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Nuclear structure in QCD

* High-energy nuclear physics — microscopic structure of atomic
nuclei using the language of Quantum Chromodynamics (QCD).

* Hard processes™ with nuclei at high energies — quark and gluon
(parton) distributions £, (x, 0?).

 Fundamental and essential for QCD phenomenology at colliders (RHIC, LHC) —
initial conditions (cold nuclear matter effects) in pA and AA scattering.

. P and
Initial State Pre-_ - Sy?jroan Hadronization Freeze-out
equilibrium expansion

* Influence transition to very small-x regime of high parton
densities (gluon saturation) and saturation scale Q. (x, A).

*Hard process = large momentum transfer or transverse momentum or mass



Nuclear parton distributions

« Collinear factorization of perturbative QCD — f,,(x, Q%) are probabilities for finding
parton i with momentum fraction x at resolution scale O.

* Non-perturbative and universal — from global fits of data on lepton-nucleus deep
inelastic scattering (DIS) and other hard processes in pA scattering at LHC.

o fya(x, %) # Zf(x, 0%) + (A — Z)f,,(x, 0%): nuclear shadowing (x < 0.05), nuclear anti-
shadowing (x ~ 0.1), EMC effect (0.2 < x < 0.7), Fermi motion (x > 0.7).

2
RA(x,0%) = 2f,~,A(x,Q ) . Klasen, Paukkunen, Ann. Rev. Nucl. Part.
Z fipp(x, Q%) + (A = Z)fin(x, Q%) Sci. 74 (2024) 49, 2311.00450 [hep-ph]
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Nuclear PDFs: from pA to eA via yA

* pA scattering at LHC — incremental improvement in determination of f,,(x, 0*) using

production of gauge bosons, jets, D, EPPS21, Eskola et al., EPJC 82 (2022) 5, 413; nCTEQ15, EPC 80
(2020) 10, 968; NNNPDF3.0, EPJC 82 (2022) 6, 507 — major contribution by Jyvaskyla group.

* cA scatterln% at planned Electron-lon Collider (EIC) — dramatic progress due to:
» wide x — O~ coverage
e array of nuclel from D to Au
« first measurements of longitudinal F;'(x, 0*) and diffractive F”(x, x,, %) structure functions

« yA scattering through ultraperipheral collisions (UPCs) a RHIC and LHC—
complementary to EIC.

{No hadronic interaction}

Large impact parameters b = O(50 fm) > 2R,
Interaction via quasi-real photons in equivalent photon mw
approximation /]\m )

Photon flux N,,, (k) ~ Z*, photon energy k ~ y;

LHC is a high-energy photon collider — both yy and
vA (yp) scattering. Pb

 J/y production in Pb-Pb UPCs — access to very large

photon-nucleon energy up to W, ~ 1 TeV and very
small x, = M3, /W2, ~ 1075 — 102 e N
Pb Pb

Bertulani, Klein, Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271; Baltz et al, Phys. Rept. 458 (2008) 1; Contreras, Tapia-
Takaki, Int. J. Mod. Phys. A 30 (2015) 1542012; Klein and Mantysaari, Nature Rev. Phys. 1 (2019) no.11, 662

00, Jhp, Y(2s), ...




Coherent J/y production in Pb-Pb UPCs at LHC

* Most studied UPC process.
« Motivation — nuclear gluon density xg,(x, 0?)

at small x, Ryskin, Z. Phys. C57 (1993) 89 .

I/

 Both ions serve as photon source and target
— sum of high and low energies W

d 6Pbe—>PbeJ/l//
— yPb—JhyPb yPb—JIyPb
= [Ny/Aa + [Ny 0
dy k=k+ k=k-
Photon flux from moving Photo : E+p M
production _ z +_ Uy 4y,
charge (QED) cross section Y= E — — k= 2 ¢
p;
12
P P 2 112 = _ £y
cPb—=Jly b(W}/p) x [ng(x, Qeff)] W2, lmMJ/we ]

« Ambiguity in relating J/y rapidity y to photon momentum k (momentum fraction x, = M}, /W)

away from y=0 — challenge to probe small x, since N, ,(k") < N,;,(k~) — solved by UPCs with

forward neutrons from e.m. dissociation, Baltz, Klein, Nystrand, PRL 89 (2002) 012301, Guzey, Strikman,
Zhalov, EPJC 74 (2014) 7, 2942; [ALICE] JHEP 10 (2023) 119; [CMS] PRL 131, no. 26 (2023) 262301; [ATLAS] 2509.04135
[hep-ex]
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Nuclear suppression factor

