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Possible rea
tions to be studied
γγ → γγ s
attering in UPCP. Ju
ha, M. Kªusek-Gawenda and A. Sz
zurek,�Light-by-light s
attering in ultraperipheral 
ollisions of heavy ionsat two future dete
tors�,Phys. Rev. D109 (2024) 014004.pp → ppγ and pp → ppγγspe
ial ALICE-3 dete
torpp → γγ (low-pt region, ALICE-3)pp → jetγ (both in FoCal)pA → jetγ (both in FoCal)AA → jetγ (both in FoCal)low-x saturation in p or A ???pp → ppJ/ψγ (γ in spe
ial ALICE-3 dete
tor)AA → AAJ/ψγ (γ in spe
ial ALICE-3 dete
tor)Observation of ditauonium in AA → AADT (→ γγ).aternatively DT → e+e−γ de
ay 
hannel 2 / 53



Introdu
tion
γγ → γγ s
attering is fully quantal e�e
t.Several me
hanisms 
an be present in prin
iple.It was/is a dream for the laser 
ommunity.Some works in this dire
tion are going on.It was proposed by: D. d'Enterria, G. Silveira to do it in heavy ion UPC in 2013(box diagrams only)M. Klusek-Gawenda, P. Lebiedowi
z and A. Sz
zurek made an update in 2016.Di�erent result numeri
ally and a double-hadroni
 ex
itation (virtual ve
tor mesons),
alled by us VDM Regge, was dis
ussed.M. Klusek-Gawenda, W. S
hafer and A. Sz
zurek,two-gluon ex
hange me
hanism.ATLAS and CMS performed su
h experiments and got results 
onsistent with ourpredi
tions.M. Klusek-Gawenda and A. Sz
zurek 
onsidered a ba
kground 
ontribution:
γγ → π0(→ 2γ)π0(→ 2γ), also in AA → AAπ0π0.M. Klusek-Gawenda, R. M
Nulty, R. S
hi
ker and A. Sz
zurek studied what ALICEand LHCb 
ould do.There are at least two experimental proje
ts that 
ould provide new insights intophoton-photon s
attering: FoCal and ALICE 3. 3 / 53



Idea of the measurement
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Sket
h of the formalism, EPAThe nu
lear 
ross se
tion is 
al
ulated using equivalent photon approximation (EPA) in theb-spa
e. In this approa
h, the di-photon 
ross se
tion 
an be written as:dσ(PbPb → PbPbγγ)dyγ1dyγ2dpt,γ =

Z dσγγ→γγ (Wγγ )dz N(ω1, b1)N(ω2, b2)S2abs (b)
× d2bdb̄xdb̄y Wγγ2 dWγγdYγγdyγ1dyγ2dpt,γ dz , (1)where b̄x = (b1x + b2x ) /2 and b̄y = (b1y + b2y ) /2. The relation between ~b1, ~b2 andimpa
t parameter: b = |~b| =

q

|~b1|2 + |~b2|2 − 2|~b1||~b2| 
osφ. Absorption fa
tor S2abs (b) is
al
ulated as: S2abs(b) = Θ(b − bmax) (2)or S2abs (b) = exp (−σNNTAA(b)) , (3)where σNN is the nu
leon-nu
leon intera
tion 
ross se
tion. 5 / 53



Sket
h of the formalism, EPATAA(b) above is related to the so-
alled nu
lear thi
kness, TA(b),TAA (

|~b|) =

∫ d2ρTA (

~ρ− ~b)TA (~ρ) , (4)and the nu
lear thi
kness is obtained by integrating the nu
lear densityTA (~ρ) =

