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QOutline ALICE

* Introduction to UPC physics & diffractive photoproduction
How ALICE detects UPCs

Measurement of energy dependence of J/1{) photoproduction
* Coherent (yPb)

* Exclusive + dissociative (yp)

Measurement of |t|-dependence of J/1) photoproduction
* Coherent

* Incoherent

JAp polarization
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- Ultra-peripheral collisions (UPCs)

—

* VM rapidity traces back the energy evolution

* Clear experimental signature, e.g. J/ip = 17" = two
lepton tracks in an otherwise empty detector (except
in a very forward direction)

* b > 2R, = pure hadronic
interactions suppressed

* Photon-induced reactions
with sizeable cross sections

+ Flux o« Z2; low virtuality 2

Pb_Pb Coherent ~1/Rpucleus ~ 50 MeV

LO pQCD: e Incoherent ~1/Ryucleon ~ 400 MeV

do(y+Pb ;: VM+Pb)| (ga(z, Q)2 b-Pb Exclusive ~1/Rproton ~ 400 MeV
t=0 Dissociative ~1GeV
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https://inspirehep.net/literature/1206324
https://inspirehep.net/literature/1996922
https://inspirehep.net/literature/334350

N\
HOW ALlCE de-l-ec-l-s UPCS (D Silicon Pixel Detector (SPD) %ﬁ

Tracking, triggering, vertexing
(2) Time Projection Chamber (TPC)

Tracking + PID

(3 Time-Of-Flight (TOF)
Triggering + PID
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ALICE Diffractive (AD)
Fwd scintillation

counters, vetoing
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Fwd scintillation
counters, vetoing

(5) Muon absorber

t t (6) Muon trackers
(7 Muon triggers

Status during Run 2 of the LHC: 2015-2018
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https://inspirehep.net/literature/796251

UPC analyses at midrapidity

In] < 0.9
/ (often |n] < 0.8 to
d exclude border effects)
N v
S 2%
\ /’
\
N\ /’
ADA veto \ ,/
Ox
N\ 4
\N 7
ZNC, ZPC X X
signal VOA veto | \ ADC veto
ZNC, ZPC
signal

J/b in Pb—Pb UPCs at \/Syy = 5.02 TeV: |y| < 0.8 translates to x € (0.3,1.4)x1073

-
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UPC analyses at forward rapidity

ADA veto -
ZNC, ZPC X Sl
signal VOAveto | 5o

J/b in Pb—Pb UPCs at 1/syy = 5.02 TeV: —4.5 < y < —2.5 translates to
either x € (1.1,5.1)x107° or x € (0.7,3.3)x 1072

- —_— =
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Fnergy dependence of
coherent, exclusive and
dissociative J/y production

[ Energy dependence of coherent photonuclear production of J/{ mesons in ultra-
peripheral Pb—Pb collisions at 1/syy = 5.02 TeV, JHEP 10 (2023) 119 NEW!

O Exclusive and dissociative J/{ photoproduction, and exclusive dimuon production,
in p—Pb collisions at /syy = 8.16 TeV, arXiv:2304.12403 (accepted by PRD) NEW!
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https://arxiv.org/abs/2304.12403

S A\
UPC cross section for photoproduction ﬁ%

Pb Pb Pb Pb

igh-energy photon
Low-x gluon

JAp

Low-energy photon 3 Detector ' Detector
High-x gluon Y
Pb Pb Pb Pb
QED QCD enters here!

« UPC cross section = sum of the two contributions (photon flux X photonuclear cross section):

dopppb Midrapidity in Pb-Pb:
d = n"y(yy {b})Ufbe(y) + ny(—y, {b})avPb(_y) do
y = 2n,(y, {b})oyp (1)
dy n~y\y, vPb\Y
Forward Pb-Pb: how to disentangle the contributions? Pb:
n, = n,(b) = one needs to measure at the same rapidity but P~ doppy, = 1 (3, {D}) T (%)
using different impact parameters ranges: {b}, and {b}, dy e "
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Solving the photon direction ambiguity puzzle ALTCE
{b}1
dagybpb — 1 (9, {B31) 0 (1) + 1o (=, {B}) e (1) We can measure do /dy, calculate the

» photon fluxes, and then simply solve the

do btz system of linear equations (e.g. using a
g—ybpb = 1y (Y, {b}2)oypb(Y) + 1y (=Y, {b}2)oypp(—Y) x2-minimization)...

