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M Introduction to photon-induced processes

M Part I : Results from yy interactions

™ Partll : Results from photonuclear interactions

M Summary and outlook
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LHC or RHIC acts as source of photon colhder Electromagnetic fields

Relativistic heavy-ions are strong EM tield emitters In heavy-ion collisions (HICs) :

E| ~5x1016 — 1018V /cm
B| ~ 1014 - 1016 T

V. Skokov et al, Int.J.Mod.Phys.A 24 (2009) 5925-5932

Magnetic field in other systems

Pulsar ~ 1011T

Earth ~ 10-5T
Strongest EM fields created in the Laboratory

“b" = impact parameter
QM@?2023, Peter Steinberg

maximum energy
E /A max“V(flC/ R)

Equivalent Photon Approximation (EPA) :
EM fields can be treated in terms of photon
quanta or flux
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https://inspirehep.net/authors/1031404
https://indico.cern.ch/event/1139644/registrations/91590/

Phobtomn-itnduced processes i U&ra?’eripk@r{xt collistons

UltraPeripheral Collisions (UPCs) : b > R+ R, Types of interactions

b>2R

Y Yy +A/p

Electromagnetic interactions are dominant,

Flux of photons on other nucleus ~ Z2 ( nuclei >> proton) QED processes play crucial role

Flux of photons on photons ~ Z4
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Exclusive yy processes in UPCs

Lepton pair production Photon pair productions

S. Knapen et al., Phys. Rev. Lett. 118, 171801

e,p,A e,p,A
Pb Pb™

Y y

r Y .ij

<
f— Y A
Y g Y

Y QLH 4

ea P,A ea paA Pb Pb(*)

Light by Light: new physics or
BSM
i.e., Axion like particle (ALPs)

Light by Light scattering via
Breit-Wheeler processes and box diagram

higher muon and tau-lepton
pairs production a is the new pseudoscalar, often referred to as an axion-like particle

G. Breit, Phys. Rev. 46 (1934) 1087
Excellent probe for QED & new physms search (BSM)
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ﬁnﬁemmhaﬁe dvf{@xemae processes: Zero *Begr@;@ Laiomme&ers (Z"DL)

STARLIGHT 3.13 + ZDC are 140 m away from the IP (|n|> 8.3)
LHC beam energy )

—— XnXn

— OnOn 1
; XnOn = . .
ol . S ] S| Events are categorised into: OnOn/OnXn/XnXn

10 102 10°
ATLAS OnOn

b (fm) PbPD(yy) — u (PbPb)

Detect neutral particles: e.g. neutrons, photons

P, >4 GeV, In l<2.4
mw>10GeV p <2GeV

Ann.Rev.Nucl.Part.Sci. 70 (2020) 323-354 SO ,,__...--:33_;3; =
S

] Separate UPCs from inelastic Pb—Pb collisions

] Exclusive yy processes: mostly OnOn

[ Photonuclear processes: typically OnXn
7




[JAcoplanarity is a key tool for distinguishing these pre > 2.5 GeV/c, |ne|< 2.47, Mee >+5 GeV/c2 pree < 2 GeV/c
L —e+e-
processes°a_1_ IACPI/TC ¢ £ 10° "I"'I"'I"'I"'I"'I"'I)'/y S q08F T T
N O ATLAS Ono i) ATLAS
: . Pb+Pb |5, = 5.02 TeV : Pb+Pb |s,, = 5.0Xm10N
wt w 5 10 yy— e*e’, L=1.72nb" 510 yy— e*e’, L=1.72 nb"
g 10* ? on 0.003 = 0.002 yé 10* ?( "o 0.099 + 0.006
a=0 LCII>J) bkgo_ De;ta 20?8 | L%J : bkgo_ Da;ta 20;8 |
. . L - = = = STARIight+Pythi - = = = STARIlight+Pythi
[J Clear differences between samples selected with 10°8 L Qiss?c'iiﬁtvl 5C4+Py8) 10°% gss?c'i%utvl (5C4+Py8)
. - weee | OtQ wes | Ota
ZDC topologies: 1028 10<m,, <20 GeV, ly, | <o. 102 10 <m,, <20 GeV, ly_|<0.8
F '“ o
. . . 10 10 L
JOnOn: excellent agreement with STARlight+Pythiag8 E (A
'00.02'0.04 .06 0.08 0.1 0.120.14 '00.02'0.040.060.06 0.1 0.120.14
. . o(=1-1A¢p/l) o(=1-1A¢/l)
[1O0nXn and XnXn clear contributions from Inclusive
dissociative processes (modelled with SuperChic) B QT

—
ATLAS
Pb+Pb |/s, = 5.02 TeV

LN LA LA B NN DL B
ATLAS XnXn
Pb+Pb |s,, = 5.02 TeV

N - N -
5 5.
S =
C -
STAR: yy—e+e-, Phys. Rev. C 70, 031902(R) (2004) , 5 10° yy— e*e’, L=1.72nb" 5 10° yy— e*e’, L =1.72 nb"
g . XnXn f’&! . Inclusive ZDC
o 10 f o= 0.13 = 0.01 o 10 foo = 0.043 = 0.0026
ATLAS: yy—u+u-, Phys. Rev. C 104, 024906 (2021), yy—e+e-, JHEP 06 (2023) 182 i kg. Data 2018 0 kgo Data 2018
3 - = = = STARIlight+Pythia8 3 - = =« STARIlight+Pythia8
10°¢ ... Dissociative (SC4+Py8) 10 E® Dissociative (SC4+Py8)

