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THE FUTURE OF EXPERIMENTAL
MEASUREMENTS OF LIGHT-BY-LIGHT SCATTERING: !

Light-by-light scattering is a relatively new area in experimental physics. Our recent, theoretical
research shows that studying two photon measurements in regions with lower transverse mo-
mentum (pt,y) and invariant mass (M) allows us to observe not only the main contribution
of photon scattering, known as fermionic loops, but also mechanisms like the VDM-Regge. In
addition, eramining diphoton measurements in low invariant mass regions is crucial for re-
searching light meson resonances in vy — yy scattering. We also focus on the interference
between different contributions. For future experiments with the ALICE FoCal and ALICE
8 detectors, we have calculated background estimates and explored possibilities to minimize

their impact.
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1. Introduction

Light-by-light scattering, a quantum electrodynamic
process where two photons interact and scatter
off each other, is a phenomenon observed for the
first time at the Large Hadron Collider (LHC) in
2017 [1]. Light-by-light scattering can be observed
due to the intense electromagnetic fields generated by
the ultrarelativistic nuclei. These fields can be con-
sidered as a flux of quasi-real photons that surround
the ions. When two ions pass by each other in ultra-
peripheral collisions, these electromagnetic fields can
interact, enabling the light-by-light scattering.
Recent experiments at the LHC, conducted by the
CMS [2] and ATLAS [3] collaborations, have success-
fully observed and measured light-by-light scattering
in heavy ion collisions. However, both experiments
use rather high thresholds for diphoton mass (5 GeV)
and transverse momentum (2 GeV for CMS, and
2.5 GeV for ATLAS). The goal of our latest study [4]
was to make predictions for future experiments with a
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lower threshold for the mentioned parameters. Also,
the study for different mechanisms, like VDM-Regge
or light meson resonances, was conducted, searching
for possibilities of their measurements.

2. Theoretical Formalism

The Equivalent Photon Approximation [5] relies on
the knowledge about elementary cross section dis-
tribution in diphoton mass W.,, and the scatter-
ing angle, z = cos #. In this paper various mech-
anisms of vy — 77 process are taken into consid-
eration. The most common contribution is the four-
vertex fermionic loops, so-called boxes, presented in
Fig. 1, a. The calculation based on Feynman dia-
grams was carried out using FormCalc and LoopTools
libraries based on Mathematica software [6]. To des-
ignate the cross sections for unpolarized photons, 16
photon helicity combinations of the amplitude must
be added up. Due to symmetries, five contributions
with correspondent weights were included:

2 2 2
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I This work is based on the results presented at the 2024 “New

Trends in High-Energy and Low-x Physics” Conference.
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Fig. 1. Feynman diagrams of the LbL scattering mechanisms:
fermionic loops (a), VDM-Regge (b), low-mass resonances in
the s-channel (c), two-7¥ background (d)

The second mechanism of light-by-light scattering is
double-photon hadronic fluctuation (Fig. 1, b). The
mathematical description of the VDM-Regge mecha-
nisms was studied in [7]:
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The light meson resonances (Fig. 1, ¢) such as 7, 7
and 7’ in vy — 7 scattering is described based on
relativistic Breit—~Wigner formula presented in [8]:

MW%RHW()‘M )‘2) =
VB4 W2 T3Br2(R = v7) 4
= 6 — . 3
3 m A1—A2 ( )

In case of two photon measurement, the production
of four photons from 7°7° decay (Fig. 1, d) where
only two photons are observed in detectors consti-
tutes the main background. However, based on de-
scription from [9], the idea how to reduce the back-
ground is discussed below.

The description of nuclear cross section for light-
by-light is possible with the help of the Weizsdker—
Williams formula:

do(PbPb — PbPby7)
AdYry, AY, dpt
848
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= /MN(wl,bl)N(w%bQ)Sgbs(b) x
z

Wy, AWy, dYs, dz.
Y 2 dy’hdy’mdptﬁ

x d2bdb,db (4)

Here, the 0.yy—~(W,,) is elementary cross section,
Y, is rapidity of outgoing two photons and by, Ey
are the components of the vector (by + bs)/2, where
b = by — by. The N(w;, b;) is photon flux, which is
obtained from charge distribution in the nucleus. The
S%(b) denotes the survival factor. In recent studies,

the sharp edge of nucleus (S2,,(b) = O(b — bmax))
was replaced by the formula:
Saps(0) = exp (=ownTaa (b)), ()

where oy is the nucleon-nucleon interaction cross
section, and T4 4 (D) is related to the so-called nuclear
thickness function [4].

