| smearing
needed to account for the small initial-state photon virtualities in UPCs, and its approximate

matching to NLO distributions for lepton pairs.

2 Theoretical setup

The matrix elements calculations reported in this work have been performed within the
MADGRAPH5 AMC@NLO framework (MG5_AMC for short) [75] extended with the
automated computations of NLO electroweak corrections discussed in ref. [76]. For the
UPC results with protons and ions, the initial photon fluxes as well as the hadron survival
probabilities for exclusive final states are obtained with the gamma-UPC MC code [11]. The
gamma-UPC program provides two types of elastic photon fluxes as a function of impact
parameter b, N, z(E,,b), based on the electric-dipole (EDFF) and charge (ChFF) form
factors for proton and nuclei, respectively, as well as associated survival probabilities of
the photon-emitting hadrons. At the LHC, the vy cross sections at a given ¥y c.m. energy
computed with the ChFF flux are larger than those obtained with the EDFF flux by about
10-20% (for p-p and p-Pb UPCs) and 20-40% (for Pb-Pb UPCs), with the difference rising for
increasingly heavier final states [11]. In general, the gamma-UPC cross sections computed with
the ChFF flux match those derived with the SUPERCHIC MC [60], whereas those computed
using the EDFF photon fluxes agree with the ones obtained with the STARLIGHT code [59].
The EDFF photon number density is divergent for small impact parameters, b — 0, and an
arbitrary infrared (IR) cutoff needs to be imposed in the calculations. Usually, the cutoff
is chosen as b > R, where Ry is the radius parameter of the hadron transverse profile.
Such a limitation prevents from using the EDFF fluxes in nonexclusive vy collisions with
hadron overlap. Since the ChFF photon flux is well-behaved for all hadron-hadron impact
parameters, the results obtained with it are considered more realistic, are found to agree
better with the most precise B-W results to date [36], and will be our default choice hereafter.
Results obtained with the EDFF flux will be shown below in some cases for comparison
purposes given that such a flux has been often used in the past.

The ChFF flux contains an explicit dependence on the photon transverse momentum
k1 through its conjugate dependence on the impact parameter b, which is related to the
photon virtuality via Q? = kzi + Ez /vﬁ The unintegrated photon number density at a
given photon energy E. and transverse momentum k| (see its b-dependent counterpart in
eq. (13) of ref. [11]) reads
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where Fu, 4(Q?) is the form factor of the ion A emitting the photon (the full analytical
expressions for protons and ions can be found in ref. [11]), and J; is the Bessel function of
the first kind. However, the matrix element calculations in MG5_AMC expect collinear (i.e.,
k) -independent) input photon distributions, and therefore the photon fluxes need to be fully
integrated over @ and k; (cf. eq. (13) in ref. [11]). Thus, when computing a given photon-
photon process at LO accuracy with the gamma-UPC plus MG5_ AMC (or HELAC-ONIA?)
codes out of the box, the central system will be produced exactly at rest in the transverse
plane. For the vy — ¢T¢~ case, this means p%f = (0 with both leptons emitted back-to-back in
azimuth, i.e., Ay = 0. Since the photon density follows a 1/ k2 dependence and its k, values
are many orders-of-magnitude smaller than their longitudinal energy E., the EPA assumption
that both photons are real (Q = 0) is well fulfilled, and has no actual numerical impact on the
computed fully integrated cross sections. However, in reality the coherently emitted photons

can have very small but nonzero virtualities up to about Q2. = 0.08 GeV? for protons and
2

max

spectrum reaching up to p%f ~ 0.4 and 0.2 GeV for p-p, and Pb-Pb UPCs, respectively, with

~ 81074 GeV? for Pb nuclei, and as a result the lepton pairs feature a steeply falling

very small (but nonzero) acoplanarity tails. In general, the experimental selection criteria
applied to select (semi)exclusive photon-photon events require p%f and Ay very close to zero,
though not exactly null because of detector smearing effects. It is thus more realistic to
generate MC events that also account for the small virtuality-induced variations of the pgfé
and Ay distributions. To do so, we explicitly include in our gamma-UPC setup the initial v
virtualities through a small extra k; implemented by directly modifying the 4-momenta of
the incoming photons and outgoing particles in the Les Houches (LHE) file output of the
generated MC events. Such a “k; smearing” of the initial and final states is technically
implemented as explained in detail in appendix A. For each independent LHE event, we sample
the virtualities of the transverse momenta of the two initial photons according to eq. (2.1),
and the final four-momenta of the produced particles are reshuffled to guarantee the onshell
and momentum conservation conditions event-by-event, as done similarly in ref. [79].

We note that, in general, such a k) -smearing procedure can only be applied directly
onto the LHE dilepton events output when computed at LO accuracy. This is so because at
NLO, the different Born, virtual, real, and infrared-divergence-subtraction counterterms are
strongly correlated, and one cannot just smear the initial photon k; of each contribution
independently. However, when a particular photon-photon final state does not have IR-
divergence cancellations between the NLO real and virtual contributions, such as in the LbL
vy — 7 case [73, 74], the NLO LHE files can indeed be smeared out following the method
outlined above. A procedure to combine, in an ad-hoc manner, the impact of the initial
photon k; smearing and the NLO corrections in the generated p?ré and Ay distributions
is also presented in appendix A. This simplistic k; + NLO combination procedure, with
uncertainties of O(25%) in the overlapping region, is however a temporary solution to be
improved with a proper matching scheme between the NLO calculation and the QED parton
shower in the future, but such developments are beyond the scope of this work.

For the determination of NLO QED corrections, we proceed as follows. Since the initial
photons are almost onshell, we work in the so-called «(0) renormalization scheme, found

2Quarkonium final states in vy fusion can also be simulated at LO accuracy with gamma-UPC and the
HELAC-ONIA event generator [77, 78].



suitable for final states with similar topologies [80]. Using the alternative G, renormalization
scheme with ag, = 1/132.183 would slightly increase the size of the NLO contributions from
emitted real and exchanged virtual photons by a factor of ag, /a(0) —1 = 3.7% (the incoming
photons are always basically onshell, and the tree-level calculations should always use «/(0)).
Since the NLO contributions are themselves a small (5% at most) correction of the total
yields, the uncertainty due to the choice of the scheme-dependent QED coupling propagates
into negligible (few permille) uncertainties into the total theoretical cross sections.

