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I Introduction to ultraperipheral collisions (UPC) *tlaliol

Only QED involved
at this vertex!

e Coherent
photoproduction:
photon couples with
the entire nucleus

dar(,rpﬁ J/‘I'-i-p) _ iMlz LO

16was?

a J
= (Fﬁ"(t)l"—a—- e Incoherent
photoproduction:
photon couples with

a single nucleon only

e Large impact parameter Ryskin: Z. Phys. C 57, 89-92
(beyond the reach of (1993)

the strong interaction)

e Different average py
of the vector mesons
for the two processes

e Vector meson
production Hard scale assured by high

o e.g.p", Jly, w(2S)

mass states i.e. J/y, w(2.5)
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I Introduction to ultraperipheral collisions (UPC) *tlaliol

Only QED involved
at this vertex!

e Coherent
photoproduction:
photon couples with
the entire nucleus

| 7| the square of the momentum
transferred between the incoming

and outgoing target nucleus e Incoherent

photoproduction:
photon couples with
a single nucleon only

e Large impact parameter W the centre-of-mass energy
(beyond the reach of of the photon-target system
the strong interaction)

e Different average py
of the vector mesons
for the two processes

e Vector meson
production Hard scale assured by high

o e.g.p', Jly, w(25) w(25)

mass states i.e. J/y,




I Physics of ultra-peripheral

Studying nuclear shadowing

| Nuclear gluon PDF |

gA(x, QZ)
Agp(x' Q?)

| Proton gluon PDF |

<1

R{(x,Q%) =

I IIIIIIII I IIIIIIII T TTT

T IIIIII,<
~Eskola, Kari J. et al.

[ Eur.Phys.J.C 82 (2022) 5, 413 : s
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collisions (UPC)

LO

do’(yp — J/® +p) M|
dt "~ 16ws?

{sa(é, 6’)—““2'322}2';’5 Iz] |

Looking for gluon saturation

2nJg a
= (RSP =T
(44

H1 and ZEUS

xf

Ryskin: Z. Phys. C 57, 89-92 (1993) uz=10 Gev’

[ parameterisation

HERAPDF2.0AG NLO

H1 and Zeus, EPCJ 75 (2015) 580
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a. ITS SPD (Pixel)
. ITS SDD (Drift)
. ITS SSD (Strip)

b
—  d \/0 and TO
Forward y PO @ o FvD

J/y analysis

PEERE AW Y AN IAm a aVa .

THE ALICE DETECTOR

Vetoes and ZDC Forward
EEESE L B  occeptance
@ 1) and
detectors
used as

vetoes




THE ALICE DETECTOR =10/ a. ITS SPD (Pixel)

. b. ITS SDD (Drift)
. -, ~ | B c.ITSSSD (Strip)
Midrapidity = Vo @, O VoandTo

J/y analysis

Vetoes and ZDC

10



b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VOand TO

e. FMD

THE ALICE DETECTOR =10/ a. ITS SPD (Pixel)

Semiforward

configuration

Forward
acceptance

% @ : N N & SF S =it P [ :'
ey o > and
U ). 4 | ON detectors
s M rer—o——1——— RN

Vetoes and ZDC

vetoes




Outline

e Introduction to ultra-peripheral collisions (UPC)

e The ALICE detector

e Results on exclusive and dissociative J/§ in p-Pb UPC
e Results on coherent and incoherent J/g in UPC Pb-Pb

e Measurements of the energy dependence of the photonuclear cross sections



I Exclusive J/y in p-Pb

ALICE, Phys.Rev.D 108 (2023) 11, 112004

M Bjorken-x
_ oty WV 1 2 3 4 5
«* T ¢ TR 10 10 107 107 107
p 3 Illllll 1 1 IIIIII 1 I I Illllll 1 I IIIIII 1 I I IIIIIII I
o c — c C
e Probing Bjorken-x~10 > with ALICE = 103k ® ALICEp-Pbysy, =816 TeV .
: 2 [ ¢ ALICE p-Pbys, =5.02 TeV >
2 - — I [ N .
e power-law growth of cross-sections > o LHCb pp /s = 7 TeV and 13 TeV (W- solutions) —r
power-law growth of gluon S | , s
L . _6 T | o LHCbppVs=7TeVand 13 TeV (W- solutions)
distributions down to x~107> -> no o . i
) : 7 o  Fixed target (E401, E516, E687) >
clear signs of gluon saturation £ 1 o gtz
: : 6 * A
e ALICE points: forward, semiforward and 12k * ZEUS _
midrapidity configurations : ]
e Forward: two muons in the
spectrometer mrmm JMRT NLO
: : - :
e Semiforward: one in the _ .% CCT
spectrometer, one in the central * J[ﬁf Power-law fit to ALICE data
barrel I % 1 [ 1 1 L_1_1 I 1 L 1 1 1 L_1_1 I 1
e Midrapidity: two muons/electrons 10 20 30 40 102 2x10° 10°  2x10°
in the central barrel ALI-PUB-568478 Wip (GeV)