» Two possible approaches:
1) combining results from UPCs and peripheral collisions (b < 2R)

2) event tagging using forward neutrons [1] — an independent photon exchange may lead to
electromagnetic dissociation (EMD) of a nucleus

o
)

 Event classification:
e 0OnOn: no neutrons on either side

Flux per fm
o
(62}

llII|llll||lll|l||l|llll|llll

e OnXn + XnOn: neutrons on one side only 04
« XnXn: forward neutrons on both sides o

* Photon spectra corresponding to these fragmentation
scenarios can be calculated [2]

0.2

0.1

[1] Eur.Phys.].C 74 (2014) 7, 2942

L
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10°
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https://inspirehep.net/literature/1750615
https://inspirehep.net/literature/1273593
https://inspirehep.net/literature/586744

Counts per 28 MeV/c?

Counts per 50 MeV/c?

N

Energy dependence of coherent J/yp production aié&

« Simultaneos analysis of mid- and

forward-rapi dity data Three bins at Two bins at |  Five W, py, values: 17 to 920 GeV!

—4<y<-=25 ly| <0.8 Bjorken-x range: 1x107° to 3x10~2
* Neutron classes = extraction of the

— e =25
o) — -
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https://inspirehep.net/literature/2666011

Energy dependence

* Unprecedented range with the ALICE data

« Agreement with Run-1 ALICE results
(UPC + peripheral)

* Good description of the low-energy data:

* Impulse approximation
« STARIight

* Good description of the high-energy data:

* GSZ: EPS09-LO parametrization of
nuclear parton functions or leading
twist approximation (LTA) of gluon
shadowing

* GG-HS: colour-dipole approach, gluon
saturation (hot spots)

* b-BK-A: solution to the impact-
parameter dependent BK equation

 JA significantly above the data at low x
= onset of nuclear shadowing

David Grund | UPC 2023
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¢ ALICE, Pb—Pb s, = 5.02 TeV

7 Guzey et al., using ALICE Pb—Pb |s,, = 2.76 TeV (PLB 726 (2013) 290-295)
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https://inspirehep.net/literature/2666011

Nuclear suppression factor

A quantitative measure of nuclear gluon shadowing

* Sypp = 0.95 at low energies,
then a large gluon depletion

. . o
(down to 0.5) at high energies %)
Cross-check with the previous ALICE
Run-2 results at midrapidity:
ié‘ T ALICE Pb+Pb — Po+Pbrdiy | = 5.02 TeV
" .. @ ALICE coherent J/
% 12? ---- Impuls:(;pfjrri;im;it)ion
B I STARLIGHT
T | —— EPS09LO (GK2)
10— -~ LTA (GKZ) B St
- - IMBG (GM) f
T — — IPsat (LM)
| — . BGK-I(LS) -
8 - - -- GG-HS (CCK) Sbe ~ 0 65
- — - bBK(BCCM) y
6 ’
4
ol
=i
07 | | | | | | | | | |

J~Pb ALICE
_ Y
SPb(nyPb,n) — IA
O-'be
Bjorken-x
1072 10°° 107 10°°
2_III | T IIIIIII T | IIIIIII | | |IIIIII T T Ill_l
18 ~ ¢ ALICE, Pb-Pb |/, = 5.02 TeV E
T 0 Guzey et al., using ALICE Pb—Pb \Syn = 2-76 TeV (PLB 726 (2013) 290-295) ]
1.6— A Contreras, using ALICE Pb—Pb {5, = 2.76 TeV (PRC 96 (2017) 015203) —
14 - - - Impulse approximation CLTA =
- -~ STARlight - -.GG-HS -
1.2— — EPS09LO -~ b-BK-A g
1~ "W g =~~~ " """ ------------m--—om--—--oo- —
0.8 L —
06:_ - __ﬁ__'_:‘:-—:.- iiiii _\:_ == :
0.4F %ﬂm s
020 “flattening” |
O : | | | | | | | | | | | | | | | | | :
20 30 4050 102 2x10° 10°
WYF,,O,n (GeV)
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https://inspirehep.net/literature/1840601
https://inspirehep.net/literature/2666011
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Energy dependence of the photonuclear ALICE
Cross section