In order to avoid the complications of “dressed” massless leptons (affected by collinear -
emission) [81], the masses of the charged leptons are kept nonzero (since the electron mass
is very small, this prevents us from considering the NLO corrections to the B-W process,
vy — ete™, in this work). Because of the large hierarchies between the hard scale given
by the invariant mass of the lepton pairs and the low scale of the lepton masses, the code
has been optimized to avoid numerical instabilities. The relevant ultraviolet and rational
Ry counterterms of the NLO QED amplitudes calculation have been coded in the Universal
Feynman Output format [82, 83] generated with an ad-hoc MATHEMATICA program. In the
a(0) scheme, thanks to the Ward identity, only external lepton masses are relevant, while
all other charged fermion masses that enter into the renormalization constant of o cancel
out exactly with the corresponding terms in the wavefunction renormalization constants of
the external photons. The numerical results have been obtained with o = 1/137.036, and
m,, = 0.10566 GeV and m, = 1.77686 GeV masses [84].

The exclusive dilepton cross sections in an UPC of hadrons A and B (A B2 A ¢4~
B) are computed with the latest version (v1.6) of the gamma-UPC code (some of whose
improvements are described more in detail in [85, 86]), using the EPA-based factorized
product of the elementary cross section at a given vy c.m. energy, o..,_,p+,- (W,,), times the
two-photon differential distribution of the colliding beams, integrated over the photon energies,

Y _ dE’Yl dE’Y2 d2N’511A/]?17’YQ/Zz
c(AB —AXB)= B, B, dB,dE, Ot (Woy) (2.2)
where
d? ’513132)17’72/ Z3 27 12
dB,dE, = /d b1d“b2 Puoinel(b1,b2) Ny, /7, (Eyy,01) Ny, 7, (B, b2), (2.3)

is derived from the convolution of the two photon number densities N., /7, (E,,,b;) with
energies I, , at impact parameters by o from hadrons A and B, respectively (the vectors by
and by have their origins at the center of each hadron, and, therefore, |b; — by is the impact
parameter between them); and Ppine1(b1,b2) encodes the probability of hadrons A and B
to remain intact after their interaction, which depends on their relative impact parameter.
The probability P,oinel(b) to have no inelastic hadronic interaction at impact parameter b is
obtained from the standard opacity (optical density), or eikonal Glauber, expressions:

NN
6_ a—inel.TAB(b) s

11— (s, 0)*, with T(syy,b) o e~0*/(2h)  for p-p UPCs.

for nucleus-nucleus UPCs,

Pnoinel (b) — {
(2.4)
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Figure 2. Parametric uncertainties in the calculation of exclusive vy — ¢+£~ production cross
sections as a function of the v c.m. energy, due to the hadronic survival probabilities in PbPb (left)
and p-p (right) UPCs at the LHC.

Here, Tap(b) is the nuclear overlap function derived from the transverse density profile
parametrized as a Woods-Saxon distribution with radius R4 and diffusivity a4, ailflle\{ =
NN (/3xn) is the inelastic NN scattering cross section parametrized as a function of /s,

and I'(syy,b) is the Fourier transform of the p-p elastic scattering amplitude modelled by

(2

an exponential function [87] with inverse slope by = bo(,/5yy) dependent on the NN c.m.
energy. The /s dependencies of both quantities, O'ilig and by, are those of the fits provided
in ref. [88].

Compared to the v1.0 version of gamma-UPC [11], our latest code includes several im-
provements, such as updated photon flux of the proton to account for corrections beyond the
dipole elastic form factor, as well as recalculated ion survival probabilities based on fits of
the Tap(b) factors obtained with a MC Glauber code [89], rather than based on analytical
“optical Glauber” expressions. The leading parametric uncertainty in the vy — ¢*¢~ UPC
cross section arises from the modeling of the P,ginel probability or, equivalently, the survival
probability of the hadrons,

2 _ J d%b1d%b3 Pooinel (b1,b2) Ny, j7, (B, ,b1)N,, /7, (E,, b2)
W’Y fd2b1d2b2 N’Yl/Zl (E717b1>N72/Z2 (E72’b2) ’

(2.5)

where the numerator is the two-photon density requiring the hadron survival in the photon-
photon interaction, eq. (2.3), and the denominator represents the integral of the two photon
fluxes over all impact parameters without any constraint on the hadronic overlap. The

parametric uncertainties of the modeling of the proton and ion survival probabilities have

NN
inel

uncertainties, and propagating them to the final vy — £7¢~ cross section. Figure 2 shows

been estimated by varying the values of Ry, a4, by, and oy, in eq. (2.4) within their individual
the corresponding uncertainties as a function of photon-photon c.m. energy. The parametric
uncertainties for PbPb and p-p UPCs amount to about 0.5-2% for the range of dilepton
masses measured in UPCs at the LHC, W., = my, ~ 5-100 GeV (although they can reach up
to £5% at the very high-mass tails of the dilepton distributions: my = 0.2, 3 TeV for PbPb
and p-p, respectively), and are smaller than the LO versus NLO differences discussed here.



System, experiment vy — pwtp~ fiducial phase space

p-p at 7 TeV, CMS [54] ph > 4GeV, [n#| < 2.1, my, > 11.5GeV
p-p at 7TeV, ATLAS [37] ph > 10GeV, [n#| < 2.4, my, > 20 GeV
I
p= > 6GeV, [n#| < 2.4, m,, = 12-30 GeV
p-p at 13TeV, ATLAS [55] T In* .
Pl > 10GeV, [n#] < 2.4, my, = 30-70 GeV

Pb-Pb at 5.02 TeV, ATLAS [58] ph > 4GeV, n#| < 2.4, my, > 10GeV

Table 1. Exclusive dimuon measurements at the LHC (compared with the LO and NLO predictions
computed in this work) with their kinematic phase space indicated.

3 Two-photon dimuon production at NLO in QED

This section studies the case of exclusive dimuon production, vy — u*u~, in UPCs with
protons and Pb ion beams. Such a final state is considered as a clean standard-candle
process that can be used to calibrate our theoretical understanding of the photon fluxes
and hadron survival probabilities. At the LHC, the process has been precisely measured in
p-p [21, 22, 37, 54, 55] and Pb-Pb [57, 58] collisions. In ref. [11], we compared our gamma-UPC
LO results with the ATLAS Pb-Pb UPC measurement at /5 = 5.02 TeV [58], finding that
the ChFF predictions normalized to the total inclusive cross section reproduced better the
shape of the kinematic distributions compared to the EDFF case. There exist also detailed
comparisons of the LO calculations from the SUPERCHIC [60] and STARLIGHT [59] programs
with these ATLAS data in ref. [90]. Here, we confront our LO and NLO QED predictions
with the four existing measurements of vy — u*pu~ cross sections in Pb-Pb and p-p UPCs at
the LHC performed within the fiducial phase spaces listed in table 1.