Eur. Phys. J. C (2019) 79: 402 (ALICE midrapidity and semiforward),
Phys. Rev. Lett. 113 no. 23, (2014) 232504 (ALICE forward )



I Exclusive J/y in p-Pb

ALICE, Phys.Rev.D 108 (2023) 11, 112004

M Bjorken-x
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midrapidity configurations ]
. photon source!
e Forward: two muons in the
spectrometer mrmm JMRT NLO
: : - :
e Semiforward: one in the _ JM] CCT
spectrometer, one in the central | H{ This measurement Power-law fit to ALICE data
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I Exclusive and dissociative J/y in p-Pb

ALICE, Phys.Rev.D 108 (2023) 11, 112004

o(y+p — JAp+p)
o(y+p — Jp+p)

e First result at the LHC of the

—
n
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measurement of dissociative

J

—
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Coherent vs incoherent J/y

2 1400 ALICE, Pb—Pb |5, = 5.02 TeV g ALICE, Pb—Pb |, = 5.02 TeV
> R
S - o UPC, L, = 233 £6 ub
S 12001 R Jy — pt e S?,l_ | <0.8 3.00 < m,, < 3.20 GeV/c? Plots at
| Q . . .
o p 3 10k « ALICE data midrapidit
8 F UPC, Ly = 233 6 pb N * Conront Sy plaity
€ 1000— N — Incoherent J/y
% ~ |}/| <0.8 Pt < 0.2 GeV/c B — Incoherent J/y with nucleon dissociation
(&) B D — Coherent J/y from ' decay
800_— NJ/W = 3120 + 61 B — Incoherent J/y from ' decay
- — Continuum I
: Ny =58+ 15 o2p-| & e b ALICE, Eur.
600_— xg/dof -0.86 E PhyS. J. C
E 81 (2021)
400_—
: F 10—3 - 7 1 2
— m B
O_Illlllllljlllllllllly\l IllII:—‘IlllllllllllI|III|III|II 1 1
2.6 2.8 3 3.2 3.4 3.6 3.8 4 0 02 04 06 08 1 12 14 16 18 2
m,, (GeV/c?) p_ (GeVic)

e Coherent (dimuon pr < 0.2 GeV/c) — photon couples to entire nucleus coherently

e Incoherent J/P features a much wider pr distribution — photon interacts with a single

nucleon of the target nucleus B
17



Coherent vs incoherent J/y

2 1400 ALIGE, Pb—Pb |5, = 5.02 TeV S ALICE, Pb—Pb sy, = 5.02 TeV
> L
S B o) UPC, Ly =233 %6 ub"
S 1200 ﬁ Jy — ut s g._ ly|<0.8 3.00 < my, < 3.20 GeV/c? Plots at
o | Q . . .
’ 3 1o « ALICE data midrapidit
clg)_ B UPC, Lin =233 £6 ub Z 107 — Coherent J/y P y
< 1000 u — Incoherent J/y
% - |}/| <038 Pr < 0.2 GeVic B — Incoherent J/y with nucleon dissociation
O B [ — Coherent JAy from y' decay
800_— NJ/W = 3120 + 61 B — Incoherent J/y from ' decay
N — Continuum yy — |l
N Ny =58+15 — Fit: xz/dof=2.44_) ALICE, Eur.
600 42/dof = 0.86 Phys. J. C
i 81 (2021)
400 — 7 1 2
- w
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e Coherent (dimuon pr < 0.2 GeV/c) — photon couples to entire nucleus coherently

e Incoherent J/P features a much wider pr distribution — photon interacts with a single

nucleon of the target nucleus B
18
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1. Angular distributions
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ALICE, Pb-Pb \/ Syn = 5.02 TeV, coherent J/y

A, =0.75 = 0.25 (stat.) = 0.24 (sys.)