CMS: yy—u+u-, JHEP 01 (2012) 052,

STARIlight: S.R.Klein, et.al., Comput.Phys.Commun.212(2017) 258

. . T T T b . P T TR A X T A A
SuoperChic:Lucian Harland-Lang, Eur. Phys. J. C 80, 925 (2020) 10 0.020.040.060.08 0.1 0.120.14 10 002004006008 0.1 012014
a(=1-1A¢/xl) a(=1-1A¢/xl)
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Observation OF Breit-wheeler processes: yy —» etre-

STAR Au+Au at \[SNN =200 GeV Iyee\ <1, P < 0 1GeV, P:> 0.2 GeV, |n¢| -

T e T e . |
% 1 E_* (a) ’;‘ Data: Au+Au UPC E :g :. (b) 0. 4 < Mee < 0 76 GeV _ G
- ' -v. . ~— jv - . _‘ electron
g : l N Theory for yy—ete: | — 04" % ¥- % _ /A <.|.
é 10_1 E' .’t;i — — QED fOr UPC _ % - f : t : @ positron
= EI A X ===« STARLight 1 o 0.3 o, X % — %
- R 1 o i . _
% :I .Q.\.‘\* : % : f % : Photons Cw
© -2 _l TN \D 0 2__ N, N ,
10 E' ' & ~ _.:_" u "L * i —
:] * T . ™ \i -
. . : N . . -
i [ i} B 3 N
31 Background: S k) Eppe— |Sotropic efe- X ‘{ -
10°H —— Photonuclear p? & ¢ "= - O
J L /\ A B B 0_‘ .................. TP VU T T T T Lot i
0.5 1 1.5 2 2.5 0 0.2 0.4 0.6 0.8

Measure 0, the angle between the

dPure QED 2 — 2 scattering : do/dM « E -4~ M4 e+ and beam axis in pair rest frame

D No vector meson contribution STARLight: S.R. Klein, et.al.Comput.Phys.Commun.212(2017) 258
QED: W.Zha et al., , Phys. Lett. B 800 (2020) 135089

Measurement of total cross section agrees with theory calculations



Observation Ot-v Bre&mwkeemr processes: yy —» eve-

B1refr1ngence of the QED vacuum STAR Collaboration, Phys. Rev. Lett. 127 (2021) 052302
R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492 81 400 T T T T T T T T T
Optcal Theorem Vacuum under strong EM fields & [ STAR o045<M,<076Gev. P;<0.1GeV

212 ; :
~— | | o £1200 ¥ Au+tAuUPC ¥ Au+Au 60-80% x 0.65

Breit-Wheeler Process, ~ - _
1 - . . + ]
. % 1000~ Fit: Cx( 1 + Amcos 2AD + A4A¢cos 4A0 ) t10 -
....................... € > v - — 1 ] B
:_I/_\ o B ) #‘ = | =
K O 800} : —
L et - | -
. G ¢ < — 1 -
Ity R -
= 600
<]
\ : /

Light-by-Light Scattering 400
S. Bragin, et. al., Phys. Rev. Lett. 119 (2017), 250403 P
20091 T . o
. , , , - Polarized yy — e*e™: Without Polarization : B
] Intrinsic photon spin converted into orbital angular _ — —QED ... STARLight _
momentum -> anisotropy in e+- momentum O ===« SuperChic 1 | | | o
T
. . o 0 > Ad=0d - T
] Results are consistent with QED or SuperChic with ce ‘e
linear photon polarized Ap = Ap[(e* +e7), (et —eT)]
~ Ap[(eT +e7),e™ ]
[ Similar observation also seen for muon-pairs Observed cos(Ag) modulation for produced e+e-

Experimental demonstration to access transverse linearly polarized of photon and QED vacuum Birefriengence

10 =17clab, Orsay, Framce — ECT* 2024, Trento, Traly — dakhishyam mallick@cern.ch



Dilepton pair prac&u&mm i higher order ciet*:av channel: yy —» 71~

CMS, Phys. Rev. Lett 131, 151803 (2023)

Ph Ph S CGMS __ PbPb-404ub7 (s, = 5.02 TeV) cms PbPb - 404 ub™ (s = 5.02 TeV)
O 251 — . )
ze n O “Ur 1 Data : PbPb(yy)—Pb''Pb' 1+t
7T o s 20 :_ - YY — 1:uﬁ".:iprong _: :
e F 5
T 0 = : — - I I o I I Data, 4.8 + 0.6(stat) + 0.5(sys)ub
’}/ ﬂ' G>,) 1 5 — Pl T s —] :
V.- W F L. Beresford and J. Liu,
10F E Phys.Rev.D 102 (2020) 113008
124 - .
4 SF - M. Dyndal et al.,
Ly 0 . Phys.Lett.B 809 (2020) 135682
o ? i :
x B s, S y — ' - . ' .
g E (,)I SRR W BEPTRENEN J T 5 W 00000000 4 5 6 7 8 9 10
Ze S 0 5 10 15 20 25 30 35 40 o(yy—>1'7) [ub]
Pb Pb S