∫

ρA (~r) dz , ~r = (~ρ, z) , (5)where ρA is the nu
lear 
harge distribution.The nu
lear photon �uxes N(ω1, b1) and N(ω2, b2) are 
al
ulated withrealisti
 
harge distribution. 6 / 53



Me
hanisms of photon-photon s
attering
γ

γ

γ

γ

γ

γ

γ

γ

W

W

WW

γ

γ

γ

γ

IP, IR

V

V

γ

γ

γ

γ

gg

7 / 53



Elementary 
ross se
tionThe elementary 
ross se
tion here is 
al
ulated for unpolarised photons.To do this, all 16 photon heli
ity 
ombinations of the 
ross se
tionmust be added up. In fa
t, due to symmetries, it is su�
ient to 
ountonly �ve 
ombinations and then add them up with the 
orrespondingweights:
Σheli
ities |Aγγ→γγ |2 = 2|Afermions

++++ |2 + 2|Afermions
+−−+ |2+2 | Afermions

+−+− |2 + 2|Afermions
++−− |2 + 8|Afermions

+−++ |2 .(6)Elementary 
ross se
tion 
al
ulations for the box 
ontribution were
arried out using FormCal
 and LoopTools libraries based onMathemati
a software. 8 / 53



Elementary 
ross se
tion, VDMThis 
omponent was 
al
ulated for the �rst time by Klusek-Gawenda, Lebiedowi
z,Sz
zurek 2016 assuming ve
tor dominan
e model. In this approa
h, the amplitude is:
M = Σi,jC2i C2j  CP

„ ss0«αP(t)−1 F (t) + CR

„ ss0«αR(t)−1 F (t)! ,

+ Σi,jC2i C2j  CP

„ ss0«αP(u)−1 F (u) + CR

„ ss0«αR(u)−1 F (u)

!

. (7)In the simplest version of the model i , j = ρ0, ω, φ (only light ve
tor mesons are in
luded).The 
ouplings Ci ,Cj des
ribe the γ → Vi/j transitions that are 
al
ulated based on ve
tormeson dilepton width. CP and CR are extra
ted from the Regge fa
torization hypothesis(Sz
zurek, Nikolaev, Speth).It was shown that the 
omponent is 
on
entrated mainly at small photon transversemomenta whi
h at not too small subsystem energies 
orresponds to z ≈ ± 1. The Reggetraje
tories are usually written in a linear form:
αP(t/u) = αP(0) + α′

P
t/u ,

αR(t/u) = αR(0) + α′

R
t/u . (8)These linear forms are valid at not too large |t| or |u|. At large |t| or |u| the energydependent fa
tors are arti�
ially small. Therefore here where we explore it more, wepropose to smoothly swit
h o� the t/u dependent terms in (8) at t ∼ -0.5 GeV2 and u ∼-0.5 GeV2.Another option would be to use √ traje
tories (Brisudova et al.) 9 / 53



Elementary 
ross se
tion, VDMWe also wish to analyze whether the more heavy ve
tor mesons su
h as J/ψ 
an give asizeable 
ontribution.For example, for the double J/ψ �u
tuations (both photons �u
tuate into virtual J/ψmesons) we take the following Ansatz for the heli
ity 
onserving amplitude:
MJ/ψJ/ψVDM = g2J/ψCJ/ψ

P

„ ss0«αJ/ψJ/ψP
(t)−1 FHJ/ψJ/ψP

(t)FHJ/ψJ/ψP
(t) (9)

+ g2J/ψCJ/ψ
P

„ ss0«αJ/ψJ/ψP
(u)−1 FHJ/ψJ/ψP

(u)FHJ/ψJ/ψP
(u) . (10)In this 
ase (double J/ψ �u
tuations) only pomeron 
an be ex
hanged (no subleadingregeons are possible due to the 

̄ stru
ture of J/ψ mesons). In this 
ase, for simpli
ity, wetake the simpli�ed traje
tories as

α
J/ψJ/ψ
P

(t) = α
J/ψJ/ψ
P

(u) = α
J/ψJ/ψ
P

(0) . (11)Here the t/u dependen
ies are totally ignored. In numeri
al 
al
ulations we take
α
J/ψJ/ψ
P

(0) = 1.3 - 1.4 (typi
al hard pomeron). 10 / 53



Elementary 
ross se
tion, VDMSin
e the J/ψ mesons are far o�-mass-shell and more 
ompa
t than light ve
tor mesonsalso the form fa
tors must be modi�ed:FHJ/ψJ/ψP
(t) = exp t −m2J/ψ

Λ2J/ψ !