° ° S
Coherent J/y polarisation § oo weloy  oomioseminee) |
i i / . 10000

rest frame °
e Quasireal photons (Q*~0): s- Producion e

I . lane
channel helicity conservation i -02
. . 0.4
suggests transverse polarisation for
-0.6
the vector meson 1 08
; Wit

e Agreement with H1 (photoprod.) L g
ALI-PUB-542077
R L LU UL BN I IR IR
e ZEUS measures electroprod. 155
ALICE, Pb-Pb |5, = 5.02 TeV, Coherent J/y 1— A ALICE . ekt
& L ro4 — H1 A 0.003 = 0.039 = 0.028
8 140005 § ALICE data : %0 3+ Ae +0.013
s 12000[- _ W(cos(0 ), h, =0.75) - o )\go o ZEUS —A— 0.120 = 0.080 303
10000 = ri,—1= 7 : (1 + TOO)
Sooow ALICE Q e 0.014 = 0.014 = 0.012
60005_ == E Upwa rd Para bolic HA H W -0.011 = 0.036 = 0.030
4000 - .
ool E shape in cos(0) zeUs H—A— | 0340 -0090 X2
. V- typical of transverse ...\ ... . ALICE, arXiv:2304.10928,
-0.6 -0.4 -0.2 D 0.2 0.4 0.6 . . -03 -02 - 0 01 0. 03 04 05
ALI-PUB-542081 cos(9 ) p0|arlsat|on rgg, ﬁg%mltted tO PLB

) wironseos Results with the spin-
W (cos b, p) n sin” @ - cos 2¢ + Ag,, - sin 26 cos @] density matrix elements
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1. Angular distributions




Coherent J/y cross section

o ALICE data exhibit moderate nuclear
shadowing

e Nuclear suppression factor

e |A = impulse approximation (no
nuclear effects)

« S(W,,) - nuclear suppression factor -
provides a way to test the consistency
of the data with the available nuclear
and nucleon PDFs and to measure
the nuclear shadowing factor

ALICE, Eur. Phys. J. C 81 (2021) 712
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ALICE Pb+Pb — Pb+Pb+J/y

B ALICE coherent JAp

- - = - Impulse approximation
SETEY STARLIGHT
—— EPSO09 LO (GKZ2)
———— LTA (GKZ)

- [IM BG (GM)

— — |Psat (LM)

- BGK-I (LS)

- - - - GG-HS (CCK) .
— — b-BK (BCCM) ’

10

VS = 5.02 TeV

x ~ 1072 (95%)
x ~ 107 (5%)




I Coherent J/p and g’

Spp(y ~ 0, ') =

do

dy data dy IA

do
J—

= 0.66 = 0.06

gs.o_ ALICE Pb+Pb — Pb+Pb+' |5, = 5.02 TeV
>. [ [& ALICE coherent v'
% 2.5 - Impulse approximation
B [ --- STARLIGHT
. EPS09 LO (GK2)
2.0 ... LTA (GK2)
- .-~ GG-HS (CCK) T N
. _b-BK (BCCM)
1.5~ Pt
10:_ ,r’,, ",—’ ---------------------
05:_ ,',.-,’::::‘—' .......
ool 1.0y
Y4 _3 2 1 0 1
y

cross section
4ALICE, Eur. Phys. J.C81(2021) 712
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ALICE Pb+Pb — Pb+Pb+J/y

B ALICE coherent JAp
- - = - Impulse approximation
SETEY STARLIGHT
—— EPS09 LO (GKZ2)
———— LTA (GKZ)
- [IM BG (GM)
— — |Psat (LM)
- BGK-I (LS)
- - - - GG-HS (CCK) .
— — b-BK(BCCM) -~
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x ~ 1072 (95%)
x ~ 107 (5%)
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1. Angular distributions




0< |t] <0.012GeV?
I Coherent J/y t-dependence ALICE, Phys.Lett.B 817 (2021) 13628
< 10

; ALICE Pb+Pb — Pb+Pb+J/y  |Syy = 5.02 TeV .
[ —+— -
; (E? s ALICE coherent J/, |y|<0.8 s
From p;-dependent photoproduction to o [ =K F Experimental uncorrelated syst. + stat. |
|| -dependent photonuclear € | Salg Experimental correlated syst. i
PrOdUCthﬂ — \§‘\'\, UPC to YPb model uncertainty
— B . |
=} ==
\_Q .
do a
_ _ YPb > - —
1= .
Transverse momentum of the photon - .
accounted for by unfolding with a . STARIlight (Pb form factor) i
response matrix built from p%— and | t| L~ LTA (nuclear shadowing) AN B
-distributions — — - b-BK (gluon saturation) ' \\ {\‘ -
Probing the transverse gluonic structure - AN i
of the nucleus at low x N
. . . | Il | I | Il L | I
Models including QCD dynamical © S \STARI' o
effects are favoured S 2- . N
. ~ 15— : o LTA/Data a
Run 3 data will also allow to push further = . ) © b.BK/ Data
In |l‘| F o A A Gremmmm—g— e i “““““
= 0 0.002 0.004 0.006 0.008 0.01 0.012
It (GeV? c?)