Visible tt invariant mass [GeV]

[ r-leptons pair production observed at LHC energies
] Dirac equation (classical

assumption) : no internal structure,
spin =1/2, g = 2, any deviation from
a: = (g -2)/2 g-2 is considered as anomalous
magnetic moment

] Constraints on 7-lepton anomalous magnetic moment, a,

[JIts value is sensitive to new physics search, such as
many BSM models

11
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OPAL 1998

13 1998 °

—*:—
DELPHI 2004 : ATLAS

Combined e —

Expected e ———

Pb+Pb \s,=5.02 TeV, 1.44 nb”

u1T-SR ———— @ Bestfit value
u3T-SR ' m—— 68% CL
— 95% CL

IR TR N TR S SR !
—O 1 —-0.05 0 0.05

[JObserved 95% CL limits: ar € (-0.057, 0.024)

01

y)/ -7 7:‘*"7:
ATLAS Phys Rev Lett 131 151802

] Dirac equation (classical assumption) :
no internal structure, spin =1/2, g= 2,
any deviation from g-2 is considered as
anomalous magnetic moment

= (8-2)/2
Three signal regions defined:

u1T-SR: muon + 1 track (e/u/hadron)
u3T-SR: muon + 3 tracks (3 hadrons)

ue-SR: muon + electron,

SR = signal regions

[JFirst time put limits using LHC energies since LEP era, ar € (-0.052, 0.013), ErJC 35 (2004) 159

[]Statistical uncertainties dominant — expected to improve with Run-3 data

IJCLab, Orsay, France
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Baryon-antibaryon Production in Au—Au UPC at RHIC

A A Xin Wu, SOM 2024

w—r
QA

b, 0.05 < Iy**l < 0.5, pf <0.1 GeV/c

w—r
OCD

YY — PP, Shao et al”*
vyAu — ppAu, Zha et al”*

p: > 0.2 GeV/c, m°l <0.9

—
o

Z{%/
=]

do/dM [ub/(GeV/c?)]
3

1

Can yy produces more complex baryon anti baryon pairs ?

107"

-2 -
10°F STAR Preliminary  ausauupc Sy = 200 GeV
107

2 2.1 2.2 2.3 2.4
M5 (GeV/c?)

[J Observed process yy —> pp in UPCs



M@.&suremev& c:wf Lugk%*bjwugk% sri*a&@.rw\g (LbL) Yy = vy

L1ght by hght (LbyL) scattermg key example of rare SM process Drobed in UPC

Pb

LI
XLL < J-J-X
¥ ¢—— ¢

(] Not allowed classically, but possible in QED at O(x4)
— 201
— 201
— 201

A"
AT =1 iy
T

5 data -> evidence at 4.4 o
8 data -> evidence at 8.2 o

5+ 2018 data -> differential cross section

2015 data 2018 data 2015+18 data
lo | L I llllllllllll I LI B | I L | lo SO:I L I LI I L I LI l LI I L I L I LI l: 8 80_ ] 1 ] l 1 1 I I ] 1 Ll l L] 1 I I I L 1 I L] ]
S 14 -eData, 480 ub‘ ATLAs 4 8 F ATLAS e ATLAS
S L Oy-nM S 45 1 2 70t =
> 100, ERyy—e'e MC Pb+Pb |sy, = 5.02 TeV P aot] Pb+Pb \s,, = 5.02 TeV E o F Pb+Pb s, =5.02 TeV ]
;E) [ [T CEP yy MC § - : § 60 =
i 10:— - w35 E_ —e- Data 2018, 1.7 nb’ _5 - E e~ Data, 2.2 nb™ -
1 Signal selection ] 305 [_ISignal (yy = yv) 3 0 [Signal by = vv)
8r no Aco requirement o5/ EHJ CEP g9 — vy E a CJCEP gg — vy E
— vy —ee ] — 40 Eyy —ee .
6 _ oL || EE 9 Sys. unc ] N Syst. uncertainty ’
- - 30 =
15} : | 5
0 T F ‘
5§ E E
00 0.01 0.02 0.03 0.04 oO. 05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.02 004 006 0.08 . 0.12
yy acoplanarity A, A,
ATLAS, Nature Phys. 13 (2017) 852 Phys. Rev. Lett. 123, 052001 (2019) JHEP 03 (2021) 243

13(syst.) £ 4 (lumi) nb

M. Klusek-Gawenda et al, Phys. Rev. C 93, 044907

J. C 80, 925 (2020)

[JFiducial cross-section:120 + 17(stat.) £

Compare to theoretical predictions: 80 £ 8 nb,

78 £+ 8 nb (SU.pGI’ChiC 3, Lucian Harland-Lang, Eur. Phys.