Exclusive two-photon dimuon production in p-p collisions at the LHC.

For the p-p UPC case, measurements have been carried out so far by CMS at /s = 7TeV [54]
and by ATLAS at /s, = 7, 13TeV [37, 55]. The muon pseudorapidity n* selections are
relatively similar in both experiments, but the CMS measurement is carried out at somehow
lower pf and dimuon mass values. Table 2 presents our LO and NLO fiducial cross sections

(™0 NLO " respectively) compared with the four experimental results. Our default

and o
results are those obtained with ChFF fluxes, but we provide for comparison in parenthesis the
EDFF values, which are about 12-20% smaller than those derived with the former. The first
observation is that the NLO corrections decrease the theoretical cross section by 3.5-5.0%
with respect to the LO results (independently of the photon flux used). The impact of
the NLO corrections increases with m,,, due to the mass-dependence of the aln (mi / miu)
logarithm that controls the quasi-collinear emission of FSR photons and “moves” the cross
section of dimuon pairs from higher to lower m,,, values. If the momentum of any collinear
FSR photon emitted by the muons was experimentally reconstructed together with the parent
lepton four-momentum (“dressed” lepton), then the impact of such corrections would be

reduced. The experimental uncertainties of the cross sections are relatively small, of the



data

vy =t measured o

System, experiment

gamma-UPC o0

ChFF (EDFF)

gamma-UPC oNLO

ChFF (EDFF)

ratio O.data/O.NLO

ChFF (EDFF)

p-p at 7TeV, CMS [54] 3.3875:82 pb
p-p at 7TeV, ATLAS [37]

p-p at 13 TeV, ATLAS [55] 3.12 £ 0.16 pb

0.628 +0.038 pb

3.62 (3.20) pb
0.687 (0.59) pb
3.23 (2.88) pb

3.50 (3.10) pb
0.653 (0.56) pb
3.09 (2.76) pb

0.975537 (1.095535)

1.00 £+ 0.05 (1.13 £ 0.06)

(

0.96 + 0.06 (1.12 % 0.07)
(
(

Pb-Pb at 5.02TeV, ATLAS [58] | 34.1+0.8 ub | 39.4 (31.5) ub | 37.5 (30.0) ub | 0.91 4 0.02 (1.14 + 0.03)

Table 2. Fiducial exclusive dimuon cross sections measured in UPCs at the LHC (within the phase
space defined in table 1), compared with the theoretical LO and NLO QED results obtained with

gamma-UPC using the ChFF and EDFF « fluxes. The last column lists the corresponding g2t /gNLO
ratios.
4
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Figure 3. Distributions of dimuon acoplanarity A%" (left) and p4" (right) in p-p UPCs at /s = 13 TeV
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at LO + k| -smearing (blue dashed histograms) and NLO QED (red histograms) accuracy, and their
corresponding combined distributions (filled grey histograms).

order of 3-15% depending on the bin, so the precision of the measurement is commensurate
with the size of the NLO corrections. In general, the NLO ChFF predictions agree with the
data (as indicated by the 09** /oNLO ~ 1 ratio in the last column of table 2), whereas the
LO ChFF results tend to overestimate the data by 4-10%, and the NLO EDFF calculations
to undershoot the measurements by about 10%. These results further confirm that the ChFF
photon flux is more realistic than the EDFF one, which is already theoretically justified since
the latter has an arbitrary infrared cutoff on the UPC impact parameter.

It is important to notice that the exclusive vy — p*pu~ cross sections in p-p UPCs
are usually obtained from a fit of the acoplanarity distribution measured in data over the
Ay ~ 0-0.1 range in order to evaluate the contributions from semiexclusive (single and double
proton dissociation) processes constrained by templates from MC simulations. It is, thus,
important to have a good theoretical control of the spectral shape of the signal acoplanarity.
Although the large majority of the signal is clearly located at very small acoplanarities
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Figure 4. Differential cross section for exclusive dimuon production as a function of invariant mass,
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show the corresponding data/NLO ratios (dots with orange uncertainties boxes) and NLO/LO K
factors (violet line).

(Ag < 0.02), Figure 3 (left) shows that the NLO QED corrections are needed to properly
describe the dimuon acoplanarity tail beyond A4 ~ 0.04. Similarly, the NLO contributions
enhance also the tail of the dimuon transverse momentum, beyond p%“ 2 1GeV (figure 3,
right). Any experimental selection applied on the dimuon p4 distribution has an impact
on the determination of (a fraction of) the full exclusive cross section and, thus, requires
the use of NLO predictions.

Besides the fiducial integrated cross section, the ATLAS analysis [55] provided mea-
surements with small uncertainties of the differential dimuon cross section as a function
of pair invariant mass over m,, = 12-70 GeV. Figure 4 shows the data (black dots with
orange uncertainties boxes) compared to our LO (blue dashed histogram) and NLO (red
histogram) predictions with the EDFF (left) and ChFF (right) photon fluxes. The top panels
show the data-theory comparison of the distributions, and the bottom panels present the
data/NLO ratios (dots with orange uncertainties boxes) and the K = NLO/LO factors
(violet line). The K ~ 0.945-0.965 factors are relatively constant as a function of m,, and
independent of the photon flux type. Both, the NLO corrections and ChFF fluxes improve the
theoretical reproduction of the data. A data-theory goodness-of-fit yields x?/Ngof ~ 1.2, 1.8
(for Ngof = 4 degrees of freedom) for the NLO predictions obtained with the ChFF and EDFF
fluxes, respectively. This result further confirms the optimized choice of ChFF photon fluxes
plus NLO corrections for accurate calculations of dilepton production in 7 processes.
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Exclusive two-photon dimuon production in Pb-Pb collisions at the LHC.