Bjorken-x Bjorken-x
1072 107 1074 107 1072 107 1074 107
LI rTT T 17T T rTT T 17T T T 17T 1T Ko} 2 LI T T rTT T 17T T T T T T T T T 17T \\7\
100 | | | 7] 2 LI | | | |

— ¢ ALICE, Pb-Pb s, = 5.02 TeV (arXiv:2305.19060) = « 18 ¢ CMS , PO-Pb {5y, = 5.02 TeV .
~ & CMS, Pb-Pb |5, = 5.02 TeV (arXiv:2303.16984) . : e, Pbt-PIb Vs = A5L-?§ET<;V <;fX'V-2303-;6384T) y
— 1 Guzey et al., using ALICE Pb-Pb s, = 2.76 TeV (PLB 726 (2013) 290-295) 7 1.6 . Cuzey o & using O-Pb Sy, =276 TeV (PLB 726 (2013) 290-295)
~ A Contreras, using ALICE Pb-Pb |5, = 2.76 TeV (PRC 96 (2017) 015203) -~ | 4 Contreras, using ALICE Pb-Pb s, = 2.76 TeV (PRC 96 (2017) 015203)

~ _ Impulse approximation P _ 14 - - Impulse approximation ----LTA

.- STARIight PR -.- STARlight ----GG-HS

-7 1.2

102 — EPS09LO - e
LTA =
- GG-HS )

0.8

— EPS09 LO -~ b-BK-A =

-
| \\"\-\-'\\H‘
H\‘\H‘\H‘\H‘H\TH\‘\H‘\H‘H\‘HL

-~ b-BK-A PP T HgE
- | A l 0.6
10 g — 0.4
- ﬁ] - 0.2
7///.1 | | | | | | || ‘ | | || ‘ i 0 | | | | | | || ‘ | | || ‘ ]
20 30 4050 102 2x10° 10° 20 30 4050 102 2x10° 10°
WYF,b,n (GeV)
. — — CMS: arXiv:2303.16984
ALICE alone explores (20,900) GeV in W, pp, and x from 10~% down to 107> (accepted by PRL)
Recently, CMS performed a similar measurement in a narrower interval ALICE: JHEP 10 (2023) 119
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Energy dependence of exclusive J/yp production aié&

* Asymmetric p—Pb system = photon can be assigned to the source v

* Beam configuration corresponds to the “low-energy” photon emitted from the nucleus

Bjorken-x

10" 1072 107° 107 107° * Two bins within —4 <y < —=2.5
3 Illlll T T Illlll T T Illlll T T T Illlll T T T Illlll T T .
€ oL ALCEpPoya,-816Tov ] = two W, py, values: 27 and 57 GeV
a ALICE p-Pb {5y = 5.02 TeV :
> i _ : . :
= tﬂgs PP ﬁ‘ ; Iex a”j 12 1% Ew S?'”t'ons)) %@% 5" A power-law fit to the ALICE
l = ppVs=7TeVan e - solutions) | uy i o
Q s Fixed target (E401, E516, E687) ‘ &W‘% data: § = 0.70 + 0.04
= . HI gt '

v ZEUS w

10? 3 ¥’
: lM
- o it JMRT NLO

CCT
Power-law fit to ALICE data
11 I L L L L L L 11 I

10 20 30 40 102 2x10? 102 2x10°
W,, (GeV)
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https://arxiv.org/abs/2304.12403

A\
Energy dependence of dissociative J/y production %E

* First measurement of this process at a hadron collider

 The measurement is compatible with H1 results
P | The CCT model (hot spots)
Bjorken-x . .
103 104 105 predicts maximum of the cross

102
—m T section at = 500 GeV

3 I rriri 1 1 I rrri 1 1 I rrnri 1 1

c o Vi4
=102t - (“phase-space saturation”)
(_a_ R

= .

