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Exclusive vector meson photoproduction

® Vector meson photoproduction: photon fluctuates to a dipole
which then elastically scatters off the nucleus, emerging as c

vector meson /
e or 4 or nucleus
e Cannot involve color exchange: must proceed via the *

y Vector
exchange of at least two gluons meson

= Sensitive to gluon density of the target p or nucleus Gluons § ;
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Exclusive vector meson photoproduction

® Vector meson photoproduction: photon fluctuates to a dipole
which then elastically scatters off the nucleus, emerging as c

vector meson /
_ _ e or 4 or nucleus
e Cannot involve color exchange: must proceed via the exchange x

y Vector
of at least two gluons iesoi
= Sensitive to gluon density of the target —— Gluons g ; :
¢ Exclusivity: Physics variables accessible with final state mass
and rapidity
M M . s
X = —+¢* and 0° ~ ( AL )? ol o770
A\ / SNN 2 2 25— —— OnOn

* High probability of additional low-energy photon exchanges

leads to 1o0n dissociation and neutron emission in the forward
direction

= 7ZDC measurements, with factorized photon emission probability, :
provide impact parameter information .

Impact parameter [fm]
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ALICE as photon-hadron collider experiment

® Photon energy frontier: up to ~ 500 TeV in target frame at the LHC energies

PEEREL AW .Y\ 'AY)L iARYm @A A A ‘

® Run 2 (2015 - 2018): Trigger events having two back-to-back tracks in the transverse plane

VO and AD sets of two
scintillator detectors:
veto triggers

»
1
ZDC for neutron g |

W
detection

A= Inner Tracking System
- for trigger (SPD layers) and tracking

Time Projection Chamber
for tracking and
particle identification
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Muon Spectrometer
with absorber and trigger and

: Time Of Flight tracking system with dipole magnet
for trigger back-to-back topology  FREN’ !
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Exclusive 77z~ and KK~ photoproduction

» Final state K™K~ (# 1z 7): Different physics processes are involved, which cannot be

distinguished from and interfere

Large cross section of light vector mesons (p(770), ¢(1020), .....): sensitive tool to the

black-disc limit approach of QCD at a semi-hard scale

Useful tool to access couplings of a vector meson and meson pair (7777, K7K™) with a

photon and a nucleus at extremely high energies

First time study both 777~ and K™K~ photoproduction, as two parallel systems

¢(1020) photoproduction Continuum of nonresonant
(Drell-Soding)

P (pa) p(p1) P (pa) p(p1)

(a) p (py) p(p2) p (py) p(p2)
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Exclusive 77z~ and KK~ photoproduction

ALICE Pb-Pb UPC s, = 5.02 TeV

—— ALICE data

— Full fit

—— p° Breit-Wigner
------ o%-niw interference
------ Muon template

p.< 0.2 GeV/c
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e

ALICE, Pb—Pb UPC, s = 5.02 TeV
V.l <08 p.  <0.1GeVic

—e— Data

I Bestfit

— — 7' system

- Bl/Al =0

— = yy —> 1, (1270) — K'K (x 100)
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o Cross section of exclusive K™K~ (z*7~) photoproduction described by the S6ding formula

mass dependent width and M is the kaon mass, while A ; and By are the amplitudes for ¢»(1020) — K™K~ and

0 _a A +B
dMyx | "My — M3 +iM,T,

direct K™K~ production

2

My

MKK

¢

Mz, — 4Mz -
M2 — AM2
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Exclusive four pion photoproduction

- . NEW on arXiv
§-14 R, 140 \E
§ 0 B ALICE, Pb + Pb— Pb + Pb +n'mwntn x2/ndf = 48 / 25 § 140 B ALICE, Pb + Pb— Pb + Pb + ' nn*n x2/ndf =18/ 21 arXiv:2404.07542
P sw=502TeV., |y, ., <05 Prob = 0.4 % @ 120/ syw=5.02TeV,|y_, ., 1<05 Prob = 65 %
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® Fully corrected invariant mass distribution of coherently produced four pions fits to two
different scenarios:

> Single Breit-Wigner resonance
> Two Interfering resonances with a mixing angle favored
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Quantum interference of coherent photoproduction

p(r™)