3. Elementary Cross Section Results

Calculation of the elementary cross section for light-
by-light scattering show, that in diphoton invariant
mass region below 1 GeV, one can expect significant
signal from the loop contribution. Fig. 2, a displays
the contributions of different fermions in the loop to
this continuum. In Fig. 2, b the ratio of different con-
tribution to the total cross section is presented. Here,
the importance of interference is illustrated. The in-
coherent sum between quarkish and leptonic loops
cannot sum up to 1. The impact of interference may
be estimated to be around 20%.

The analysis of interference between different
mechanisms was also conducted. In Fig. 3 the plot of
ratios between the sum of two contributions (VDM-
Regge, boxes) and clear box signal was shown as a
function of z = cos@ variable. The role of interfer-
ence is clearly visible for the |z| — 1. The smaller the
scattering angle, the greater is the impact of VDM-
Regge on the cross section. It is important to note
that the effect of interference is destructive.

4. Nuclear Cross Section Results

The approach with smooth survival factor (Eq. (5))
was implemented to calculation of ATLAS data de-
scription. In Fig. 4, a the distribution of diphoton in-
variant mass for ATLAS kinematical cuts with sharp
edge of nucleus and the survival factor based on
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Fig. 2. Elementary cross section (in pb) as a function of en-
ergy. The total cross section (blue solid line) is split somewhat
artificially into quarks (green solid line), electrons (red dashed
line), electrons and muons (red dotted line), and leptons (red
solid line) contributions (a); Ratio of each contribution to a
coherent sum of them: leptonic cross section divided by to-
tal cross section (red solid line), quarks (green dotted line),
electrons (magenta dash-dotted line) and sum of electron and
muon contributions (dashed dark-red line) (b)

Eq. (5) is presented. All theoretical approaches, in-
cluding SuperChic, underestimate the cross section
in low-mass region. In Fig. 4, b, ratio between both
our approaches for impact parameter cutoff is demon-
strated. The difference is changing between 4% for
smaller values of diphoton mass up to 10% for higher
masses.

Planned forward detector for ALICE experiment —
FoCal, will start collecting data since the Run 4
[11]. Kinematical cuts for photons were applied, to
take advantage of the lower threshold for diphoton
invariant mass (M, > 500 MeV), and the accessi-
bility of larger photon rapidity (3.4 < Yyryp < 5.8).
The distribution of diphoton mass is presented in
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Fig. 8. The ratio of the coherent (blue, solid) and incoherent
(red, dotted) sum of the box and VDM-Regge contributions
divided by the cross section for the box contribution alone for
W =5 GeV
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Fig. 4. Differential cross section as a function of the diphoton
invariant mass at \/syn = 5.02 TeV. The ATLAS experimental
data are collected with theoretical results including a sharp cut
on impact parameter (b > 14 fm — solid black line) and smooth
nuclear absorption factor S2(b) (dash-dotted red line). Results
obtained from SuperChic [10] is also shown for comparison (a).
The ratio of the results calculated within our approach with
sharp and smooth cut-off on impact parameter (b)
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Fig. 5. Invariant mass distribution for the nuclear process —
predictions for the future FoCal acceptance E; ., > 200 MeV
and 3.4 < yy, ,, <5.8
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Fig. 6. Diphoton invariant mass distribution for ALICE 3,
ie., rapidity y,, ,, € (—4,4) and photon energy F, > 50 MeV.
Here, the black solid line represents the light meson resonances,
the blue solid line relates to the box contribution, the dotted
line to the VDM-Regge component and the dashed lines are
for double-79 background contribution

Fig. 5. In this low-mass region, the background from
the 7070 production become significant. However, us-
ing isotropic distribution of photons in each 7° de-
cay, one can adjust the additional kinematical cuts
to suppress the background. Hence, the cut for vec-
tor asymmetry Ay = |pi1 — Pr2l/|Pi,1 + Pi2| was
proposed. Implied cut notably reduce the measured
cross section of 707° production.