* Convert cross sections into nuclear suppression factor S,,(x), Guzey, Kryshen, Strikman, Zhalov,
PLB 726 (2013) 290; Guzey, Zhalov, JHEP 1310 (2013) 207

dt

L—--

12 LTA i
O.be—>J/wa<wyp) ng(x, szf) 1.4 _ copsoy sz Pb UPCs zat 5.02 TeV
Spb(X) = RN = 62 ---- nCTEQ15HQ Qeff= 3 GeV
yPb—Jly. - ,
O W,,) Axg,(x, Q%) 12{7 ZIEIINCI;DFB 0
4 CMs
. . 104 ® ATLAS 2025
* Impulse approximation (lA): <
dayp—>J/l//P(W 1= 0) 00 E 0.8
oin Wy = = L AEOF G
Iimin

» Avoids 2-fold ambiguity

. Combines data from different , /syy 0.4
« Data-to-theory comparison with reduced

theoretical uncertainties 0'%0—5  10~* 10~ 102  10-!
* Independent on proton baseline X

» Direct evidence of large gluon shadowing: R, = g,/(Ag,) # 0.6at x =6 x 107" — 107,
and further decreasing down to x = 10~°.

e Consistent with leading-twist approximation (LTA) for shadowing, Frankfurt, Guzey, Strikman,
Phys. Rept. 512 (2012) 255 and state of the art EPPS21, nCTEQ15, nNNPDF3.0 nuclear PDFs.



Nuclear shadowing vs. saturation

« Competing description based on color

dipole model with

gluon saturation, GG-Hs:

o(yPb) (ub)

Cepila, Contreras, Krelina, PRC 97 (2018) 024901; b-BK-A:
Bendova, Cepila, Contreras, Matas, PLB 817 (2021) 136306
Mantysaari, Salazar, Schenke, PRD 106 (2022) no.7,

074019, PRD 109 (2024) no.7, LO71504 — major

contribution by Jyvaskyla group.

« Status: no approach describes the data

forally, W, , and x
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* — Open question of small-x QCD: What is the relation between shadowing and
saturation? — To be answered by UPCs@LHC and EIC measurements.

* Sketch of regimes of high-
energy scattering off nuclei —
needs to be verified and
quantified.
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Exclusive J/y photoproduction in NLO pQCD

e Beyond LLA, yA — J/wA amplitude in terms of generalized parton distribution
functions (GPDs), Ji, PRD 55 (1997) 7114; Radyushkin PRD 56 (1997) 5524; Diehl, Phys. Rept. 388 (2003) 41

d Next-to-leading order (N LO) of perturbative QCD, lvanov, Schafer, Szymanowski, Krasnikov, EPJ C
34 (2004) 297, 75 (2015) 75 (Erratum); Jones, Martin, Ryskin, Teubner, J. Phys. G: Nucl. Part. Phys. 43 (2016) 035002

1
MA=IAG) & [(0)) J,WJ dx [Tg(x, & m I up)Fi(x, &, 1, pe) + T, (x, & me/ up) Fi(x, £, t’/"f)]
-1

} J }
NRQCD matrix element from Coefficient function Gluon GPD Quark contribution
J/Y leptonic decay
. Mj,
* Both gluons and gluons at NLO: o Athigh W, and small skewness £ = X <1

rp
— forward model for nuclear GPDs at input scale:

Fj(xa 5’ L, /’lf) — -ng(x9 /’tf)FA(t)

— l

EPPS21, nCTEQ15, Factorized t-dependence

using nuclear form factor
NNNPDF3.0 nPDFs (Woods-Saxon)




NLO pQCD for J/y production in Pb-Pb UPCs@LHC

10 Pb-Pb UPCs at 5.02 TeV
NLO pQCD, EPPS21 nPDFs
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fair description of Run 1-2 data, Eskola, Flett, Guzey,
Léytainen, Paukkunen, PRC 106 (2022) 3, 035202, PRC 107
(2023) 4, 044912

e Large uncertainties due to nPDF errors —
opportunity to reduce them using UPC data.

e Large In(1/&) can be resummed using
high-energy factorization (HEF) — reduced
Hs, Hg dependence, Flett, Lansberg, Nabeebaccus,

Nefedov, Sznajder, Wagner, PLB 859 (2024) 139117 —
work in progress by Jyvaskyla group to
implement in Pb-Pb UPCs.

e Sizable relativistic corrections to J/y wave

function in dipole model, Frankfurt, Koepf,
Strikman, PRD 57 (1998) 512; Lappi, Mantysaari,

Penttala, PRD 102 (2020) no.5, 054020 — work in
progress in collinear approach.