Differential measurements (myy, |y, |, Py, | COSO*|) are reasonably good agreement of distribution

shapes with SuperChic3 predlctlons

14 -

"IJCLab, Orsay, France



Meo\surememﬁ c::»f Lngh&wbj“tug% s&a&erma\ (LbL) Yy

nght by 11ght (LbyL) scattermg key example of rare SM process probed in UPC
CMS-PAS-HIN-21-015

PbPb, 1.65 nb™ (Ys = 5.02 TeV)

o
=
»n
U
o}
3
=
D
<

+ Data

vy — vy (SUPERCHIC 3.03)

vy — e’e (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)

Events / 0.0025
N
(@)
|||||||||||||||||

gg — vy (SUPERCHIC 3.03, scaled to data)

=
A" g
AV = | 1 — I
— 0 . . . . i . — . . . . —
¢ P 0.001  0.002 001 002 003 0.1
A¢

26 exclusive diphoton candidates observed for 12.8 £3.1 signal events expected

—> significance of the LbL signal = 5.2 standard deviations
‘|5 S T A A A P T A P R P A A P P A o < A P o A A B P o R P T A P R P A A PR P TS P IR
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95% CLs limit on ofyy— a—yy) [nb]

S. Knapen et al.,

an&s on search nfo»r axion-Llike par&d@.s

el — m, = 15 GeV LBL
m, = 40 GeV Fakes
" Brem
% \/m =5.5TeV
@
=
S £
10 20 30 40 »0
Mo~ (GeV)
i ] ; ' T
- ATLAS
_ -1
Pb+Pb VSNN =5.02TeV,2.2nb
2 - . . _—
10 = e Expected Limit =
- —— Observed -
- 20 unc. :
i . lounc. -

105— E
= JHEP 03 (2021) 243 —
- | | S -
6 7 8 910 20 30 40 50 6070 10°
m, [GeV]
[J No significant deviation from SM
1 —————————— R

IJCLab, Orsay, France
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 Axion-like partlcles can couple to photons in initial- and final-state of Yy—vYy
Phys. Rev. Lett. 118, 171801

CMS-PAS-HIN-21-015

CMS Preliminary Exclusion limits at 95% confidence level

10 BaBar LEP I and Il CDF
3 - PrAMEX o elle-l
1=
L LHC
1 0—1 — (Pp)
= PbPb
8 ~ Beam Dump - (PEPE)
-2 | > 04|
C .
5 10 S
whd @
_8 02
G107
C 0.1 —
o MiniBoone 383 : CMS
52 1 4 0071 (PbPb)
((v] O 0.05—2—% 78 910 20 30 40 50 60 7080
m, (GeV)
10—5 | 1| IIL.H|“ | (. \.III,I“ ||||||| | | |||||I| | | ||||||| | | ||||||| |
1073 1072 10~ 1 10 . 107 10°

axion mass m, (GeV)

[ Most stringent constraints in the mass range
CMS : 5-100 GeV
ATLAS 6 100 GeV
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Fka&ogrmdua‘&wm of vector mesons

Photonuclear interactions:

QED is here

[]Clean experimental signature
VM photoproduction :

. -> Probing density distributions inside nucleon/nucleus at
Pb, p

low Bjorken-x

VM (J/y, y(25)) (y, p-)

My
X = —— X exp(xy)

SNN

pQCD is here Wyp/Pb : Center-of-mass energy of photon-lead system

t: Mandelstam variable = - p%



Motivation: ‘Pko&oprodu&&om of vector mesons

1 Accardiet. al.: Eur.Phys.J.A 52 (2016) 9, 268 ] 1 6 Eslkc:I? Iel:'?l:: EIU:‘ lplrl]x? J. IC |82I I(IZI(I)IZZ) l4]I-3I -~
HERA Q2 = 10 GeV? QQ(Y) > UL | |I | |
| saturation > Y 14 1+ NUCLEUS '
— HERAPDF1.7 (prel.) reg|0n U . i [
08K ... HERAPDF1.6 (prel.) a 1 2 |
B experimental uncertainty N® . i @I s %

‘ model uncertainty XU, — 1 O - .?_:I _ '_3' _______ ‘
<~ 0.6 :\\\ [ parametrization uncertainty “ . i g: :g :
q N . 08 L 2112
s ' < PV
-— |
X 04F 0.6

G (x 0.05) ~ Y .
- BERRAERE TN &= L T 1
=04 F 1
E . T b D-‘ - | ! "‘o >
oz | = 0.2 et -
XS (x 0.09 & R enniitigge [ BPPS2I
' / 0.0 i T ARERETTT AR
. 2 2 .
= P pngnesay gk o 3N A In Q /\ 1 -3 -9 -1
QCD
107 107 1074 107 L (e ~ 1 (e < 1 10 10 10 10
X
] How to probe gluon saturation? L] How well do we model photon flux ?