/ cos(2d)
modulation

p(m”)

® Photons from Lorentz boosted nuclei are fully linearly polarized along the impact parameter

=» Polarization transferred to po

= Azimuthal cos(2¢) modulation of decay products in the momentum distribution w.r.t. the
polarization direction (orbital angular momentum conservation)

® Interference effect (correlation between po momentum and polarization along b) preserves the
anisotropy, enables to access spin information (otherwise cancelled due to the randomly distributed b)

® Angular correlations is a new measure of the interference effect
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Impact parameter dependent angular anisotropy of p(770) — 7™ x
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ALICE Pb-Pb UPC s, = 5.02 TeV
Pb + Pb — Pb + Pb + p°
p_ < 0.1 GeV/e, ly| < 0.8

—$— ALICE

=¥= STAR Au-Au UPC \s, = 200 GeV, p, <0.06 GeV/c
== STAR U-U UPC ys,, = 193 GeV, p,.<0.06 GeV/c

H. Xing et al.
#5 W. Zhao et al. |
) o o e o e + e :f:iiij:I
I
OnOn XnOn + OnXn XnXn
b~49 fm b~ 23 fm b~19 fm

The strength of modulation increases by about one order of magnitude from large to small b

Theoretical calculations based on the picture of anisotropy from linearly polarized photon with

quantum interference effect describe the measurements
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J/yw photoproduction in ALICE: region of moderate shadowing

RN
N

ALICE Pb+Pb — Pb+Pb+J/y s\, = 5.02 TeV

1 ALICE coherent J/y
- - = = |mpulse approximation
REEEE STARLIGHT
—— EPS09 LO (GKZ2)
- LTA (GKZ) g e SRR .
- IIM BG (GM) i
— — |Psat (LM)
— - BGK-I (LS)
- = == GG-HS (CCK)
— — b-BK (BCCM) -~

do/dy (mb)
=

-
o

N
.
\“

ambiguity
0

1 1

y
o Midrapidity: x € (0.3, 1.4) x 10-3, compatible with models predicting moderate shadowing
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J/yw photoproduction in ALICE: region of moderate shadowing

—~ 14
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: — [ ALICE coherent J/y
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= - ¢ ALICE, Pb—Pb \s,, = 5.02 TeV (arXiv:2305.19060) —
2 — ¢ CMS, Pb—Pb |s,, =5.02 TeV (arXiv:2303.16984) _
> - 1 Guzey et al., using ALICE Pb-Pb s, = 2.76 TeV (PLB 726 (2013) 290-295) e
© A Contreras, using ALICE Pb-Pb |s,,, = 2.76 TeV (PRC 96 (2017) 015203) IR
~ - - Impulse approximation -
) --— STARlight .-
10°c —epPso9to - == =
- LTA - e P
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. —..-pb-BK-A T T -
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: ~0.6 -
[ | | | I R | | | RN

20 30 4050 102 2%102 10°
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o Midrapidity: x € (0.3, 1.4) x 10-3, compatible with models predicting moderate shadowing

® No single model describes measured cross section in full range of center of mass energy (Bjorken x)

® Lower-x better described with models including saturation while Glauber calculation works better in higher-x
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Imaging the nucleus with photoproduced J/y

ALICE, Pb—Pb UPC s, = 5.02 TeV

B J/y photoproduction, |y| < 0.8
= $ Coh.: PLB 817 (2021) 136280
----- GSZ-LTA

—- — — b-BK

AN ¢ Inc.: PRL 132 (2024) 162302

W - -- MS-hs

=¥¢= -.- MS-p
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v e MSS

10~ . — - GSZ-el+diss
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203Pb

Cross section
do, p/dlf] (mb GeV™?)
/4
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-,
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-
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Mandelstam |t

* Impact parameter b and the pt of VM are Fourier conjugates
— do/d |t | probes transverse interaction density F(b)

o |do/d | ?]| is sensitive to various scales of the nuclear structure, depending on the [t| range.
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Imaging the nucleus with photoproduced J/y