0.04 < [t] <1 GeV?

I Incoherent J/LIJ t'dependenceAuc:E, PRL 132 (2024) 16, 162302

< I ALICE, Pb—Pb UPC  {sy = 5.02 TeV
e Gluonic subnucleon fluctuations S L}‘_’*x\‘ ALIGE incoherent Jiy, [y| < 0.8
needed to describe the data 2 = =R —~+ gncorlrela;ed stat. + syst.
AL ted syst.
: ; . — N s Seeell orrela
e First measurement of this kind ever! = 02l \\" | v NS
. . . o N S L T
e Models fail to predict normalisation & P N LN .ol
e B S . LR
C B '~'~ \\ ~‘v ]I. .
.9 i ) \\ T .
6 B \\ '\"
q) ¢ D
w = . ~
7 . e
0 - 8- MS-hs o~
e 3 ‘s, “s, S~
S 103 -= MSp S ]
[ —o - GSZ-el+diss
[ -e- GSZel R
| | 10
8 2.0F
Y]
0 1.5—E . = - -
e s e e e R .,
© 0.5 ¢ S 9 ]
§ O 0 1 1 | | L | o, |
' 0.2 0.4 0.6 0.8 1.0
> 1 (GeV?)
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I Complete view of J/@ t-dependence

e The first observation of subnucleonic
structure in the Pb target using UPCs

o ALICE covers three orders of magnitude in
| #| with a HERA-like accuracy

H. Mcintysaari, B. Schenke / Physics Letters B 772 (2017 ) 832-838

Pb+Pb — J/W + Pb+ Pb,y/s =5.02'1eV,y =0
103

—— Geometric and Q; fluctuations in the nucleons
- == No subnucleon fluctuations

1024

101}

do /dtdy [mb/GeV?

02 03 04 05 06 07
[t] [GeV?]
Fig. 1. Coherent (thick) and incoherent (thin lines) diffractive J/W¥ production cross

section as a function of t, with (solid lines) and without (dashed lines) subnucleonic
fluctuations. The band shows statistical uncertainty of the calculation.

— 10¢
N . —
T E_ ALIGE, Pb-Pb UPG |5, =5.02 TeV
(4] B \1':_-\..,,; .
Q) i NG J/y photoproduction, |y| < 0.8
O i \"\\\ $ Coherent: PLB 817 (2021) 136280
S See e GSZ-LTA
= 1c % - = bBK
o - \\_\ ¢ Incoherent: arXiv:2305.06169
'g:_. i 3'\‘= --- MS-hs
© - \\\_ == MS-p
o L \ —— MSSH
1 W e MSS
100 \ — - GSZ-el+diss
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- W
107°¢ )
’_—- ,"’ | | 1 | I I | | li: ’l! | | \-‘i 1 L1 11 | | .“‘l' \I\I‘\]c 111
107 1072 10 1
it (GeV?)
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ITechniques for the photon direction ambiguity
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ALICE
) Broz et. al.: CPC 253 (2020) 107181 )
Neutron emission: 8 4 PSSR - Using the neutron ZDCs on
o o' o
Iy 35- L onon the A and C side to detect
_ VM pof ~ onXn the neutrons!
oE — XnXn
155
Ambiguity due to sign in I3
the rapidity of the photon oE

emitter = 1072, 107>

« E.g. ONON: no neutrons on

either ZDCs
l1‘o2

10°
dO.ONON

« E.g. ONXN: neutrons only
Impact parameter [fm] on one side
—E = nonon (Vs +Y) - 0 pu(+y) + nonon (Y, =) - 04 pe(—Y)
=noNxN (7, +Y) - 0y po(+Yy) + nonx N (Y, —Y) - 0y pp(—Y)
Additional photon
exchanges may lead to Guzey et al.,
neutron emission

Eur.Phys.J.C 74 (2014) 7, 2942

« Effectively leveraging on
the impact parameter
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Iy 35 L onon the A and C side to detect
_ VM pof ~ onXn the neutrons!
oE — XnXn
155
Ambiguity due to sign in I3
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Impact parameter [fm] on one side
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Additional photon
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I Coherent J/p with neutron emission

