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Probing gluons in nuclel
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® Nucleus gluon field is not simple superposition of A nucleon fields

® More general question: Where and how does the transition from a dilute parton system to a dense gluon
regime state occur?

e Saturation is expected to set at higher x in heavy nuclei!
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Ultra-peripheral heavy-ion collisions at the LHC

S. Klein, H. Mantysaari, Nature Reviews Physics 1, 662-674 (2019)

e EM field from ultra-relativistic ions: a beam of quasi real C
photons (intensity = Z2) —/
e or 4 or nucleus
= Photon energy frontier: up to ~ 500 TeV in target frame at . Vector
the LHC energies y -

® Photo-nuclear interaction in ultra-peripheral collisions
(UPC): collisions w_i_th an impag:t_paramet_er_grea’ger than p or nucleus Gluons
the sum of the radii of the colliding nuclei, in which

hadronic interactions are strongly suppressed
® Lowest-order cross section proportional to the gluon

d

distribution, leading final states such vector meson or dijet y
_ ector
¢ Coherent and incoherent processes provide M Vector

complementary informations on gluon density Y (or dijet)
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https://www.nature.com/natrevphys

Vector meson photoproduction in UPC

A

JUOUO00000M O(

¢

Pb, Xe

\ VM (p%, J/v, ') (v, p-)

Pb, Xe, p

//—

Photon fluctuates to a gg dipole which then
elastically scatters off the nucleus, emerging as

vector meson having JPC = 1-
Kinematic variables are accessible via measurement:

photon virtuality: 0° ~ (M,,/2)*
My

\/ SNN

Photon-target center of mass energy:
W},2 =2FE,, ..Mye™

—target target
Mandelstam t probing transverse structure of the
target: || = py?

eiyV

Bjorken-x: xp =
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Photon two-way ambiguity in UPC

ALICE, JHEP 06 (2020) 035 ALICE Pb-Pb UPC {s,, = 5.02 TeV

¢ Ambiguity due to sign in the rapidity of the photon emitter

S
arXiv:2303.16984 é :
(a) photon emitter (b) P
% (higher energy) . | target R E,
)
I n >
D target Ml PR | S
| photon emitter
Vv (lower energy)
M
| - — — .
Xp = e, i.e.y=3— x= 107? or 10~ for J/y at LHC energies

\/ 5NN

® High probability to exchange one or more additional (low energy)
photons in a UPC, leading electromagnetic dissociation of ions, — T .
to breakup of the nucleus i

= Neutrons emitted In the forward direction
Guzey et al., Eur.Phys.J.C 74 (2014) 7, 2942

® Probability to emit additional photons is assumed to factorize in )
impact parameter space <

ZNA energy (TeV)
S.Klein, P. Steinberg Annu. Rev. Nucl. Part. Sci, 70 (2020)-323-54

STARLIGHT 7

_ _ ] ] LHC beam energy -
= ZDC measurements provide impact parameter information for o
photon flux estimation — XnXn
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Photon two-way ambiguity in UPC

ALICE, JHEP 06 (2020) 035 ALICE Pb-Pb UPC {s,, = 5.02 TeV

¢ Ambiguity due to sign in the rapidity of the photon emitter

S
arXiv:2303.16984 S
(a) %photon emitter (b) P
(higher energy) target o
> | > 2
)
JH d JAD 2
C gg — OR — N
- target Wl PR || W
N photon emitter
| V' (lower energy)
M
V + : — — .
Xp = e, i.e.y=3— x= 107? or 10~ for J/y at LHC energies

\/ NN

® High probability to exchange one or more additional (low energy)
photons in a UPC, leading electromagnetic dissocic
to breakup of the nucleus

= Neutrons emitted In the forward direction
Guzey et al., Eur.Phys.J.C 74 (2014) 7, 2942

®* Probability to emit additional photons is assumed tc¢
Impact parameter space
= ZDC measurements provide impact parameter in

photon flux estimation

ZNA energy (TeV)
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S.Klein. P. Steinberg Annu. Rev. Nucl. Part. Sci, 70 (2020)-323-54
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Exclusive photoproduction of J/w