_TJ Probe to fluctuations of sub-
o nucleon structures inside the
£ proton!

¢ ALICE p-Pb |5, = 8.16 TeV

o _ See the talk by Michael Winn:
—cer Monday at 16:30
20 30 40 10?2 2x10° 10°
W, (GeV)
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https://arxiv.org/abs/2304.12403

)
Distribution of nuclear (Pb)
matter in the transverse

plane

O First measurement of the |t|-dependence of coherent J/\p photonuclear production,
Phys.Lett.B 817 (2021) 136280

O First measurement of the |t|-dependence of incoherent J/{y photonuclear production,
arXiv:2305.06169 NEW!

David Grund | UPC 2023 16


https://arxiv.org/abs/2305.06169

Why to measure [t|-dependenciese ALICE

* Impact parameter b and the VM transverse momentum pr are Fourier conjugates

Fourier tr.
* |t|-dependence of 0, p;, «—— matter distribution in the transverse plane

Good-Walker approach: » Larger |t| © smaller scattering centers
coherent < average « At |[t| ~1 GeV? we probe fluctuations at
incoherent & variation (quantum fluctuations) a sub-femtometer scale = gluons!
Pb+Pb — J/¥ +Pb+Pb, /s =5.02TeV,y =0 T 1 T T T g2
108 ‘ ‘ ‘ ‘ ‘ ‘ T T 1l O =
o) —— Geometric and Q; fluctuations in the nucleons 050 i | S
- - = = No subnucleon fluctuations _ ' 08 N
%‘ 1024 ! E o} 4 1 06 I8
< KN ) " -
S % -0.5}- . 1§ 0 =
S % 10'} ] L i Moz 5
g I I i I i I I I I I 0
N B 1] 1 : ®)
> (@)
D~ =) 100’ =
i = 05 i >
S- s 1071} g o i o
o= -05F ]
al
1072} -1k + .
0.0 o5 0 05 1 1 05 0 05
x [fm] X [fm]
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https://inspirehep.net/literature/1519841
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Counts per 25 (MeV/c?)

M

=

Z/IN

Photonuclear cross section extraction ALTCE

Coherent measurement
 unfolding to account for pr migration

* J/b > pu at midrapidity = x € (0.3,1.4) x 1073

* Very clean J/1) signal over a relatively small background « p% - |t| unfolding (photon kr)
photon flux
Upc 42 (calculated) q hotonucl Incoherent measurement
Cross o o photonuclear . : : .
section —J/;p = 2727 (y = 0) e 1. Cross section Pr mlg;‘ ation negligible
(measured) dydp7 =0 d|¢] (extracted) * |t| = p% (large transferred momentum)
F AUGE Popb (5, -502Tev | 2 ppgf  ALICE, Pb-Pb {5 = 5.02 TeV g ALICE, Pb-Pb |5 = 5.02 TeV
- o, F = 10°f > .
e 200 L : 30<m,<32GeVi® Jhp —p'u
250~ JAp =t E 00 - Jp =t 1 © vl <0.8 UPC, L, =232 7 ub’
N UPC, Liy = 233 = 6 b 180 UPO. Ly, =292 2 7 b - - data
B 2 @ nl 2<p_<1.0GeV/c B —— coherent JAp
200F <08 | pe0.0007,0.0016) Y| & 10O V<08 — incoherent Jiy
i Ny, =551 +26 g 140 Ny, =512 =26 10° 3 Lr;c ]:J/mp withhnu?lgon diss.
150 Q 120 - ---- wrom.co.q'; ecay
i i . n s iy f p'd
- Coherent yields: 100 Incoherent yields: o _ m:fd;fm e decay
100F pr < O..1} GeV/c 80 - 0.2 <pr<1GeV/c ol ] Corrections for
: (only a fit in one pt 60 (the full sample : + contamination
50 | interval is shown) 400 . is shown) s
i : h 201 w 4 '-Li-:
O_l | | | | | | |.;.* | I"l | | | | ; O_J L l ] LooJ L J':I“d LooJd 1 I, + IJ':Illllill-Fllllllll III|III Illﬁ
55 3 35 4 45 25 3.0 35 4.0 4.5 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
m,, (GeV/c?) p, (GeVic)
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https://inspirehep.net/literature/1840600
https://arxiv.org/abs/2305.06169