ALICE
ALICE, JHEP 10 (2023) 119
) . . Bjorkenéx
o First measurement of the _ o 10 10 10
_Q 3 I_I T T I ITT 17 T T I T TTT T T 1 I I T T T 7 I I |:
energy dependence of the =10 — ¢ ALICE, Pb-Pb {5, = 5.02 TeV (arXiv:2305.19060) -
photonudear cross section E ¢ CMS, Pb-Pb |s,, = 5.02 TeV (arXiv:2303.16984) ]
. _5 = - 7 Guzey et al., using ALICE Pb—Pb \/s, = 2.76 TeV (PLB 726 (2013) 290-295) .
down to BJorken— x~ 1071 o ~ A Contreras, using ALICE Pb-Pb s, = 2.76 TeV (PRC 96 (2017) 015208) _ -~ |
~— - - Impulse approximation -7 .
At low-x data favours both ,| - STARIight
: : 10°= — EPS09 LO —
saturation and shadowing - 3
models - oooeehs :
New Run 2 results probe Y - - e -
unprecedented Bjorken-x 10 —
region like no other LHC - .
eXperiment! [ ! I L AT
20 30 4050 10°
ALI-DER-544599 W'be,n (GeV)

Neutron emission extends the range in

energy being explored by about 300 GeV!
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Coherent J/p with neutron emission

ALICE
ALICE, JHEP 10 (2023) 119
. Bjorken-x
« First measurement of the nuclear ) 1072 1078 107 10°°
suppression factor at Bjorken- & F 4 AUCE Flb_Pbmﬂ_oﬂev | | s
X ~ 10_5! 1'8:_ 7 Guzey et al., using ALICE Pb-Pb |5, = 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 _Z
- --- STARIight GG-HS .
— 1.2~ — EPS09LO -..- b-BK-A —]
Spp(Y) = NG -
11— -]
0.8 —
0.6— -
. At low-x data favours both n e
saturation and shadowing models 041 =
" : : 0.2
« Additional theoretical uncertainty - |
0 | | | | | | 1| | | | |

from impulse approximation —
dominates at low energies

20 30 4050 102 2x10°

ALI-PUB-543160
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Coherent J/p with neutron emission

ALICE
ALICE, JHEP 10 (2023) 119
. Bjorken-x
« First measurement of the nuclear ) 1072 1078 107 107
. . o) _I T T T T TTT T°1 T T T | TTT 1T 171 T T | TT T 11 T T T | T |_|
suppression factor at Bjorken- & TE # ALICE Po-Pb (5= 5.02TeV .
X ~ 10—5| 1.8~ & cwms, Po-Pb \S\y = 5.02 TeV (arXiv:2303.16984) =
) 1 6:— o Guzey et al., using ALICE Pb-Pb s, = 2.76 TeV (PLB 726 (2013) 290-295) _:
"L A Contreras, using ALICE Pb-Pb |5, = 2.76 TeV (PRC 96 (2017) 015203) N
14 :— - - Impulse approximation ----LTA —:
oE T STARIight ----GG-HS .
_ .2 — EPS09 LO -~ b-BK-A =
Spp(Y) = / N\ .
11— -
0.8 —
0.6 - -
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Creighton (4

Coherent po with neutron emission UNTVERSITY
ALICE, arXiv:2405.14525 [nucl-ex], submitted to PLB

Modulation increases as the impact
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PbPb
o o Central 1 Forward 1
B ALICE in Run 3 and 4 —
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Great increase in statistics with
continuous readout
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I Dissociative J/yp in Run 3 and 4 (with FOCAL)

e Already in Run 3, but with

FOCAL much easier to

measure higher energies
(using the channel J/y

—> ee)

CCT model features gluonic

hotspots

Significant reduction at higher
energies would imply the
onset of the saturation

regime

o(y +p = Jy +p*)

oy +p —>Jvy+p)
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A. Bylinkin, J. Nystrand, D. Tapia Takaki, 2023 J.
Phys. G: Nucl. Part. Phys. 50 055105




I Exclusive J/@ and @’ in Run 3 and 4 (with FOCAL)

UPC p-Pb \s,, = 8.16 TeV, 150 nb”

« The ratio is also a very
sensitive observable

e Both Run 3 and 4 are needed
to find the onset of the
saturation regime
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o(y p = Jyp)
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0.1— Acceptance
- mmmes BGK linear
a = GBW linear
005 1 1 D —— :)2 1 1 1 1 TR | -
1 10 W,, [GeV]

A. Bylinkin, J. Nystrand, D. Tapia Takaki, 2023 J.
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