From theoretical perspective, ALICE 3 experiment
presents further opportunities for observation of light-
by-light scattering. The calculation of cross sections
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Fig. 7. Distribution in (yy;, ¥~,) in b for transverse momen-
tum p¢,, > 5 MeV, di-photon invariant mass M-~ > 5 GeV.
Boxes (a), VDM-Regge mechanism (b)

were prepared based on the characteristic of the de-
tector including kinematical limitations [12]. Fig. 6
shows the diphoton mass distribution in the as-
sumed kinematical range. In the diphoton mass re-
gion below 1 GeV the most significant signal come
from the mesonic resonances. The peaks from 7°, 5
and 71’ overachieve even the box contribution, which
will allow to observe this contribution for the first
time. Here, the impact of the background also can be
reduced using cuts on vector asymmetry.

The most challenging achievement would be a mea-
surement of the VDM-Regge mechanism. Presented
in Fig. 3 cross section distribution shows that the
scattered photons in the VDM-Regge process are
mainly forward/backward. This fact implies that the
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Fig. 8. Distribution in yq;g for light-by-light scattering pro-
cesses in PbPb—PbPb~y~. Here, the transverse momentum cut
is equal to 5 MeV. The blue solid line relates to the boxes, and
the green dotted line to the VDM—-Regge contribution. Here,
the range of measured diphoton invariant mass is > 5 GeV

dedicated experiment has to have a broad range of
photon rapidities. Fig. 7 presents a two-dimensional
rapidity distribution of a) box continuum, b) VDM-
Regge mechanism. The red squares represents the
cover of rapidity ranges of the ALICE 3 barrel
(=1.6 < y,,,, < 4) and forward (3 < y,,,, < 5)
detectors. This plot reveals that current and planned
experiments avoid region of interest.

However, the introduction of a new variable — the
rapidity difference, may facilitates this observation.
Figure 8 displays the distribution of the fermionic
loops and the VDM-Regge mechanism in mentioned
variable. For the higher values of |yqift| the chances
for observing the VDM-Regge mechanisms increase.

5. Conclusion

The future development of new photons detectors
opens up new opportunities for light-by-light scat-
tering measurements. The lower threshold of dipho-
ton mass clearly enable observation of light mesonic
resonances. In recent studies, also the method of re-
duction of background from 7°7° was discussed. The
final goal of future experimental measurements
should be the observation of the VDM-Regge me-
chanism. However, required range of measured pho-
ton rapidity is difficult to achieved. Also, the extin-
guishing character of the interference between the

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11

fermionic loops and the VDM-Regge mechanism gen-
erates additional difficulties.
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MAMBYTHE EKCIIEPUMEHTAJILHOT'O
BUMIPFOBAHHA PO3CIFOBAHHA
CBITJIA CBITJIOM

PosciioBanus cBiTiia Ha CBIT/II € BIAHOCHO HOBOIO 0O0JIACTIO B
eKclriepuMeHTa bHiN disuni. Hamre vemonasHe TeopeTnyne 10-
CJIPKEHHsI [IOKAa3y€, [0 BUBYEHHS JIBO(MOTOHHHUX IIPOIECIB Y
006J1aCTi MEHILNX [OIePEYHUX IMITYIbCIiB (Pt,) 1 HE3MIHHOIO Ma~
coo (M,~) mO3BOMIsIE HAM CIIOCTEpiraTu He TLIBKH OCHOBHMIA
BHECOK poO3ciioBaHHsi (DOTOHIB, Bimomuii sk ¢epmioHHi meTii,
aJjie 1 Taki mMexaHnismu, sk VDM-Peszxe. Kpim Toro, mociimgxke-
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HHSI JBO(OTOHHUX HPOIECIB y obJsiacTi Maaux Mac Ma€ BUPi-
majbHe 3HaYEHHd JJIs JOC/IJ?KEHHST PE30HAHCIB JIErKUX Me30-
HiB y mpomeci posciroBauHs 7y — Y. Mu Takok 3BepTacMo
yBary Ha iHTepdepeHIfio Mi>K pisHuMHU BHecKamu. [ljis1 maiiby-
THiX ekciepuMenTiB i3 gerekropamu ALICE FoCal i ALICE 3,
MU 3pOOHJIN YMCJIOBI OIiHKM (POHY Ta JOCIIiIUIN MOYKJIMBOCTI
MiniMizamil ioro BIJIMBY Ha pPe3yJIbTaTH BUMIPIOBAaHb.

Katowoei caoea: 3iTKHEHHS BayKKUX 10HIB, yibTpanepude-
piitHi 3iTKHEHHs, PO3CiIOBaHHSA CBiTJIa Ha CBITJI.
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