A\
Coherent J/y

o . <\T>\ 10 ALICE Pb+Pb — Pb+Pb+J/) |Sy = 5.02 TeV —
* Sensitive to the average of the target spatial v 1
distribution in the transverse plane O Nu ALICE coherent J/y, |y|<0.8 i
. . O L + Experimental uncorrelated syst. + stat. |
« STARIlight — hadronic model based on the 2 ase Experimental correlated syst. |
Glauber calculation = SN UPC to yPb model uncertainty
 Gives a too high cross section =] AN
. o )
* The pr spectrum determined from the g | §

nuclear (I’b) form factor
* Dynamic effects from QCD important: 1

* LTA —leading twist approximation of
nuclear shadowing (“low” prediction) — STARIight (Pb form factor) O
. . — --- LTA (nuclear shadowing) N .
* b-BK — color dipole approach, solution to L bk . : -
X . gluon saturation) T
the b-dependent BK equation (saturation i O |
effects) N
© AN !
. ) © L ° o STARIight/ Data_|
New ALICE Run-3 data + improved tracking - 1 g : o LTA/Data |
should help us distinguish which pQCD 2 e S PR o 7 bBK/Data
. . . . O ) ) ‘ ‘ v ‘ )
prediction is doing better! = 0 0002 0004 0006 0008 001 0012
t] (GeV? ¢?)

David Grund | UPC 2023 19
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Incoherent J/y

* The slope sensitive to fluctuations of the target c%
transverse profile 0
QO
* Each theory group provides two predictions: %
1) Elastic scattering on a full nucleon 5
(MS-p, MSS, ) bi:_
These models predict steeper slopes ©
than in the data...
2) Sub-nucleon degrees of freedom:
¢ MS-hs: IPsat (hot spots + satur. scale fluct.)
*  MSS-fl: CGC-based, JIMWLK solution
*  (GSZ-el+diss: extra dissociative component
These models are favored by the data at
higher |t §
* The models fail to describe the normalization -
(scaling from proton to nuclear targets) é

David Grund | UPC 2023

1073

ALICE

ALICE, Pb—Pb UPC sy, = 5.02 TeV

Correlated syst.

ALICE incoherent J/y, |y| < 0.8
—4+— Uncorrelated stat. + syst.

T N Yy g N Tl sub-nucleon
C N "=~. fluctuation region
— “s’ ‘~§~
- - 1 ~..~

N : . .
B . N “\‘s. !
n N e,

\ ’\' ‘~.
SO
B \ {“u o “":\ .
- &= MS-hs ey
- MSp . e
., 5,' ~. ’ 1'.‘“
L —6— MSS-fl A \'\ \\ S o
[ --0-- MSS T~
- —o - GSZ-el+diss T,
., ‘s
. -.e- GSZ-el R s,
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https://arxiv.org/abs/2305.06169

Putting tfogether coherent & incoherent data

DOINTS -~ 10

>

o)

Q)

o)

S
= 1

0

. . o

Three orders of magnitude in |t] ©
covered with a HERA-like accuracy! o

arXiv:2305.06169

Phys.Lett.B 817 (2021) 136280

ALICE

David Grund | UPC 2023

__ ALICE,Pb-Pb UPC s, =5.02 TeV
- ‘—\‘5:\:0_ J/y photoproduction, |y| < 0.8
i \"\\\ $ Coherent: PLB 817 (2021) 136280
e GSZ-LTA
B Y — — b-BK
- \‘- ¢ Incoherent: arXiv:2305.06169
- v --- MS-hs
B \.‘ _— |\/|S-p
i K —— MSS-i
W e MSS
— \i — - GSZ-el+diss
: VR TETE GSZ-el
- R
. i li W . :
P . o "’:. | ‘;.||||| I‘\P\,\,‘\,..N.M
107 10”
| (GeV?)
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d

ALICE

Otherrecent ALICE NEW!
UPC results...