Inclusive dijet photoproduction in Pb-Pb UPCs@LHC

« Jets are complementary probes of nPDFs and
QCD dynamics.

* First measurement of inclusive dijet production in [
Pb-Pb UPCs at 5.02 TeV for 0.002 < x, < 0.5 and
35 < QO < 212.5GeV, [ATLAS], PRD 111 (2025) no.5, 052006

* Collinear factorization of pQCD, Guzey, Kiasen, PRC 99

(2019) 065202
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* NLO pQCD describes shape and normalization of older
preliminary ATLAS data, ATLAS-CONF-2017-011

* 10-20% effect of NPDFs — the data can be used to reduce

uncertainty of gluon density by factor 2 at x, = 1073, Guzey,
Klasen, EPJ C 79 (2019) 5, 396

* Data can also be used to look for nonlinear effects in

Color Glass Condensate framework, Kotko, Kutak, Sapeta,
Stasto, Strikman, EPJ C 77 (2017) 5, 353 10



Transverse-plane geometry in dijet photoproduction

« ATLAS measurement in OnXn neutron class — near-encounter UPCs with smaller-
than-average impact parameters b < (b)

« Sensitivity to transverse-plane distributions of charge in photon-emitting nucleus A
(f,4(y, 7)) and of partons in nuclear target B (7,(s))

Typical (average) UPC Near-encounter UPC
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« Effective photon flux, Eskola, Guzey, Helenius,
Paakkinen, Paukkunen, PRC 110 (2024) 5, 054906

n) = [d27‘d23’ 1 (3, T, ()44 (F = 5)

» Geometry effects important for large y and k.




Predictions for dijet photoproduction

- Additional factor I} to veto electromagnetic breakup of photon-emitting nucleus in
OnXn class.

y/A(y) [dz_’szs MOCADINED) UNGEED) By R GEED

«NLO pQCD calculations with ATLAS kinematic cuts as function of z, = yx,, Eskola, Guzey,
Helenius, Paakkinen, Paukkunen, PRC 110 (2024) 5, 054906
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o Geometry effects important for large z, = yx, (right) but entangled with e.m. veto (left).
» Sensitivity to b-dependence of nPDFs is small.
12



Summary and Outlook

« Continuing interest and strong theoretical support of UPCs at LHC and RHIC to obtain
new constraints on nPDFs and QCD dynamics at small x — UPC2025 workshop

« Complementary to pA at LHC and eA at EIC: large W, , in UPCs vs. 0? and nuclear mass
A dependence at EIC.

» The data on coherent J/y production in Pb-Pb UPC at LHC challenges both collinear
factorization and saturation frameworks.

« Strong nuclear suppression observed in this process — large leading-twist gluon
nuclear shadowing at small x in collinear framework.

» Inclusive dijet production in Pb-Pb UPC at LHC probes nPDFs down to x, = 10 —
potential to reduce the current nPDF uncertainties by factor of 2.

« Shows some sensitivity to transverse-plane geometry, but not to b-depend. of nPDFs.
« Many ongoing studies of various heavy-ion UPC processes:

* Inclusive D" production — test of NPDFs, Cacchiari, Innocenti, Stasto, 2506.09893 [hep-ph], Saturation,

Gimeno-Estivill, Lappi, Mantysaari, PRD 111 (2025) no.11, 114036, and UPDFs, Goncalves, Santana, Schéfer,
2506.02223 [hep-ph]

* Incoherent J/i production — test of LTA, Guzey, Strikman, Zhalov, PRC 99 (2019) 1, 015201, hot spot
model, Mantysaari, Schenke, PLB 772 (2017) 832; Mantysaari, Salazar, Schenke, PRD 109 (2024) 47, L071504
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https://indico.global/event/9992/