- &
O % oL ALICE, Pb—Pb UPC \s,, =5.02 TeV
[ 208Pb Q) = s J/y photoproduction, |y| < 0.8
8 _g - =z $ Coh.: PLB 817 (2021) 136280
B 0
N— | \‘\,\ """ GSZ'LTA
2. = e~ —— b-BK
8 o 1= % ¢ Inc.: PRL 132 (2024) 162302
o) — \,
bt £ F “ - -- MS-hs
O -8>. : _\l\s_ o MS-p
) Coherent W o —— MSSH
. i‘| ----- MSS
1 O_1 = Lo GSZ-el+diss
- TREIEE GSZ-el
107° 5
o
Mandelstam |t| 1l (GeV?)

e Small-|t| coherent production: photon interacts with the whole nucleus sensitive to the average
of the gluon spatial distribution in the transverse plane

® Slope and magnitude better described by models including QCD dynamical effects in the form
of shadowing (LTA) or saturation (b-BK) than Pb nuclear form factor
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Imaging the nucleus with photoproduced J/y

S L 0 ALICE, Pb—Pb UPC s, = 5.02 TeV
O s
(&) 208Pb 8 = s J/y photoproduction, |y| < 0.8
O O - =z $ Coh.: PLB 817 (2021) 136280
7 £ S GSZ-LTA
2. ey Sq—\ —— b-BK
7] T 1 . ¢ Inc.: PRL 132 (2024) 162302
O 2 N --- MS-hs
O b =¥¢= -.- MS-p
° [ Vo MsSSH
T MSS
107
............... 2 e
102

Mandelstam |t

* Large-|t| Incoherent production: photon interacts with single nucleon/subnucleonic structure

® Slope better described by models including subnucleonic degree of freedom; target likely to
be lumpy structure than smooth nucleons
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ALICE as photon-hadron collider experime

ntin Run 3
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— —ay F@ C 0.6 < M_. < 0.95 GeV/c?
S [ o —— Unlike-sign
o 1L o —— Like-si -
O 10 = IKe-SIgn S
10* F
A
's talk
S. Nese’s ta
_I L1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 Im&] L1 1 I L1 1

Wed. 10:00 :

02 04 06 038 1 1.2 14 16 18 2
pr" (GeV/c)

Minjung Kim
S 16

Hard Probes 2024

UC Berkeley 22 - 27, September 2024


https://indico.cern.ch/event/1339555/contributions/6122325/

ALICE as photon-hadron collider experiment in Run 4

ALICE-TDR-022 e

FOCAL for 3.2<7 <5.8 _ / / / :
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J. Otwinowski’s talk:  FOCAL-Emodules =
(Si-W EM calorimeter with hybrid Si

f w0t ret o ret o ref et Tue. 16:1 5 readout technologies of pads and pixels)
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Summary

Various observables of vector meson photoproduction have been explored in ultra-
peripheral Pb-Pb collisions with ALICE, providing valuable inputs for studying the nuclear
structure at high energies (small Bjorken-x), dense gluon system

ALICE is collecting large data sample with upgraded detectors over LHC Run 3
campaign and extend kinematic coverage down to lower x is foreseen in Run 4 with

ALICE FOCAL C\T-\ _||||||||lIII||||IIIIIIIIIIIIIIIIIIIIIIIIII § :I IIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII-
<§ 220 F ALICE Performance - % 5 ALICE Performance
@ o00F Pb-Pb, (s, =536 TeV] =S 10° - Pb-Pb, s, = 5.36 TeV
STAY TUNED!! = 200} mess™ T S0 <08 =
C(\'\D 180 : p™ < 0.15 GeV/c _ B 0.6 <M_. < 0.95 GeV/c?
"g 160 ' Uniikes P S os® —— Unlike-sign
o - —— Unlike-sign E Q 10°F © —— Like-sign .
Shh: - Like-sign ] © T
120 | 3
oob RUN3
60F ;
40 F . .
: 10° | : oy,
20F Z S,
- p :I L1 I L1l I L1 1 I L1 1 I L1l I L1 1 I L1 Im ol 1 1 I L1 l:
O L1l - w e d
06 0.7 08 0.9 1 1.1 12 13 14 O 02 04 06 0.8 1 1.2 14 16 18 2
M., (GeV/c?) pr" (GeVic)
Minjung Kim Hard Probes 2024