First polarisation measurement of coherently photoproduced N 1,
J/Y in ultra-peripheral Pb—Pb collisions at /syy = 5.02 TeV
arXiv:2304.10928

See the talk by Minjung Kim:
Photoproduction of K*K™ pairs in ultra-peripheral collisions, Monday at 18:45

arXiv:2311.11792

Measurement of the impact-parameter dependent azimuthal See the talk by Andrea Riffero:
anisotropy in coherent p° photoproduction (preliminary) Tuesday at 10:15

Exclusive four pion photoproduction in ultra-peripheral Pb—Pb
collisions at /syy = 5.02 TeV (preliminary)

David Grund | UPC 2023 22
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J/@ polarization

* Angular distribution of J/1 yields was unfolded in ¢, corrected
for AXe, and fitted to (4 are polarization parameters):

cos(0)

W(cos b, p) x (1 + Agcos? 0 + A\, sin? 0 cos 2¢ + Ag,, sin 26 cos ¢)

3+ Ao

* Helicity frame used (z axis || J/1)p momentum)
Results compatible with Ao = 0.75£0.25 (stat.) & 0.24 (syst.)
transverse polarization:

(26, A9, Agg) = (1,0,0) Ao, = 0.10 £ 0.05 (stat.) £ 0.06 (syst.)

Ay = 0.03 £0.03 (stat.) £0.02 (syst.) |

* First experimental evidence for the s-channel helicity
conservation (SCHC) hypothesis in J/{ photoproduction
off lead nuclei

: : : 1—A
* Spin-density matrix elements extracted rog = )\9
& compared with HERA results: 3+ Ag
04 Ap 04
XV 20525, B = 221+ r8)
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ALICE, Pb-Pb |s, = 5.02 TeV, coherent J/p

ALICE

A, =0.75 = 0.25 (stat.) + 0.24 (sys.)
A, =0.03 = 0.03 (stat.) = 0.02 (sys.) —12000
Mo = 0.10 = 0.05 (stat.) = 0.06 (sys.)

Helicity
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ALICE H—@— 0.068 + 0.070 = 0.070
H1 =/ 0.003 = 0.039 = 0.028
ZEUS —— 0.120 = 0.080 *3313
I’O4
ALICE [ ] 1,-1 0.014 = 0.014 +0.012
H1 = -0.011 + 0.036 = 0.030
ZEUS H—— 0.340 = 0.090 *3.3%
Lo by by bwv o by v o by v o by s by oy

02 03 04 05
04,04
» T4

23


https://arxiv.org/abs/2304.10928

A\
Summary %E

Using data from Run 2 of the LHC, ALICE has recently presented many UPC measurements:

Energy dependence of coherent, exclusive and dissociative J/{ production

Dependence of coherent and incoherent J/{) production on |¢]
J/b polarization

K*K™ and exclusive four pion photoproduction
Azimuthal anisotropies in p° production

Some of these are, especially through comparison with phenomenological models, a probe into
important effects in high-energy QCD:

e Gluon saturation

* Nuclear shadowing See the talk by Anisa Khatun:
* Fluctuations at sub-nucleon scale Friday at 18:00

With new data to come in Run 3 & 4, and thanks to detector upgrades, ALICE will be able improve

the precision and conduct even more detailed measurements...
STAY TUNED!
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Reminder of ALICE contributions at UPC 2023 %E

* Energy dependence of J/{ in UPCs at the LHC
Michael Winn, Monday at 16:30

« K*K" photoproduction in ultra-peripheral Pb—Pb collisions with ALICE
Minjung Kim, Monday at 18:45

» Measurement of the impact-parameter dependent azimuthal anisotropy in coherent p°
photoproduction with ALICE
Andrea Riffero, Tuesday at 10:15

» Photoproduction of J/{ and dileptons in events with nuclear overlap with ALICE
Nicolas Bizé, Thursday at 17:30

* A Forward Calorimeter in ALICE
Ionut Cristian Arsene, Friday at 16:30

« UPC physics with ALICE in Run 3
Anisa Khatun, Friday at 18:00
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ALICE

Thank you for your
attention!
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