. L. Constrain parameters of models
— To probe gluon saturation effects inside nucleon or U b

nucleus at low Bjorken-x and test pQCD

Ideal probe: photoproduction of coherent vector mesons (p, J/¥, W2S),Y(nS))




Different photon-induced processes

Coherent photo production
Photon (y) couples coherently to all nucleons

<pr>yw ~ 1/R ~ 60 MeV/c

Usually no breaking of target

— Does this include nuclear excitation ? Acoherent

:*

— Does this include coherent breakup

Incoherent photo production
Photon (y) couples to single nucleon

<PT>J/W ~ 500 MeV/c
Usually target nucleus breaks

— neutrons are observed

— pr distribution follows exp(bt), b small Aincoherent

. —————

Clear definition require between the theory and (variable) experimental

"IJCLab, Orsay, France = ECT* 2024, Trento, Itally =~ dukhishyam.mallick@cern.ch



O
>
9 4
= 10
L)
QA
O
Q.
(dp)
€ 10°
-
@)
O
10°

Photoproduction c;wf VM in UPCs

pr dlstrlbutmns for d1fferent processes Phys. Lett. B798 (2019) 134926

10

—4.00 <y <-2.50

N MH

ALICE, Pb-Pb |5, = 5.02 TeV

UPC, L, = 754 £ 38 ub™
2.85 <m,, <3.35 GeV/c?
« ALICE data
Coherent J/y
— Incoherent J/y
— Incoherent J/y with nucleon dissociation
— Coherent J/y from y' decay
Incoherent J/y from y' decay

— Continuum yy — up
— Fit: x4/ dof=1.81

0.5 1 1.5 2 2.5
p_ (GeV/c)

t: Mandelstam variable = - p%, helps to constrain

transverse gluonic structure at low Bjorken-x, Mantysaari,

Schenke, PLB 772 (2017) 832

] Coherent photoproduction tells about transverse
dependence of the gluon shadowing

STARIlight: Comp. Phys. Comm. 212 (2017) 238.

Coherent photoproduction of VMs are dominant at low transverse momentum (pr) region

IJCLab, Orsay, France

dukhishyam.mallick@cern.ch



VM pho&o pro&u&&om cross seckion vs, Y at LHC experi;mev\%s

-1
Forward region (ALICE, CMS, LHCb): CMS PbPb 1.52 nb (5.02 TeV
J/IP S ]J.+].l_ Pb + Pb S Pb + Pb n J/wPRL 131 (2023) 262301 AnAn

o— CMS

Midrapidity region (ALICE) :
J/W—>u'u, e*e, pp

ALICE 2019
ALICE 2021 midrapidity
LHCb 2022

Compatibility between ALICE and
LHCDb at forward rapidity but
values are found different among

dGJhP / dy (mb)

experiments in the rapidity,

-2.9<y< -1.5

ALICE: EPJ C 81 (2021) 712
LHCb: JHEP 07 (2022) 117, JHEP 06 (2023) 146

CMS: PRL 131 (2023) 262301

Models cannot describes the full rapidity dependence




f&agud&v d@.p@\c{ew&e :

ymetrlc collisions, dependmg on the photon
emitter: two values of Bjorken-x probed

photon emitter
(higher energy)

photon emitter
(lower energy)

IJCLab, Orsay, France
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ALICE Pb+Pb — Pb+Pb+J/y |5y, =5.02 TeV

El  ALIGE coherent.Jjy Eur. Phys. J. C 81 (2021) 712
- - = = Impulse approximation
S— STARLIGHT
——— EPS09 LO (GKZ)
s LTA (GKZ2) . R o, :
-.mee |IM BG (GM) i
— — |Psat (LM) "
— . BGK-I (LS)

- - - - GG-HS (CCK)
— - b-BK (BCCM) -

1 (5%), x ~1.1 x 10-5
2 (95 %), x ~3.3 x 10-2

ECT* 2024, Trento, Italy

1 (50%)
2 (50%)
at y-O X ~ 10-3

1 (40%), x ~5.1 x 10-4
2 (60 %), x ~0.7 x 10-2

dukhlshYam malllck@cer'n ch T



Solubion ko Pho&am energy meigm%j

Measured cross section from Pb-Pb collisions Photon flux at rapidity ty in the impact parameter range (b1,b2)

At v=0,
— nfy(y; D12 nfy(—y; D12 Uwa(_y) ’
dy - dopbph

= 2n,(y,{b})oypb(Y)

Photonuclear cross section: QCD!

Proposed solution by | V. Guzey et al., PLB 726 (2013), 290-295 and J. G. Contreras, PRC 96, 015203
(2017)]

Electromagnetic dissociation of nuclei (EMD): modeling of photon fluxes associated to neutron

emission
1. ALICE Collaboration, JHEP 10 (2023) 119

2. CMS Collaboration, PRL 131 (2023) 262301
3. STAR Collaboration, arXiv:2311.13632 (submitted to PRC), arXiv:2311.13637 (submitted to PRL)

Simultaneously solving the cross section measurements from UPCs and PCs
1. J. Contreras et al., PRC 96, 015203 (2017)




?ko&o Fredue&ov\ of VM: oyeb e Wv?b or X

Energy dependence of coherent J / 111 produetmn ?

JHEP 10 (2023) 119

First measurement of the energy
dependence of the photonuclear cross

section (oypb) down to Bjorken-x -~ 10-5

At low Wyp, : Impulse
approximation (IA) and STARIlight

Impulse approximation: [PRC88, 014910 (2013)]
STARLIGHT: [Comp. Phys. Comm. 212 (2017) 258]
EPS09 LO (GKZ): [PRC. 93(5), 055206 (2016)]
LTA (GKZ): [Phys. Rep.512, 255-393 (2012)]

GG-HS (CCK): [PRC. 97(2), 024901 (2018)], and [PLB 766, 186-191 (2017)]

b-BK (BCCM): [PLB 817, 136306 (2021)]

Bjorken -X

10 107 10 107
£ Y
— — ¢ ALICE, Pb-Pb |s, = 5.02 TeV -
= - Guzey et al., using ALICE Pb-Pb |5, = 2.76 TeV (PLB 726 (2013) 290-295) _
£ | 4 Contreras, using ALICE Pb-Pb 5, = 276 TeV (PRC 96 (2017)015203) -
 — - Impulse approximation - )

-~ STARIight e

102— — EPS09LO - __

-
——"
.