Exclusive dimuon production has been also measured in Pb-Pb UPCs, whose cross section
are enhanced by a Z4 ~ 4.5 - 107 factor with respect to their p-p counterpart. The ATLAS
experiment has measured the fiducial cross section of o(yy — ptp™) = 34.1 + 0.3 (stat.) &
0.7 (syst.) ub in Pb-Pb at 5.02 TeV, reaching a 2.3% precision [58]. As shown in the last
row of table 2, the LO ChFF cross section overshoots the data by 13%, whereas the LO
EDFF cross section undershoots them by 8%. The NLO QED corrections reduce the LO
cross sections by about 5% and, as a conclusion, the NLO ChFF (EDFF) deviates from
the ATLAS data by +9% (—13%). All in all, the NLO + ChFF result features the closest
agreement with the experimental fiducial cross section. Figure 5 shows the impact of the NLO
corrections on the dimuon acoplanarity AL" (left plot) and pair pf/ (right plot). As found in
the p-p case, the higher-order corrections extend the tails of both distributions to values much
above those obtained with LO + k| -smearing calculations. In the left plot of figure 5, the
predicted acoplanarity distributions are compared to the do/ dAg“ measurement of ref. [58]
(black dots with orange uncertainties), and the ratio of data over merged NLO + k| -smearing
prediction is shown on the bottom panel. As expected, the LO + k| -smearing result (blue
dashed histogram) describes well the back-to-back region (A4* <'5-107%), but clearly misses
the experimental data in the tail above Ag“ ~ 1072. On the other hand, the NLO-alone
calculation (red histogram) exhibits the opposite behaviour. A proper combination of both
regimes (as discussed in appendix A) can reproduce the data within £20% over the full
acoplanarity range, as displayed in the bottom left ratio. Those results emphasize once more
the need to properly account for NLO corrections in the extraction of the exclusive dimuon
signal from the experimental Pb-Pb UPC data.

In the data-theory comparisons of differential distributions in Pb-Pb UPCs carried out
in ref. [11], we concluded that the normalized shapes of the measured spectra favoured the
ChFF photon flux over the EDFF one, albeit the overall normalization of the LO ChFF
prediction appeared somewhat worse than the LO EDFF one. We examine now how such a
conclusion is altered by including NLO QED corrections. The first differential cross section
considered is that as a function of the invariant mass of the muon pair shown in figure 6. From
left to right, the three panels present the data-theory comparisons for three different pair
rapidity intervals (|yu.| < 0.8, 0.8 < |yuul < 1.6, and 1.6 < |y,,u| < 2.4, respectively), with
the upper (lower) plots showing the ChFF (EDFF) predictions. The top panels of each plot
show the differential cross sections in data and at LO and NLO accuracies, and the bottom
panels display the data/NLO ratios (black dots with orange uncertainties) and NLO/LO K
factors (violet histogram). The first observation is that the NLO ChFF results are in better
agreement with data than the EDFF ones for all kinematic ranges: the data/NLO(ChFF)
ratios are close to unity for the three measured distributions. The second observation is that
the NLO QED corrections are small in the low m,, range, but become increasingly relevant
and reduce the differential cross section by up to 15% at the highest dimuon invariant mass.
This can be understood from the aforementioned m,, dependence of the logarithmic FSR
correction. This result shows that it would be incorrect to apply a global constant K factor
to account for NLO corrections in the exclusive dimuon mass distributions.

The second differential cross section of interest is that as a function of absolute pair
rapidity, do/d|y,|. The ATLAS study [58] revealed systematic deviations between the
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Figure 5. Distributions for dimuon acoplanarity A5" (left) and pf" (right) in Pb-Pb UPCs at
V3xx = 5.02TeV computed with gamma-UPC (ChFF photon flux) at LO + k -smearing (blue dashed
histograms) and NLO (red histogram) QED accuracy, and their corresponding combined distributions
(filled grey histograms). In the left panel, the acoplanarity distributions are compared to the do/dAg
measurement of ref. [58] (black dots with orange uncertainties), and the ratio of data over merged
NLO + k) -smearing prediction is shown in the bottom left panel.

measured distribution, in particular in the tail, and the LO STARLIGHT predictions. Our
comparison of the data to the LO and NLO distributions with ChFF and EDFF fluxes
is shown in figure 7 with the same layout as in figure 6. The three panels correspond
to three invariant mass intervals: m,, € [10,20],[20,40], [40,80] GeV, from left to right.
Again, the NLO ChFF predictions agree nicely with the data for all kinematic ranges within
the experimental uncertainties, whereas the NLO EDFF calculations underestimate them,
especially for increasing |y,,,|. However, at variance with the behaviour seen in the invariant
mass distribution, the K factors are quite flat in [y,,|.

The last differential cross section studied is as a function of the scattering angle 6,
of a muon in the rest frame of the dimuon system. The absolute value of the cosine of
0, can be obtained from the rapidity separation of the two muons via the relationship
|cos 07,,| = tanh (Ay/2), where Ay = y"" —yk . Figure 8 shows this angular distribution
over the full pair rapidity coverage (|y,,| < 2.4) in three dimuon invariant mass windows:
10 < my, < 20GeV, 20 < my,, < 40GeV, and 40 < my, < 80GeV, from left to right. The

rapid depletion of the distribution approaching |cos 0; 1 is due to the experimental

| =
fiducial cuts, in particular on n*, that remove events Wit!fl the muons flying along the beam
direction. As found in previous differential cross sections, the NLO ChFF predictions feature
a much better agreement with the data than the NLO EDFF ones, as indicated by the
data/NLO ratios for the former centered at unity in all bottom panels. The K factor has
nontrivial dependencies on both m, and |cos@} |. In the lowest mass window, the K
factor decreases from 0.96 at |cosf},,| = 0 to 0.88 at |cos@},| ~ 0.92. The experimental
fiducial criteria remove the population of events in the region of |cos@y,| 2 0.92. In the

20 < my, < 40GeV range, the K factor is quite flat as a function of |cos HZM] up to
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Figure 6. Differential cross section as a function of invariant mass, do /dm,,+ -, for exclusive dimuon
production in Pb-Pb UPCs at /5 = 5.02 TeV in different ranges of dimuon rapidity. The data (black
dots with orange uncertainties) [58] are compared with LO (blue dashed histogram) and NLO (red
histogram) QED gamma-UPC predictions with ChFF (top) and EDFF (bottom) v fluxes. The lower
panels of each plot show the corresponding data/NLO ratios (black dots with orange uncertainties)

and NLO/LO K factors (violet histogram).

| cos 0;“] 2 0.8. Finally, in the highest mass regime, the K factor increases from 0.9 at
|cos@7;,| = 0 to 0.93 for |cos 0}, ,| > 0.95. Such a nontrivial kinematic dependence calls for
a rigorous NLO QED computation as presented in this paper for any more precise future

studies of the 8}, scattering angle in data.