Eur. Phys. J. C 81 (2021

) 712

ALICE, Pb—Pb s, = 5.02 TeV

y| < 0.8

UPC, L, =233 +6 ub™
2.90 < m, < 3.20 GeV/c?

e 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 — |l

e Good-Walker formalism links coherent and

iIncoherent production to the average nuclear
configuration and event-by-event fluctuations
respectively

/g <pr>xl1/R_ ~ 50 MeV/c

)\Coherent

oz = — Fit: x%/dof=1.09
- lb_t'—l_L 44— < pr > /R, oon = 500 MeV/c
T —‘_I_‘L + _ )‘Incoherent
3 l | S. Klein, Phys. Rev. C 107, 055203
el ] — et Caveat: UPCs and eA collisions may involve
4 =] = multiple photons; other possible sub-reactions
] l g1 or different time-scale,...
e I Y M A i e | = |nterpretation of incoherent production is not
-
p_ (GeVic) trivial!
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Coherent J/y photoproduction constraining gluon density

Eur. Phys. J. C 81 (2021) 712 Guzey et al. Phys.Lett.B 816 (2021) 136202
’.g 14r ALICE Pb+Pb — Pb+Pb+J/y |s,, =5.02 TeV 10 F ] - — - — - ]
B o[ [ ALICE coherent Jiy _ '
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> - EPPS16 —-—-
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I ] I | l | I | I | - - - - -
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y X

e Midrapidity: x € (0.3, 1.4) x 10-3, compatible with models predicting moderate shadowing

e 2-fold photon directional ambiguity in forward rapidity:
xe(1.1,5.1) x 1050or x € (0.7,3.3) x 10-2
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Energy/Bjorken-x dependence coherent J/y photoproduction

o(yPDb) (ub)
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¢ ALICE, Pb-Pb |s,, = 5.02 TeV (arXiv:2305.19060) -

¢ CMS, Pb-Pb \s,, = 5.02 TeV (arXiv:2303.16984)
¢, Guzey et al., using ALICE Pb-Pb \s,,, = 2.76 TeV (PLB 726 (2013) 280-295) )
4 Contreras, using ALICE Pb-Pb \s,, = 2.76 TeV (PRC 96 (2017) 015203) _ . -~ "
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o Complementary measurements of ALICE and CMS in wide energy (Bjorken-x) range

® While impulse approximation and STARIlight work at low energies, shadowing and
saturation based models describe suppression at high energies
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Itl-dependent coherent J/y in UPCs

PLB 817 (2021) 136280

—~

® The square of the momentum transferred to the

o ALICE Pb+Pb — Pb+Pb+J/ =5.02 TeV — .
S 10~ +Pb — Pb+Pb+Jiy sy e - target nucleus is related through a two-
S L ALICE coherent J/y, |y|<0.8 - dimensional Fourier transform to the gluon
Q ) o + Experimental uncorrelated syst. + stat. | distribution in the p|ane transverse to the
'g i \,;:_'}\_. Experimental correlated syst. | Int eraCti on
~ e UPC to yPb model uncertainty . .
= PR — . (b and t are Fourier conjugates)
< B TS i
ke S TARIlight: f Woods-
I \\\\\.\ gaxon'?,uc.;;ﬂorﬁﬂaitor 1 ® The lowest-order pQCD coherent vector meson
S e (w/o shadowing) photoproduction:
\\\‘\\.\.\
1 O - Cop _ TEMTymerrer 1o qz)l’
- e = - 2 ’
_ — STARIight (Pb form factor) » _ d 3tem (29°)

l

--= LTA (nuclear shadowing)

— - b-BK (gluon saturation) = \\ I\“‘.\
N N
s NS _
X ~5x104, Q2~ 2.25 GeV N \
| I ] | ] I ] k |