, (12)FHJ/ψJ/ΨP
(u) = exp u −m2J/ψ

Λ2J/ψ !

. (13)Please note that the form fa
tors are normalized to 1 on the meson (J/ψ) mass shell.One 
ould also use monopole-like form fa
tors. These form fa
tors drasti
ally redu
e theJ/ψJ/ψ 
omponent of the amplitude in 
omparison to light ve
tor meson 
omponents.However, due to 
ompa
tness of J/ψ we expe
t ΛJ/ψ to be large. In the 
al
ulationspresented here, we take ΛJ/ψ = 2 GeV for illustration.In a similar fashion, one 
ould in
lude one J/ψ �u
tuation and one light ve
tor meson�u
tuation. However, there the 
hoi
e of traje
tories is un
lear. 11 / 53



Elementary 
ross se
tion, VDMFinally, let us dis
uss the heli
ity stru
ture of the double photonhadroni
 �u
tuation amplitude. We write:
M(t)

λ1λ2→λ3λ4 = A(t) δλ1λ3δλ2λ4 , (14)
M(u)

λ1λ2→λ3λ4 = A(u) δλ1λ4δλ2λ3 . (15)A(t) and A(u) are known expli
itly. Then the total double VDMamplitude, in
luding t and u pro
esses, reads:
MVDM

λ1λ2→λ3λ4 =
1√2 (

MVDM,(t)
λ1λ2→λ3λ4 + MVDM,(u)

λ1λ2→λ3λ4) . (16)Having the double VDM heli
ity amplitudes, we 
an add di�erentme
hanisms 
oherently:
Mλ1λ2→λ3λ4 = Mboxes

λ1λ2→λ3λ4 +MVDM
λ1λ2→λ3λ4 +Mπ0

λ1λ2→λ3λ4 + ... . (17)In the following, we shall dis
uss the 
oherent sum of the larger two
omponents (boxes and VDM) and quantify their interferen
e e�e
ts. 12 / 53



Ba
kground 
ontribution
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Ba
kground 
ontributionThe γγ → π0(→ 2γ)π0(→ 2γ) rea
tion 
onstitutes a di�
ultba
kground for the γγ → γγ measurements at intermediate Mγγ . Howto 
al
ulate the 
ross se
tion for γγ → π0π0 rea
tion was dis
ussed byKlusek-Gawenda, Sz
zurek 2013.The 
al
ulation of the ba
kground pro
eeds in three steps.First the 
ross se
tion for γγ → π0π0 is 
al
ulated.Next the 
ross se
tion for AA → AAπ0π0 is 
omputed in theequivalent photon approximation in an analogous way as des
ribedin the previous subse
tion.Finally the simulation of both π0 de
ays is performed and
ombined distributions of one photon from the �rst π0 and onephoton from the se
ond π0 are 
onstru
ted. 14 / 53



Results, elementary 
ross se
tion

(a) 0 10 20 30 40 50
 [GeV]γγW

1−10

1

10

210

310

410

510

) 
[p

b]
γγ 

→ γγ(σ (b) 2−10 1−10 1 10
 [GeV]γγW

1

10

210

310

410

510

610

) 
[p

b]
γγ 

→ γγ(σ

Total

Leptons

Electrons & Muons

Electrons

Quarks

Figure: Elementary 
ross se
tion (in pb) as a fun
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 boxes are shown over a wide range of energies (a) MeV range (b).The total 
ross se
tion (blue solid line) is split into quarks (green solid line),ele
trons (red dashed line), ele
trons and muons (red dotted line), andleptons (red solid line) 
ontributions. 15 / 53