A more direct study of the EPA photon flux can be performed by inferring the energies
E, 1 and E, 5 of the two initial photons in the process vy — pp~ from the four-momenta of

the final-state muons and energy conservation. At LO accuracy, they can be obtained from
the dimuon mass and rapidity as Ey 1 = (my,/2) exp (+yuu) and Ey o = (mu,/2) exp (—yuu),
respectively. At NLO accuracy, both expressions are not fully exact but remain useful for most

of the cases. Following the ATLAS analysis, we define the maximum and minimum photon
energies in an event as Ey max = max(E, 1, E,2) and Ey min = min(E, 1, E, 2), respectively.
The distributions of Ey ynin and Ey . measured in data are shown in figure 9 left and
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Figure 7. Differential cross section as a function of dimuon absolute rapidity, do/dly,+,-|, for
exclusive dimuon production in Pb-Pb UPCs at /sy = 5.02TeV in different ranges of invariant mass.
The data (black dots with orange uncertainties) [58] are compared with LO (blue dashed histogram)
and NLO (red histogram) QED gamma-UPC predictions with ChFF (top) and EDFF (bottom) + fluxes.
The lower panels of each plot show the corresponding data/NLO ratios (black dots with orange
uncertainties) and NLO/LO K factors (violet histogram).

right, respectively, compared to our theoretical LO and NLO predictions obtained with the
ChFF (top) and EDFF (bottom) photon fluxes. The measured E minmax distributions are
well reproduced by the NLO ChFF calculations except in the last bin® where the theory
underestimates the data although the latter suffers from large statistical uncertainties. On
the other hand, the calculations with the EDFF ~ flux undershoot both initial E, i, and
E. max photon energy distributions over all their measured ranges, as observed already at LO
accuracy in the comparison of the ATLAS data to the STARLIGHT MC predictions [58], which
are based on this same photon flux. The K factors for both E, in and E, max spectra, shown
in the lower panels of both plots, feature a monotonic decrease with energy, from K ~ 0.95
down to 0.85 and 0.91 respectively, due again to the effects of the quasi-collinear FSR, emission.

3Note that the similar data-theory comparison shown at LO accuracy in our previous work [11] (figure 10
left of the paper) is incorrect in the first E min bin, as we had wrongly normalized the distribution by a 2-GeV
(instead of 1.7 GeV) bin size.
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Figure 8. Differential cross section as a function of the cosine of the scattering angle in the rest
frame of the dimuon system, do/d|cos®},|, for exclusive dimuon production in Pb-Pb UPCs at
Voaw = 5.02TeV (over |y,,| < 2.4). The data (black dots with orange uncertainties) [58] are
compared with LO (blue dashed histogram) and NLO (red histogram) QED gamma-UPC predictions
with ChFF (top) and EDFF (bottom) ~ fluxes. The lower panels of each plot show the corresponding
data/NLO ratios (black dots with orange uncertainties) and NLO/LO K factors (violet histogram).

In summary, the detailed data-theory comparisons presented here for four differential
observables measured in vy — ptu~ processes in p-p and Pb-Pb UPCs at the LHC, confirm
that the NLO QED calculations with the ChFF photon flux can accurately describe them
in all kinematic regions of phase space probed. The measured dimuon invariant masses
(figures 4 and 6), absolute pair rapidity (figure 7), |cos@};,| (figure 8) and the E, minmax
(figure 9) distributions agree nicely with the NLO predictions obtained with the ChFF ~ flux,
whereas the calculations with the EDFF flux systematically undershoot the experimental
results in all regions of phase space.

4 Two-photon ditau production at NLO in QED

Let us start by considering vy — 777~ collisions at ete™ colliders where the process was first
studied. More concretely, we consider the measurement of exclusive ditau in photon-photon
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Figure 9. Differential cross section as a function of the minimum (do/dE, min, left) and maximum
(do/dE. max, right) energy of the initial photon in exclusive dimuon production in Pb-Pb UPCs at
V/Sxx = 5.02TeV. The data (black dots with orange uncertainties) [58] are compared with LO (blue
dashed histogram) and NLO (red histogram) QED gamma-UPC predictions with ChFF (top) and EDFF
(bottom)  fluxes. The lower panels of each plot show the corresponding data/NLO ratios (black dots
with orange uncertainties) and NLO/LO K factors (violet histogram).
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collisions performed by the DELPHI experiment from which the previous best limits on
(9 — 2)- had been derived [67]. In this study, the extraction of (¢ —2); from the measured
vy — 7T77 cross section was performed with a LO EPA calculation, with freely floating

(g9 — 2), values fitted to the data, where the upper limit of the integration over 4-momenta

2
max

of the emitted photons ( ) was chosen such that the fiducial cross section predicted
by the EPA (for the SM value of the anomalous magnetic moment) agreed with the more
theoretically accurate RADCOR prediction [47]. This latter code calculated the process at
LO QED accuracy including FSR corrections on the electron and positron lines (second
diagram in figure 1). We compute here the cross sections for eTe™ Dy ete~ 7t at LO
and NLO accuracy within our setup using the default Weizsécker-Williams EPA photon
flux of MG5__ AMC. Our cross section calculations implement the original fiducial selection
criteria for the signal, mostly applied to remove highly virtual vy processes: m,, < 40 GeV,
6°T < 10°, 0°~ < 2° (where 6 is the angle between incoming and outgoing e*e™, ranging
from 0 to 180°) for the various c.m. energies considered in the DELPHI measurement:
Vs =182.7, 188.7, 197.6, and 206.3 GeV. Within this phase space, and limiting the maximum
virtuality of the colliding photons to values Q2. ~ (10-15GeV)? as in the original EPA
approach employed by the DELPHI analysis, we obtain cross sections consistent with the
experimental collision-energy /luminosity-weighted value of o(yy — 7777) = 429 4 17 pb.
Interestingly, we find that the NLO corrections are positive for this process and augment the
LO cross sections by a factor of about 0.9%. Although the DELPHI experimental uncertainty
of 4% is larger than the size of the NLO corrections, and though probably a leading fraction
of the latter were already accounted for in the original LO + FSR RADCOR calculations, it
would have been more theoretically accurate to go beyond the real radiative corrections
and take also into account any potential cancellations between NLO real and virtual terms
as considered here. This result underscores the importance of accounting for higher-order
QED terms for future precise extractions of (g — 2); via vy — 777~ measurements at e*e”
colliders such as at Belle-II [91] and, in the longer term, FCC-ee [92, 93], with expected
subpercent or even subpermil experimental uncertainties.