UC Berkeley

10

§ ol ° o STARlght/Data_
~15- _ o o  LTATData e Falls off more steeply than the Woods-Saxon
) 0 o v b-BK/ Data - - .
£ | A A S nuclear form factor; consistent with dipole model
= 0 0.002  0.004 0.006 0008 001 0.012 calculations that include nuclear shadowing and/
t| (GeV=¢®)  or gluon saturation
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ltl-dependent incoherent J/y in UPCs

arXiv:2305.06169
> iy ALIGE, Po-FOUPC sy = .02 TeV » Models including gluonic subnucleon
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P SN 4 Uncorrelated sfat. + syst. fluctuations (hot spots or dissociation) agree
E B s Correlated syst. better with the slope of the measurement
E N .\" ~‘\\ S
O 109 N - Teammsal ?!J’atlo
E':.i "',.' \\_‘-'—+' ; "*,. o "p~.f!7~0t SpOt ] ] ]
3 [ ~.__° ® First measurement of its kind ever
I e~ . ! " = complementary measurements needed
oh/. ‘._‘ /'e
\9,5 /’79 ™~ U 60
B (ST * s ~/)/
- &= MS-hs 11,//) | ‘4,‘ "%'9\
-3 9 Q, oSS
10°— =-= MSp X, ‘s .,
:_ ) . &6 ",. Ooi v
—= = G5Z-el+diss . =77 R
4 . ‘0 e
- -.e- GSZ-el %, ’7
i (!
s 200 . =
A 1.5 o g
= 1.0 b §-nmmmmeeennen e grmmmemmmeamnn s 4
B 0.5 § \ . =
§ 0.0 | : l . x ;. | : : : | : —F | 1 ; : )
- 0.2 0.4 0.6 0.8 1.0
it (GeV?)
Minjung Kim 2023 CFNS postdoc Meet

UC Berkeley 17. Oct. 2023


https://arxiv.org/abs/2305.06169

J/y photoproduction: updates from theory

Gyzey et al. arXiv:2303.12630 - -

® pQCD calculation with shadowing:
- Oy

- at LO: only gluon contributes
- at NLO: quark and additional internal gluon

® Considerable scale dependence

¢ Difficult to reproduce rapidity dependence in

m eaS U re m e ntS Fig. 1. Graphical representation of the v+ A — J/1+ A amplitude in NLO pQCD:
gluon (left) and quark (right) contributions.

[NLO with EPPS21 e =31
i \"IYSNN — 5.02 Tev
g |HR = HF=H, (1] = GeV e
| R — u=1.55
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(Pb + Pb—- Pb + J/y + Pb) [mb]
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J/y photoproduction: updates from theory

pPQCD calculation with shadowing:
- at LO: only gluon contributes

- at NLO: quark and additional internal gluon

Considerable scale dependence

Difficult to reproduce rapidity dependence in

measurements

Large contribution of quarks (and additional
interference); LO and NLO gluon amplitudes

tend to cancel

do

(Pb+Pb - Pb+J/W+Pb) [mb]

dy

Gyzey et al. arXiv:2303.12630

Fig. 1. Graphical representation of the v+ A — J/1+ A amplitude in NLO pQCD:
gluon (left) and quark (right) contributions.

Phys.Rev.C 106 (2022) 035202

] NLO with EPPS16
] VSyny =5.02 TeV
1l pr=pgr =2.37 GeV

|
[EY
1 e l 2 4 2

—— Full |M|)?
-- Only Gluons
== Only Quarks

\ ——- Interference
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J/yw photoproduction: updates from theory

A. kuszczak, W. Schafer, arXiv:2108.06788

pPQCD calculation with shadowing:

- at LO: only gluon contributes

- at NLO: quark and additional internal gluon
Considerable scale dependence

Difficult to reproduce rapidity dependence in 2)
measurements

Large contribution of quarks (and additional
interference); LO and NLO gluon amplitudes
tend to cancel

Dipole picutre: inclusion of higher qqg Fock
states by introducing 3—body dipole cross
section and wave function better describes the
measurements
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Figure 1: Coherent photoproduction of a vector meson in which the nucleus stays in its
ground state.
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https://arxiv.org/search/hep-ph?searchtype=author&query=%C5%81uszczak%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Sch%C3%A4fer%2C+W
https://arxiv.org/abs/2108.06788

Photon-induced processes not covered today......