Results, elementary 
ross se
tion
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e e�e
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Results, elementary 
ross se
tion
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Results, elementary 
ross se
tion, heavier V in VDM
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t disappers at z± 1. Here CJ/ψJ/ψ = CVV /4 andCJ/ψV = CV ,J/ψ/2. 18 / 53



Results, elementary 
ross se
tion, box+VDM interferen
e
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ross se
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Results - nu
lear 
ross se
tion
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Figure: Di�erential 
ross se
tion as a fun
tion of two-photon invariant massat √sNN = 5.02 TeV.(a) The ATLAS experimental data are 
olle
ted with theoreti
al resultsin
luding a sharp 
ut on impa
t parameter (b > 14 fm - solid bla
k line) andsmooth nu
lear absorption fa
tor S2(b) (dash-dotted red line). For
ompleteness, results that are obtained with the help of Eq. (1) are 
omparedwith results from SuperChi
. The right panel shows two ratios:(b) results from our approa
h 
omparing sharp and smooth 
ut-o� on impa
tparameter and (
) SuperChi
 out
ome to our results, using a smoothrepresentation of the gap survival fa
tor.
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Results - nu
lear 
ross se
tionExperiment pt,min [GeV℄ UPC 
ondition σtot [nb℄ATLAS 2.5 b > 14 fm 81.062 ± 0.05S2(b) Eq. (3) 77.084 ± 0.005SuperChi
k 76.421 ± 0.074CMS 2 b > 14 fm 105.986 ± 0.067S2(b) 102.104 ± 0.057SuperChi
k 100.101 ± 0.144Table: Total 
ross se
tion for PbPb→PbPbγγ in nb obtained in di�erentapproa
hes for experimental ATLAS/CMS kinemati
s: 
ollision energy√sNN = 5.02 TeV, di-photon invariant mass Mγγ > 5 GeV, photon rapidity
|y | < 2.4. ATLAS and CMS dete
ted photons in di�erent range of transversemomenta. 21 / 53



Results - nu
lear 
ross se
tion
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Figure: (a) Impa
t parameter and (b) rapidity distribution for UPC oflead-lead at 
ollision energy √sNN = 5.02 TeV. The solid line 
orresponds toa sharp 
ut on the impa
t parameter and the red dash-dotted line is for theabsorption fa
tor given by Eq. (3). 22 / 53



Missing e�e
ts
Beyond Standard Model e�e
ts (dream of the BSM 
ommunity).Higher-order 
orre
tions to γγ → γγ s
attering.Ajjath, Chubey, Fraaie, Hirshi and Shao, Phys. Lett. B851 (2024)13555.NLO' QED + QCD with (massive) fermions only.Known and unknown resonan
es,e.g. X (6900), bottomonium zoo.Not 
oherent e�e
ts, (I will not talk about it here)
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Something missing?
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Inelasti
 
ontributionsThe in
lusion of the inelasti
 
omponent in the 
al
ulation of LbLs
attering in PbPb 
ollisions, implies that the 
ross-se
tion will begiven s
hemati
ally by
σLbL(√sNN) ∝ f elγ/Pb(x1) ⊗ f elγ/Pb(x2) ⊗ σ̂ [γγ → γγ;Wγγ ]

+ f elγ/Pb(x1) ⊗ f inelγ/Pb(x2) ⊗ σ̂ [γγ → γγ;Wγγ ] +

+ f inelγ/Pb(x1) ⊗ f elγ/Pb(x2) ⊗ σ̂ [γγ → γγ;Wγγ ] +

+ f inelγ/Pb(x1) ⊗ f inelγ/Pb(x2) ⊗ σ̂ [γγ → γγ;Wγγ ] , (18)f elγ/Pb(x) =
αZ 2
πx {2ξK0(ξ)K1(ξ) − ξ2[K 21 (ξ) − K 20 (ξ)]