To date, there exist two measurements of vy — 777~ production cross sections in
UPCs at the LHC. First, at low ditau invariant mass (m,, = 5GeV) using PbPb data at
5.02 TeV [68] and, secondly, at higher masses (m., > 50 GeV) in p-p collisions at 13 TeV [15].
The measured fiducial cross sections have, however, still large uncertainties in the 16%-30%
range. We have transformed the experimental fiducial cross sections (including convoluted
71, pT acceptance criteria applied at the detector-level to the different leptonic and hadronic
decay products of both tau leptons) into more inclusive cross sections that are simpler to
compare to the corresponding gamma-UPC predictions at LO and NLO QED accuracy with
ChFF and EDFF photon fluxes. The experimental and theoretical results are listed in table 3.
Based on the data-theory comparisons of ref. [68], we find that the extrapolation of the
measured Pb-Pb fiducial result, U%WS (vy — 7777) = 4.8 £ 0.8 fb, to a fully inclusive cross
section depends on whether one uses the calculations of ref. [64] or [65]. In the former case,
one obtains 570 & 100 ub, whereas in the latter case the result is 850 £ 150 pb. Given the
relatively poor experimental precision and the additional apparent extrapolation uncertainty,

we quote the range span by both values. In addition, we provide predictions for vy — 777~ in
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vy =TT Measured 092 | gamma-UPC o™© | gamma-UPC o~MO | K factor
Colliding system (kinematic cuts) (extrapolated) | ChFF (EDFF) | ChFF (EDFF) |oNO/glO
Pb-Pb at 5.02 TeV (inclusive) 580-850 b 1060 (860) pb 1070 (870) pb 1.01
p-p at 13TeV (m.r > 50 GeV) 85577292 fh 900 (730) fb 895 (725) b 0.995
p-p at 13.6 TeV (m., > 300 GeV, |y7| < 2.5) - 1.35 (1.02)fb | 1.31 (0.98)fb 0.965

Table 3. Exclusive ditau cross sections in Pb-Pb UPCs at /s, = 5.02TeV and in p-p collisions at
Vs =13TeV (m,r > 50GeV) and 13.6 TeV (m,, > 500 GeV) experimentally measured and obtained
with gamma-UPC at LO and NLO QED accuracy using the EDFF and ChFF v fluxes. The first
column lists the experimental measurements of refs. [15, 19] extrapolated to the broader phase space
considered in the calculations. The last column lists the corresponding NLO-over-LO K factors.

p-p collisions at /s = 13.6 TeV in the phase space region of very high masses (m., > 300 GeV)
where both protons can be tagged by the forward near-beam spectrometers [21].

On the one hand, as similarly found for the vy — u™u~ case (table 2), the theoretical
cross sections derived with the ChFF fluxes are about 20% (30%) larger than those obtained
with the EDFF ones in Pb-Pb (p-p) UPCs. The difference between the cross sections obtained
with both photon fluxes rises with ditau mass because the ChFF spectrum becomes harder
than the EDFF one for increasing E. energies [11]. On the other hand, the impact of the
NLO corrections on the theoretical cross sections is only of about +1% at the low m.,,
masses probed in PbPb UPCs, about —0.5% at the intermediate m., probed in p-p UPCs,
whereas at high masses it is more significant and leads to a reduction by about —3.5% of
the LO o(yy — 7777) predictions. We note that for very large ditau masses, weak boson
corrections [94, 95] should be of the same size (i.e., percent level) as the QED corrections
and, therefore, would need to be also taken into account, but we leave their calculation for
future work. Unfortunately, the current accuracy and precision of the experimental fiducial
cross sections precludes any detailed conclusion on the level of data-theory agreement, but
one should expect that the outcome of the more precise total and differential vy — p™p~
cross section studies discussed in the previous section, i.e., that ChFF-plus-NLO constitutes
the state-of-the-art prediction, should hold also for the v+ — 777~ process.

++— differential cross

The impact of NLO corrections is more visible in the vy — 7
sections as a function of pair invariant mass m.,, and tau pt as shown for Pb-Pb UPCs at
VSxn = 5.02TeV in figure 10, and for high-mass p-p UPCs at /s = 13.6 TeV in figure 11.
One can see that although the integrated cross sections change by a few percent going from
LO to NLO, the differential distributions show in general small enhancements in the K
factors at low ditau masses and p} values that are then compensated by larger reductions
of the K-factor for increasing m,, and tau pr, by up to a factor of —6% in the tail of the
distributions. This latter decrease at high masses is due to the emission of quasi-collinear
FSR photons that “moves” the tau pair yields to comparatively lower m,,,, values. Since both
kinematic distributions are the most sensitive ones for the extraction of (g — 2), through
comparison of the experimental data to the predictions, it is important to have a good
theoretical control of their shape accounting for the NLO corrections presented here.
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Figure 10. Predicted vy — 77~ differential cross sections at NLO QED accuracy as a function of
ditau mass do/dm,, (left) and do/dp% (right) in Pb-Pb UPCs at /5. = 5.02 TeV (for m,, > 4 GeV,
ly"| < 2.5) using the ChFF (red) and EDFF (blue) photon fluxes. The lower plots show the
corresponding doN*© /do™© K factors.
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Figure 11. Predicted vy — 777~ differential cross sections at NLO QED accuracy as a function of
ditau mass do/dm., (left) and do/dp%. (right) in p-p UPCs at /s = 13.6 TeV (for m,, > 50 GeV,
ly"| < 2.5) using the ChFF (red) and EDFF (blue) photon fluxes. The lower plots show the
corresponding doN"© /do™© K factors.
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5 Summary