L] ’ ’
" - ’
-
.

.-
l’

20 30 40 50 10° 2%102

No model describes the whole energy/Bjorken-x range!

At high Wyp, : LTA and color dipole

IJCLab, Orsay, France

model (GG HS, b-BK-A )

10°

W, b (GEV)
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Nuclear suppression factor ot LHC and RHIC energies

Oy PblAu

Nuclear suppression factor due to gluon shadowing Sop/ay =
u IA

Bjorken-x

, 1072 107° 1074 107
o] _I [ [ [ [ | R [ [ [ | Frr T ' ' ' et [ [ | [ I_I
%3 1 8: ¢ ALICE, Pb-Pb |5, =5.02 TeV JHEP 10 (2023) 119 _
T C i} Guzey et al., using ALICE Pb-Pb \/s, = 2.76 TeV (PLB 726 (2013) 290-295) -
1.6— 4 Contreras, using ALICE Pb-Pb |s = 2.76 TeV (PRC 96 (2017) 015203) —
14 :_ - = Impulse approximation LTA _:
~  -'- STARIight GG-HS -
12— —EPS09LO -+~ b-BK-A -
1}\< Sl —
0.8 | T -
0.6 -
0.4F =
0.2 —
O : | | | | | | | 1 I | | | | | | | 1 I :

20 30 4050 10° 2x10? 10°
W by (GEV)

OyPbiAu

At LHC energies , Wypp =
At RHIC energies, Wyau =

813 GeV. Sk, = 0.47 +0.05 + 0.03

25 GeV, Sau-= 0.71£0.04 £0.07

Strong suppression due to nuclear gluon shadowing is
observed at both RHIC and LHC energies

Nuclear Suppression factor S™

arXiv:2311.13637
2
X =~ Mﬁm I WC.
0.05 0.04 0.03 0.02 0.01 STAR
1 .5 llll M1 l i ] 1 1 1 I | | 1 1 I 1
- Au Au ~
Coherent S__, Incoherent S, _

n ¥ Data 4+ Data -

| 2~ LTA shdowing LTA shdowing 2
/A CGC w. substructure O CGC w. substructure |

O CGC w/o substructure 1 CGC w/o substructure
1
. CGC

1 <—| kinematic limit ~

s 10 .

: < '

00 A
0.5 + | —
s f £

3 'L a

RHIC ;
0 1 l | 1 | | l 1 1 1 | l | | | 1 | l :J 1 | 1 l | 1 |

15 20 25 30 35
W, .y (GeV)

CGC Model, H. Mintysaari et al.,arXiv:2207.03712
LTA model, M.Strickman et al., arXiv:2303.12052

At similar Wyn (-~ 25 GeV), the suppression at
ALICE i1s smaller than at RHIC



Coherent W(2S) pko&oyrodu&&om cross section

ALICE: Eur. Phys. J. C 81 (2021) 712
midrapidity

ALICE Pb+Pb — Pb+Pb+y)' |5, = 5.02 TeV

[«1 ALICE coherent '
---- Impulse approximation

.-~ STARLIGHT

— EPS09 LO (GK2)
20 .. LTA (GK2)

—---GG-HS (CCK) e
o — - b-BK(BCCM)

,‘|I|IIII|IIII|IIII|IIII|IIII

doas) /dy* [mb)]

1.5

1.0

0.5

0.0

LHCb, JHEP 06 (2023) 146
forward rapidity

4
ook
J
L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | ]

0

1 2 3 4

| | | | | | | | | | | | | | | | | | | | | | | | o data

— stat. unc.
[Isyst. .
—— LHCbH st wne
[ S === STARIight
...... ~ PbPb A/ SNN — 5.02 TeV L,O pQCD (GKSZ)
Coherent 1(25) production 7| W LTA
Bma et Luminosity unc. : 4.4% _|:l|E131§]§)2‘9unce.

NLO pQCD (FEGLP):

[ PPS21
' nPDF unce.
Scale variation

Colour-dipole:

=~ bOGC+BC (GMMNS)

- bCGC+GLC (GMMNS)

- IP-SAT+BG (GMMNS)

- IP-SAT+GLC (GMMNS)

- Is fluct. +BG (MSL)

- No fluct. +BG (MSL)

- Is fluct. +GLC (MSL)
No fluct. +GLC (MSL)

--=- GBW+BT (KKNP)

-—- GBW+POW (KKNP)

-+~ KST+BT (KKNP)

- GG-hs+BG (CCK)