}

, (19)and f inelγ/Pb(x , µ2) = Z × fγ/p(x , µ2) + (A− Z ) × fγ/n(x , µ2) , (20) 25 / 53



Broad range of rapidity, full phase spa
e
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Broad range of rapidity, full phase spa
e
σtot [mb℄Total 91.675 ± 0.023ele
trons+muons 41.597 ± 0.010ele
trons 39.163 ± 0.010quarks 12.483 ± 0.003Table: Total 
ross se
tion in mb for PbPb→PbPbγγ for di�erent fermioni

ontributions arti�
ially separated. Here 
ollision energy √sNN = 5.02 TeV,di-photon invariant mass Mγγ ∈ (0.01− 1) GeV, photon transversemomentum pt > 5 MeV and photon rapidity |y | < 8.

27 / 53



Broad range of rapidity, full phase spa
e
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ontributions, the red solid line is a sum forleptons, the dashed red line relates to ele
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Broad range of rapidity, full phase spa
e
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Broad range of rapidity, full phase spa
e
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FoCal�ALICE
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ALICE and FoCal
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ALICE and FoCal
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ALICE and FoCal
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ALICE 3 kinemati
s
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ALICE 3 kinemati
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ALICE 3 kinemati
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ALICE 3 kinemati
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ALICE 3 kinemati
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Figure: Predi
tion for the ALICE 3 experiment for photons: pt > 100 MeVand photon rapidities yi ∈ (−1.6, 4). The blue line 
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ALICE 3 kinemati
s
kinemati
al limitation σ(π0π0 b
kg) µb σ(boxes) µbpt >5 MeV Eγ > 50 MeV −4 < ηγ < 4 112.824 952.590pt > 100 MeV Eγ > 50 MeV −1.6 < ηγ < 4 159.231 82.682pt = (1 − 50) MeV Eγ > 50 MeV 3 < ηγ < 5 105.301 3095.795Table: Fermioni
 box signal 
ontribution versus double-π0 ba
kground givenin µb at PbPb 
ollision energy √sNN = 5.02 TeV, with three 
onsidereds
enarios of ALICE 3 dete
tor limitations.
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Con
lusionsWe have investigated how to extend future studies of light-by-lights
attering using future infrastru
ture (FoCal and ALICE 3).Several me
hanisms of γγ → γγ s
attering have been dis
ussed.We have dis
ussed shortly double photon �u
tuation into ve
tormesons and Regge-type of intera
tion (VDM-Regge) as well as itsinterferen
e with boxes. Negative interferen
e was found.Combination of ALICE and FoCal 
an extend the range of
γγ → γγ s
attering to smaller energies.The spe
ial photon dete
tor at y ∈ (3,5) would allow to study theLbL s
attering at very low energies and/or transverse momenta.The ways to eliminate unwanted double-π0 ba
kground weredis
ussed.(
ondition on pt,sum, ve
tor asymmetry, ydi� )We have found that the ba
kground 
an be drasti
ally redu
ed atlarge |ydi� | whi
h automati
ally means larger energies. This
ondition 
ould be easily imposed using ALICE 3 dete
tor. 45 / 53



Ex
lusive photon bremsstrahlungWe developed the formalism for ex
lusive photon bremsstrahlungat high energies. We work within the tensor-pomeron model asproposed by Ewerz, Maniatis and Na
htmann 2014 for softhadroni
 high-energy rea
tions.We dis
ussed ex
lusive di�ra
tive bremsstrahlung of one and twophotons in pp 
ollisions for the LHC energy √s = 13 TeV and atvery-forward photon rapidities.We 
onsider a new possibility to measure ex
lusive di�ra
tivepro
ess with LHCf (photons) and AFP (protons).In order to answer the question whether su
h a measurement ispossible one needs to 
onsider other pro
esses that 
an bemisidenti�ed as bremsstrahlung. One of the pro
esses whi
h ispotentially important in this 
ontext is the pp → ppπ0 rea
tion.The de
aying neutral pion pion is a sour
e of unwanted photonsthat 
an hinder the identi�
ation of bremsstrahlung photons ofinterest. 46 / 53