We have presented theoretical calculations for the production cross sections of muon and
tau pairs in photon-photon collisions, yy — p*pu~, 7777, at next-to-leading (NLO) accuracy
in quantum electrodynamics (QED). The total and differential cross sections have been
computed in the equivalent photon approximation (EPA) implemented in the gamma-UPC+
MADGRAPHS5__AMC@NLO codes. The theoretical predictions have been confronted to the
existing exclusive vy — p™pu~,7t7~ data from ultraperipheral collisions (UPCs) of proton
(p) and lead (Pb) ions at the LHC, as well as to results from eTe™ collisions at LEP for the
vy — 777~ process. For UPCs at the LHC, two types of EPA photon fluxes, as well as
associated survival probabilities of the photon-emitting hadrons, based on the charge (ChFF)
and electric-dipole (EDFF) form factors have been tested. We have first determined that
the parametric uncertainties associated with the modeling of the survival probabilities of
Pb ions and protons amount to about 0.5-2% in the range of dilepton masses measured
in UPCs at the LHC, and are smaller than the differences between the leading-order (LO)
and next-to-leading-order (NLO) cross-section corrections calculated here. Three other main
findings are worth highlighting.

First, the NLO terms are found to modify the total fiducial cross sections by up to 5%,
as well as to increase the tails of the dilepton acoplanarity Ag and transverse momentum
pﬁré distributions, with respect to the LO predictions including the effects of the (very small)
virtuality of the colliding photons. Since the experimental measurements of the yy — ¢4~
processes are based on applying selection criteria on the Agf and pf}z distributions, and/or
fitting them to Monte Carlo templates, the improved NLO calculations have quantitative
implications for the cross section determinations, which are being measured with increasing
experimental precision (few percent uncertainties) at the LHC. The NLO corrections also
modify the differential cross sections as a function of dilepton invariant masses myy, rapidity
yee, and |cosj,|. In general, the corrections are small (and, in some cases, positive) at
low dilepton masses and lepton pgr, but become increasingly large (and negative) for higher
myy and pff values, with up to a 15% depletion observed in the tails of some kinematic
distributions compared to the LO predictions. This latter behaviour is due to the emission of
final-state-radiation photons that reduces the invariant masses of the lepton pairs following a
aln (m?/m2,) dependence. Those results will have implications for upcoming, more precise,
experimental measurements of the anomalous magnetic moment of the tau lepton, (¢ — 2),,
via the vy — 777~ process at different m.,+,- regions in UPCs at the LHC.

Second, the detailed UPC data-theory comparisons clearly favour the ChFF photon fluxes
over the EDFF ones, and the former should be used in the calculations when confronting the
data to the predictions for accurate phenomenological interpretation. With the ChFF flux,
one can also compute nonexclusive photon-photon collisions with proton or nucleus overlap
at NLO accuracy, since there is no kinematic restriction on the photon fluxes as a function
of impact parameter (at variance with the EDFF case). For the vy — p*u~ processes, the
distributions of dimuon masses and rapidities, | cos HZM], and Fy min,max agree nicely with the
NLO prediction obtained with the ChFF ~ flux, whereas the calculations with the EDFF
flux systematically underestimate the experimental results in all regions of phase space.

Third, for photon-photon collisions at LEP, the NLO corrections for the vy — 777~
final state measured within the DELPHI phase space are positive and augment the LO
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cross sections by a factor of about 1%. Although the 4% LEP experimental uncertainty
is larger than the size of the NLO modifications, it would have been more theoretically
accurate to consider them in order to extract (g — 2), from the data. Such considerations
are of particular relevance for future precise determinations of (g — 2), via vy — 777~
measurements at eTe™ colliders, such as at Belle-II and FCC-ee, with expected subpercent
or even subpermil experimental uncertainties.

In summary, the inclusion of NLO QED terms, and the use of ChFF photon fluxes
for hadron beams, in the calculations of vy — T/~ processes improves the data-theory
agreement, and proves an indispensable ingredient for the extraction of precision quantities,
such as (¢ — 2),. Accounting for NLO QED corrections appears as a requisite in searches
for deviations from the SM predictions in the absolute or differential ~+ cross sections due
to elusive new physics contributions in future UPC measurements at the LHC and at ete™
colliders. With the developments presented in this work, we have extended the number of
photon-fusion physics processes calculable with the gamma-UPC code at NLO QED (or QCD)
theoretical accuracy including, to date, the exclusive production of muon and tau leptons,
light-by-light scattering, and top-quark pairs.
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A Initial photon virtualities in the gamma-UPC code

The virtuality dependence of the EPA photon fluxes emitted by a charge Z is given by

eq. (2.1). Such an equation can be more simply written as a function of the photon virtuality

(Q)? and longitudinal energy E, (or, equivalently, fraction of the beam momentum z carried

by the photon) alone, Ng/}leF (2, Q?), using two similar expressions. The first expression is
2

obtained by taking Q* = k% + == k2 + m%x% and Q2. = m%\la:%, and reads
L

Z2 d dQ2 Iznin
ANSH (0, @) = =22 (1 > )[Fch,A<Q>]2- (A1)

. . . k2 +E2 /2 k2 +mZ a2 .
The second form uses the exact expression for the virtuality, Q% = Ll,;/ o= L, and is
vy Y

. . E2 L1 m2 a2
obtained by replacing —3 = (zymN)” ~ Qi = T
L

2
, and defining (1 — xv)QQ — ki + %,
L

min — 1—xy
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thus k1 = (1 — 2,)(Q* — Q2,,), which leads to

Z?a dz~ dQ? 2 2
ANy (a4, Q%) = TT;@ (1 T2 ) [FCth( 1 _$7Q)] ' (#.2)

Both expressions are identical in the case x, < 1, which is fulfilled for most of the phenomeno-

logically relevant phase space in v+ collisions at colliders. Indeed, a typical vy — X collision
process with mx =~ 5 GeV at midrapidity in PbPb collisions at the LHC probes z., ~ 1073
values, whereas the same production of a final state with mx ~ 100 GeV (corresponding to
z, ~ 0.1) has a cross section two orders-of-magnitude smaller [11].

As explained in section 2, the matrix element calculations in MG5__AMC expect
collinear (i.e., k-independent) input photon distributions, and therefore when running
gamma-UPC + M G5_ AMC together to compute a given vy process, the photon fluxes need
to be fully integrated over Q and k. In order to restore the full unintegrated dependencies
of the photon fluxes, our gamma-UPC setup incorporates a small extra k; implemented by
directly modifying the 4-momenta of the incoming photons and, correspondingly, outgoing
produced particles in the Les Houches (LHE) file output of the generated MC events. Such
a “k; smearing” of the initial and final states is performed by running a python or Fortran
script on the LHE file that modifies the kinematics of each event as explained next.