ALICE, arXiv:2304.10928

http //cds.cern. ch/record/2806461/flles/ATLAS CONF-2022-021.pdf
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http://dx.doi.org/10.1007/JHEP07(2022)117

FOCAL: a Forward Calorimeter in ALICE (Run 4)

FOCAL-E (Si-W EM calorimeter)
FOCAL-H (Scintillating fibers in Cu
capillary tubes)

3.4<1<5.8
FOCAL

D

-

v
“o

b

Positioned 7 m
from IP2 (A-side)

CERN Yellow Rep. Monogr. 7
(2019) 1159-1410, arXiv 1812.06

PbPb
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https://arxiv.org/abs/1812.06772

g‘; (Pb + Pb — Pb + JAy + Pb) [mb]

J/y photoproduction with FOCAL

A Bylinkin et al 2023 J. Phys. G: Nucl. Part. Phys. 50 055105

UPC Pb-Pb \s,, = 5.36 TeV, 7 nb™
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¢ Extend the range for J/ reconstruction to 3.4 < n< 5.8

® Corresponding to W,,>1 TeV and x < 10-°
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Photoproduction at EIC with the EPIC detector

® Wide range of photon Q2 with high luminosity and optimized detector for precision measurement

©
Diffractive VM timeline

2012 2019

DIS conference March 30 2023

intense debate; some were
caused by software differences

2022
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Photoproduction with the EPIC detector

Y From Barak’s SPIN 2023 presentation
¢ Full simulation chain, from generator to ep@jdetector design
) 3.5m :

reconStrUCted ObjeCtS, iS ready With Detector is ~9m long — compactness comes _ —
- EPIC geometry o Solenoida il - magnet won't afect he
. . electron beam
(updated time to time for the latest o Combines > 16 subsystemsfor tracking
deSign) o) gzggsanr:ii’gflc%r’;rlree:;s to integ’rate power, (S
. . cooling, and data services, while also ’ i =
— ReconStrUCtlon algorlthms :oasi;';)alianing as hermetic a detector as 0
(inc. tracking, clustering,...) o Detector wil use streaming readout
® Photoproductions of various vector mesons T
are studied under diverse conditions ey Iy S
. - " - u 9/28/2023 u 18
- Acceptance and kinematic limitation —
- Separation of coherent/incoherent e —_—
CO ntri b Uti 0 n i ‘ (reconstructed) ;

ddsim |ms) | Podiofile g | eicrecon
eicrecon.root

(simulated data)
4 H
dd4hep (user histos/trees)

(geometry) /4
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self normalized counts

self normalized counts

Acceptance of final state particles for J/y photoproduction
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First look of Y (nS) photoproduction

Y Collaborate with Saeahram @ UC Davis

40000 """ TR R bt est 1 C T T T T ] e Used the ratio for the yields
- Y(1S) m = 10.016 GeV 3 1:0.45:0.33
35000 - Double-sided CB xﬁffg"iio‘.’-zg‘gnev E from the STARIight paper
—~ 30000 ™ =9.453£0.000 GeV 21758 £ 0.014 - o
C - w=1.789 £0.030 g , , ,
8 - ¢=79.97£0.31 NeV " Double-sidevcﬁil) a e Fitted with the DSCB(Double-Sided Crystal Ball)

- 25000 «, =1.367+0.010 m=10.348GeV  — . . : :
- - T o =65.43 + 0.35 MeV _ Function with the constraints on the mean and tail
~— - N =1.352x0. o =1.367+0.010 -

; 20000 a:= E— 2::11:3_;.’;%:2:%112 — parameter values of Y(2S) and Y(3S).
-E E N =1.789 + 0.030 n, = 1.789 + 0.030 E PDG
S = 5 YnS YIS PDGmass
" 10000}~ = ©

- . e Resolution of each peak:

5000 — 0, =79.97 £+ 0.31 MeV
0 N . enoes® @ 3 0,.=64.31+0.29 MeV - need to investigate further
8 8.5 9 9.5 10 10.5 11 0,. = 6543 1 0.35 MeV
m,... (GeV/c®)
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Summary and outlook

Photoproduction measurements at the LHC provide valuable inputs for studying the nuclear
structure at high energies (small Bjorken-x), dense gluon system

LHC Run 3 Pb-Pb data taking campaign is coming soon. Run 4 with ALICE FoCAL will extend
kinematic coverage of down to x < 10-°

Full simulation chain, from generator to reconstructed objects, is ready for EPIC:
various studies of photoproduction and diffractive physics are ongoing! = stay tuned!

EIC and UPCs (at the RHIC and LHC) are complementary, respectively providing precision
measurements for different photon Q2and probes of low x gluons
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Ultra-peripheral heavy-ion collisions at the LHC: Photon energy frontier

o EM field of ultra-relativistic ions = a beam of quasi real photons
S. Klein, J. Nystrand, Physics Today 70, 10, 40 (2017) (intensity ~ 22)

® Photon energy frontier: up to ~ 500 TeV in target frame at the LHC
energies
® Photons can then fluctuate into a hadronic object or a colour dipole

e Ultra-Peripheral Collision (UPC): b > 2R
—hadronic interactions are strongly suppressed

e Coherent (Incoherent) photoproduction: photon couples to aII
nucleons in whole nucleus (a single nucleor " /... o (e 5 502 7ev
ion) _ e

ZNC energy (TeV)

ZNA energy (TeV)

S

)\Coherent }‘Incoherent
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Coherent J/y photoproduction in Pb-Pb collisions

ALICE Collaboration, arXiv:2204.10684

} 1 O L L I 1 1 1 I r 1 1 1 I I 1T 1 1 I r 1 1 1 I I 1 1 1 I L L I | L L L Eji 700 : rrnri I L B B | I r I I LI D I | I D I | I D B | I L L L I 1 11 :
@ : = - ALICE, Pb-Pb s, =5.02TeV  Models .
ALICE, Pb'Pb V SNN = 502 TeV : > 600 — - = |lIM S2 —1IM S3 —
i L2 T Uy - wtw, 25<y <4 - - GBW S2 — GBW S3 ]
e S8 -
- Jhp = u'u,25<y<4 - X 500 P, <03GeVic .-+ GG-hs -
— = n — ) VDM -
pT <03 GeV/c § Data [ I1Model - Cent. corr. syst. uncert. = 6.5% -
i 0.3<p_<1GeV/ic } Data [ ]Model ] 400 [ ke —
_ 1<p_<2GeV/c { Data [ ]Model _ - e :
300 [— " R
pogbe: L T
1] S e =" —
_________________ m:— A . :
______________ E——— 100 - i —
L1 11 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 11 I L1 11 O : L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 wl L1 :
0 50 100 150 200 250 300 350 400 0 o0 100 150 200 250 300 350 400
W. Zha et al., PLB 777 (2018) 399 (Npart) (N part>

first ALICE measurement: PRL 116 (2016) 222301

o Low ptJ/Y (pT < 0.3 GeV/c) large excess — coherent J/p photoproduction in Pb-Pb collisions

e UPC based model including overlap effect qualitatively describes the trend of data in peripheral
collisions J. 6. Contreras, PRC 96 (2017) 015203
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https://arxiv.org/abs/2204.10684
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J/y photoproduction - NLO

; 10181 | L I| | L I| _—
()] 1 015i ® 35<H;<43GeV ATLAS Preliminary -~
(2 [ W 43<H;<53GeV (x107) Pb+Pb 5.02 TeV, 1.72 nb” ]
O {oF A 53<H;<66GeV (x107) 0.008 < z, <0.015 —
= 10 66 < H, <81 GeV (x10) UPC 7 + A — jets =
. 9: + 81<H;<100GeV (x10®) anti-k, R=0.4 Jets .
N 107 o 100<H;<123Gev (x10™) 35 < M, <185 GeV S
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0 ><<1O — 7
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