KRR

RHIC, arXiv:2311.13632
midrapidity

Au+Au—VM+Au*+Au*, s, = 200 GeV STAR

- Coherent

Data

STARIlight NLO
—Jhp =Jy
- p(2S)

o JN
- ¥y (2S)

midrapidty

[(JNuclear gluon shadowing factor, Spp =

] First midrapidity W(2S) by STAR Collaboration

0.66 +* 0.06, consistent with the value obtained from J/W at

] First y-differential W(2S) photoproduction cross section by LHCb




Polarization: Coherent vector meson photoproduction

Polarization refers to the particle spin alignment with respect to a chosen direction

VM

transferred to vector meson (J/w)
Vector meson (VM) has retained same helicity and polarization as that of the initial
photon that interacted with the target

s-channel helicity conservation (SCHC): helicity or polarization of photon

Phys. Lett. B 31 (1970) 387-390, JETP Lett. 68 (1998) 696-703

Helicity frame: z-axis (polarization axis): flight direction of the J/w in its rest frame

J/W $ A/
rest frame
Positive
0 Muon
Production

plane ~_

Dilepton decay angular distribution

P. Faccioli et al., Eur.Phys.J.C69:657-673, 2010

1
3+A4g

W (cosH, ¢) x

(/‘lg,ﬂqb,/lgd)) = (0,0,0) = No polarization
(26,14, 29¢) = (+1,0,0) = Transverse polarization

(26, 2¢, 269 ) = (—1,0,0) = Longitudinal polarization

(1 + A9 cos? 0 + A4 sin® B cos2¢ + Ay4Sin26 cosg)

|t
0.8}
0.6
0.4

0.2

cosé




Polarization:Coherent vector meson [pka&a Produ{:‘%mv\ . UPC

ALICE, Pb-Pb VSNN =5.02 TeV, Coherent J/y

L LA L R I B R B LB R LB R B LA B
- ¢ ALICE data -
- —W(cos(6),A,=0.75) B

1

0.75+£0.254£0.24 | 0.03+0.03£0.02 | 0.10£0.05+0.06
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ALICE : arXiv:2304.10928
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(] Coherently photoproduced J/y in UPCs at LHC energies

Transversely polarized

Consistent with SCHC hypothesis

0.068 +0.070 +0.070

0.003 +0.039 +0.028

0.013
0.120 +0.080 *001

0.014 +0.014 £0.012

-0.011 £ 0.036 +0.030

0.030
0.340 +0.090 *092




Entanglement-enabled spm interference in exclusive VM pho’roproduc’rlon

T omography of ultrarelat1v1st1(: nuclel w1th polarlzed photon gluon colhslons Sci.Adv.g (2023) 1, abq3903

Au+Au = pyt+Au*+Au*, | /[syy = 200 GeV

A A + A collision B p+Acollision STAR: signal = pairs with P_<60 MeV
> : '} %;
21 2«#* AT ﬁ‘: ¥4
3 444- .!‘ X
: o 1-»-;-.-&—w~f~~*- R Tas A e
s G 0.8 N LAt
s (= *ﬁﬁft %::'**
£0.6[-(9) = 1 + A cos(2) Syst. Uncert.
§ [ S AuAU: A = (29.1 £0.4 £0.4)x107
. 04— U+U : A = (23.8 0.6 +0.4)x10"
Observable : _ mgeptAu : A = (-0.5 £1.2 x0.9)x107?
50% of the IJ'[; l J'Ic
times ¢ = azimuth angle between p, and p. Tt -5 0 5 T
P, =T T, ¢
1, (1r,) = 4-momentum of track 1(2), randomly
50% of the assigned to the positive and negative tracks
times (] Modulation is observed for p° in Au-Au,

U-U collisions but not in p-Au collisions

(] Demonstration of Einstein—-Podolsky—Rosen (EPR) paradox
(Linearly polarized photons + interference + entanglement effects)



Extraction oﬂf nuclet Radit : Au and U M,u,cieus

T omography of ultrarelat1v1st1c nucle1 w1th polar1zed photon gluon coll1s1ons Sci.Adv.g (2023) 1, abq3903

A STAR Photonuclear p — T B STAR Signal *r pairs vs. models
g —%— Au + Au |5 = 200 GeV
-_ZQ; ----- Model I: R =6.38 fm, a = 0.535 fm
T
LR =[R2+ 202 (1 + (1/2)cos(24))]

6.5 1% Au+Au :R,=6.62+0.03, 6, =2.39+0.04 (fm)

B U +U: :R;=7.37£0.07, 6,=1.92+0.12 (fm) 0
6.0' : ' |
T T .
—T — 0 = T
5 5 ¢ 0 :

[ Model I: implementing a photon and Pomeron interaction using a Woods-Saxon distribution,
W. Zha, et al, Phys. Rev. D 103, 033007 (2021)

[ Model II: implements a dipole and gluon interaction with the gluon distribution inside the

30 — IJ'CLab Or'say‘ Fr'ance | T ECT* 2024 Tr'en'ro I’raly - dukhlshyam malllck@cer'n ch

nucleus given by a color glass condensate (CGC) model H. X1ng et al, J. High Energ. Phys. 2020, 064 (2020)