Ex
lusive photon bremsstrahlungThe di�ra
tive ex
lusive single-photon bremsstrahlung was dis
ussedre
ently:
ππ → ππγ (Lebiedowi
z, Na
htmann, Sz
zurekPhys. Rev. D105 014022 (2022)).pp → ppγ (Lebiedowi
z, Na
htmann, Sz
zurekPhys. Rev. D 106 (2022) 034023).P. Lebiedowi
z, O. Na
htmann and A. Sz
zurek, �Central ex
lusivedi�ra
tive produ
tion of a single photon in high-energyproton-proton 
ollisions within tensor-Pomeron approa
h�, Phys.Rev. D107, 074014 (2023).P. Lebiedowi
z, O. Na
htmann and A. Sz
zurek, �Ex
lusivedi�ra
tive bremsstrahlung of one and two photons at forwardrapidities: Possibilities for experimental sudies in pp 
ollisions atthe LHC�, Phys. Lett. B843, 138053 (2023).P. Lebiedowi
z, O. Na
htmann and A. Sz
zurek, �Soft-photontheorem for pion-proton elsti
 s
attering revisited�, Phys. Rev.D.110 ...... (2024). 47 / 53



Ex
lusive photon bremsstrahlung
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ALICE3, azimuthal 
orrelations
160 170 180 190 200

 (deg)
12

φ∼
4−10

3−10

2−10

1−10

1b)µ
 (

12φ∼
/dσd

 = 13 TeVs,  γ pp →pp 
   < 100 MeV,  3.5 < y < 51 MeV < k

 cutωno 
 > 0.1 GeVω
 > 0.5 GeVω
 > 1 GeVω

0 0.02 0.04 0.06 0.08 0.1

π/
12

φAco = 1 - 

3−10

2−10

1−10

1b)µ
/d

A
co

 (
σd

 = 13 TeVs,  γ pp →pp 
   < 100 MeV,  3.5 < y < 51 MeV < k

 cutωno 
 > 0.1 GeVω
 > 0.5 GeVω
 > 1 GeVω

0 100 200 300

 (deg)
13

φ∼
0

0.1

0.2

0.3

0.4

0.5

0.6
3−10×

b)µ
 (

13φ∼
/dσd

 = 13 TeVs,  γ pp →pp 
   < 100 MeV,  3.5 < y < 51 MeV < k

 cutωno 
 > 0.1 GeVω
 > 0.5 GeVω
 > 1 GeVω

0 100 200 300

 (deg)
23

φ∼
0

0.1

0.2

0.3

0.4

0.5

0.6
3−10×

b)µ
 (

23φ∼
/dσd

 = 13 TeVs,  γ pp →pp 
   < 100 MeV,  3.5 < y < 51 MeV < k

 cutωno 
 > 0.1 GeVω
 > 0.5 GeVω
 > 1 GeVω

49 / 53



ALICE3, azimuthal 
orrelations
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ALICE3, azimuthal 
orrelations

0 100 200 300

 (deg)
13

φ∼
0

0.1

0.2

0.3

0.4

0.5

0.6
3−10×

b)µ
 (

13φ∼
/dσd

 = 13 TeVs,  γ pp →pp 
   < 100 MeV,  3.5 < y < 51 MeV < k

standard
SPA1
SPA2

 > 1 GeVω

0 100 200 300

 (deg)
23

φ∼
0

0.1

0.2

0.3

0.4

0.5

0.6
3−10×

b)µ
 (

23φ∼
/dσd

 = 13 TeVs,  γ pp →pp 
   < 100 MeV,  3.5 < y < 51 MeV < k

standard
SPA1
SPA2

 > 1 GeVω

interesting to measure 52 / 53



ALICE3, azimuthal 
orrelations
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