Let us consider a generic photon-photon collision process v1v2 — X3+ - Xp42, with n
particles produced in the final state. First, the incoming photons transverse momentum
k) =~ @ is sampled from the distribution given by eq. (A.1) or (A.2) depending on the choice
of the ion_Form setting of the script, with uniform azimuthal plane dependence. Then, the
kinematics of the final particles is appropriately reshuffled to respect momentum conservation
and the on-mass-shell conditions. Technically, this is implemented as in ref. [79] where the
4-momenta of the two initial photons, in the c.m. frame of the two initial colliding hadrons,
are written as a function of the fractional momentum z-, = x (for simplicity, we omit the

~ subindex in the following) carried out by each photon,

/S
r1(1,0,0,1), ko= 2NNx2(1,o,o,—1). (A.3)
The 4-momenta of the final particles ks, ..., kpyo, are then required to satisfy the momentum

conservation ki + ko = Z"“ k; and onshell conditions k:2 = m , where mq1 = mo = 0. After
the momentum reshufﬂlng, we have

ki = ki, K =mi=-Qf, ki=mj=-Q3 Kk =mij>3. (A.4)

The new momentum conservation is k; + ky = 27”2 k;. There are two possible ways to
proceed with the k| smearing of the collision process: either starting reshuffling the momenta
of the initial photons, or modifying the kinematics of the final state:

e Initial momentum reshuffling: this momentum reshuffling scheme applies for the
n > 1 case, i.e., for a photon-fusion process leading even to a single one-particle final

2
state. The invariant mass of the final-state system is (Z”+2 j) = T1x25yy- Let us use

k1:<V32NN k VZNNm), kQZ(VZNN k —V‘;NN@), (A.5)

azl,kl 1, l‘ZakL,Qa
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where |IE:L71| = (1 and |IE:L72| = (9. For simplicity, we denote K, = 12:1_71 + l?u_vg, where
we know that (Q1 — Q2)? < K2 < (Q1 + @Q2)%. Now, we must require (k1 + k2)? =

2
SynT1T2 — KL = syyZ122. Thus, 21T = x122 + - = CIf K2 < syn (1 —z122), we can

solve 71 and T3 by additionally requiring log % “ = log . If there is a physical solution,

this solution is 71 = V %jﬁ + :Ul and T9 = V22 - SKL + :BQ This gives us the final
NN NN

constraint on K2 < sy (min(l o2y x1:172> Otherwise, the values of Q1 and Q-

Y xo? X1
are regenerated. Lastly, the whole final system needs to be boosted from the frame

k1 + ko to kq + k2. Since the fractional momentum x changes, one can decide whether
J1(Z1) f2(Z2)

@) fa(2) or not.

to apply the additional rescaling weight

Final momentum reshuffling: we can only use this scheme for the n > 2 case,
because we need to partition the final particles into two subsets. In this scheme, let us
keep x1 and zs, i.e.,
1. V SNN 7 V SNN 1. V SNN
kl — T T.’El y k‘g = T

I']_,kLJ, =T2,kl,2a_

5
V;Nm) (A.6)
with |k, 1] = Q1 and |k, o] = Q2. Without loss of generality, we assume that the

two subsets are {3,...,m + 2} and {m+3 .,n+ 2}, where 1 <m <n—1. Let us
define M? = K? = (Zm+2 -)2 and M2 = (Z;’J%H )2 and keep the invariant
masses M7 and Ms of the two final systems unmodlﬁed In the case that 5= 21225 —

KL (M7 + M>)?, we need to regenerate Q1 and Q2 and K, = kl 1+ kl 9. Otherwise,
in the partonic rest frame, the energles of the two subsystems are K 0= s(f , My, My)

2
and K9 = ¢(+/5, Mg,Ml , where £(m ml,mg) (1 + M mQ). The mass on-shell

0 2 =02 I_f
conditions enforce K 1= K — M5 1 and K 9 = (KQ) 7 Note that

0\ _ a2 — 0)* _ ; , K, _ _ R
because \/(Kl) M} = \/(KQ) M2 and in the partonic rest frame ARy AL

it follows that }1 + ?2 = ﬁ For k;,3 < j <m+2, the lgj is obtained by first boosting
k; into the rest frame of K1, and then boosting it back to the frame of K;. A similar
method is applied to obtain k; (with m +3 < j < n+2) from k;. Finally, the momenta
of the final particles are boosted from the (\/E, 0,0, O) to the ki + ko frame.

Since the initial-momentum reshuffling works out for the simplest production of a single

resonance in two-photon collisions, vy — Xj, this is the method currently implemented

in our £, smearing script.

The procedure to combine vy — X kinematic distributions including LO + k&, smearing

and NLO corrections has some arbitrary freedom. The combined spectrum should follow

closely the LO + k| result in the lowest values of the distributions, whereas the tails should

match exactly the NLO result. We adopt a rather simple approach here to combine the

intermediate region of the distributions where both contributions overlap. For a given

kinematic distribution differential in O generated in a given AA UPC, a weighted distribution

is defined as follows

dohh dod dodA
ng = (1 —waa(0)) dlgo + waa(O) Iggsm, (A.7)
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where the weights for the dilepton variables O = Ay, pETE are, respectively,

1 1
wpbpb(A¢) =71 n (A¢/0.005)47 wpp(Azb) - Wa

_ 1 wi M) _ 1
C 1+ (p5/0.01 Gev)rT PP Pr)=17 (/0.7 GeV)4’

(A.8)

wpppb (Pf)

Figures 3 and 5 show distributions for dimuon acoplanarity A" (left) and pi" (right)
in p-p UPCs at /s = 13TeV and Pb-Pb UPCs at V3w = 9.02TeV, respectively, in the
fiducial phase space of refs. [55, 58], computed with gamma-UPC (ChFF photon flux) with
LO + k, -smearing (blue histograms) and NLO QED (red histograms) accuracy, as well
as their corresponding combined distributions (filled grey histograms) following eqs. (A.7)
and (A.8). The agreement with the acoplanarity distribution measured in Pb-Pb UPCs is
good as shown in the bottom left panel of figure 5.
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