Entanglement-enabled spin interference in exclusive VM photoproduction

3 | | T
pr <200 MeV/c Au+Au 200 GeV ] p0 : short lifetime (1 fm/c), localized wave
. 2.5 | - function << b — interference occurs in the
= 2.95 <Mg+y- < 3.2 G.eV/c2 daughter pions (spin O) level
c o _
CDJ STAR Preliminary [JJ/y has longer lifetime, extended wave
.15 | ] function
S ™ Q== o™
2 11 \ __________ / _______ \ ___________ / - (JJ/y decay daughters, electrons (spin 1/2)
~ @ 0 O @ are fermions
[2 O | \m/
S 05 ¢ ' :
> .
S f(¢p)=1+a,cos(2¢)
O mm +10 — Fit - Data ‘
_0-5 | | 1
-TC -7t/2 0 /2 i

¢

(] Measurements of the spin interference with J/y or higher VMs at LHC and EIC will provide more
information

"IJCLab, Orsay, France =~ ECT* 2024, Trento, Itally =~ dukhishyam.mallick@cern.ch



other highlights

Photoproduction of K*K~ Pairs in Ultraperipheral Collisions

S. Acharya et al. (ALICE Collaboration)
Phys. Rev. Lett. 132, 222303 — Published 31 May 2024 Measurement of the impact-parameter dependent azimuthal anisotropy in coherent pO

- photoproduction in Pb—Pb collisions at /snny = 5.02 TeV

ALICE Collaboration arXiv:2405.14525

Nuclear Experiment

[Submitted on 11 Apr 2024]

Exclusive four pion photoproduction in ultraperipheral Pb-Pb collisions at /sy = 5.02 TeV

ALICE Collaboration arxiv:2404.07542

Exclusive J /1, ®(2s), and e*e™ pair production in Au + Au ultraperipheral collisions at the

BNL Relativistic Heavy lon Collider
STAR Collaboration - M.l. Abdulhamid (American U., Cairo) et al. (Jul 31, 2024)
Published in: Phys.Rev.C 110 (2024) 1, 014911

Energy Dependence of Polarized vy — e e~ in Peripheral Au+Au Collisions at RHIC

STAR Collaboration (Jul 20, 2024)
e-Print: 2407.14821 [nucl-ex]

————

Search for magnetic monopole pair production in ultraperipheral Pb+Pb collisions at
JSNN=5.36 TeV with the ATLAS detector at the LHC

ATLAS Collaboration (Jul 23, 2024) Search for baryon junctions in photonuclear processes and isobar collisions at RHIC #2

Nicole Lewis (Brookhaven), Wendi Lv (Hefei, CUST), Mason Alexander Ross (East Carolina U.), Chun Yuen Tsang (Kent
State U. and Hampton U.), James Daniel Brandenburg (Brookhaven) et al. (May 11, 2022)

Published in: Eur.Phys.J.C 84 (2024) 6, 590 - e-Print: 2205.05685 [hep-ph]




St mMary

[ Photon-photon and photonuclear reactions have been provided a reach set of physics opportunity in
ultra peripheral collisions (UPCs)
] Photon-photon interactions:
v Observed Breit-Wheeler processes, experimentally demonstrate mass -energy equivalence relation
v Observed higher mass dilepton (muon, tau) pairs and search for new physics in tau-lepton pair
production, along with precise measurement of tau-anomalous magnetic moment

v Also seen light-by-light (LbL) scattering and possibility for search of ALPs particle

(] Photonuclear interactions:
v Coherent photoproduction cross section measurements provide constrain to model for modelling
photon flux
v Understanding photon-energy ambiguity in symmetric collisions
v Polarization study test SHC hypothesis and transversely polarized nature of vector mesons

v Spin-enabled interference effects: demonstration of EPR phenomena

33 TTI3Clab, Orsay, Framce  ECT* 2024, Tremto, Traly  dukhishyam.mallick@cern ch



Cubtloole

Photon-photon interactions
OPrecise measurement on anomalous magnetic moment a;, LbyL at at

low diphoton masses, 797° photoproduction
O Search for rare probe of SM and BSM physics (ALPs, etc)

O Higgs boson production in photon-photon collisions

Photonuclear interactions

O

Precision and more differential studies (rapidity, polarization,
azimuthal anisotropy, etc.)

O Bottomonia and open heavy-flavour (D-meson), strangeness

O Exclusive hadron pairs (z7,KK,pp etc.), phi-meson,double vector

meson photoproduction

O Search of exotica ( e.g. X(3872), 4p, or 6p etc.)
O Inclusive/semi inclusive UPCs e.g. inclusive J/y, jets in UPCs
:311 B—

"IJCLab, Orsay, France

Hadronic+UPC measurements
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ALICE Simulation, Pb + Pb — Pb + Pb +V *}
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0.2
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— EPS09LO, Q=m, /2 | ALICE Y(1S) pseudodata
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Resulks : yy —» LrL-

[JJADE Collaboration, W. Bartel et al., “Lepton pair production in double tagged two photon interactions,” Z. Phys. C 30

(1986) 545.

] L3 Collaboration, M. Acciarri et al., “Production of e, p and t pairs in untagged two photon collisions at LEP,” Phys. Lett.

B407 (1997) 341-350.

[JC. R. Vane et al., “Electron positron pair production in Coulomb collisions of ultrarelativistic sulphur ions with fixed

targets,”Phys. Rev. Lett. 69 (1992) 1911.

First experimental test of QED

JADE
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