UC Berkeley Lt 22 - 27, September 2024



Backup

Minjung Kim DIS 2024

1
UC Berkeley 2 08 - 12, April. 2024



yp Iinteraction with p-Pb collisions

CG\ _l L) I L L I LILELEL I LI I LI I L L LI I llllllll I LI L I LI l_ "G L 1 I | || || || I | || I | I | 1 || | I ] | || || ' | | 1 || _
S [ —sum ALICE R > 200 ALICE E
% IR Exclusive J/y p-Pb \s,, = 8.16 TeV i S - =
--------- Dissociative J/y + o 180 p—Pb {5 =8.16 TeV —
) _ 25<y<4.0 _ %, = N -
Y -« JAy from yPb 3.0 GoV/ ~ 160F 25<y<4.0 ]
— ----- Exclusive yy A pp <oV aevic P = 25< M V/c?
2 10° E .- Non-exclusive bkg. RN = % 140 + S < My < 3.5 Gevie™ -
- - + ::",' \ - S - -
8 : ."' : 8 120 - /’_\‘ —_— Sum | _:
O - + " 7 — 100 kS + ----- E?<clu3|.ve. Jy =
S ] . v 7 o : NoOD X e Dissociative Jiy =
S -1 S % - E’ 80 = ; DD . S, J/v from yPb E
£ v + + S 60} \+ + ----- Exclusive yy —
010 = + = 40 S T - Non-exclusive bkg. 3
E :‘,”}7::: =i Smimae T ‘ 20 . \\\ h§ Tody . 3
SEEEEEEEE I': S EEEEE EEEEE BN |-| ‘I~I.~T'l:|:'.l:‘l:: I-I‘:‘I s l O g P et - AT TT Py . *
25 26 2.7 28 29 3 3.1 3.2 33 3.4 35 : 1 1.5 2 2.5 3
My, (GeV/c?) p. (GeV/c)

® Photon flux grows with the square of the charge, Z2 = Pb-ion is photon-emitter in p-Pb
collisions

o 2-D loglikelihood fit of mass and pr to extract exclusive and dissociative (production with
proton break up) contributions simultaneously
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o(y+p — JAp+p) (nb)

yp interaction with p-Pb collisions:
Exclusive and dissociative J/y photoproduction

Bjorken-x Bjorken-x
107 1072 107° 107 107° 1072 107 1074 107
IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 3 | | I|||||| | | I|||||| | | I|||||| 1 1 ||||||| 1
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: ALICE p-Pb Y5 = 5.02 TeV : S0
- o LHCbpp Vs=7TeV and 13 TeV (W+ solutions) ioo o _2;
| o LHCbpp s=7TeVand 13 TeV (W- solutions) y r::q;rpu m[pr:ﬁ‘? _ —1\,
o Fixed target (E401, E516, E687) =
. H ;:t*ﬁ*/'/ z
g <
+ ZEUS " 5

102:—

. i ¢
|W : - ) ¢ ALICE p-Pb |5 = 8.16 TeV
- JMRT NLO

=y . © H1
T | CCT _

“{JH ﬁ: Power-law fit to ALICE data —CCT
I | | | | | | |I | | | | | | | |I |
10 20 30 40 102 2x10? 10°  2x10° A "1'02 T "153
X
W, (GeV)

W., (GeV)
TP
Exclusive production cross section shows good agreement measurements from different experiments

Cross section described by power-law mimicking the evolution of the gluon density
— still far from the onset of saturation?

First measurement of the dissociative cross section at the LHC, compatible with HERA measurements
Models considering fluctuation of the subnucleonic structure in protons =+ homework for RUN 3 and Run 4
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Do we understand all about J/y photoproduction?

(Pb+Pb - Pb+J/W+PDb) [mDb]

do
dy

{ NLO at ySyy = 5.02 TeV — EPPS16 ] NLO with EPPS16

—— Full |M|? - ! & alice E
] wr=wx=237Gev @@ . 8 nCIEQLS 47 Vsw =5.02 Tev Only Gluons | Q 0'185 // _?_ ]
i EPPS16+CT14 Err 1 ur=pr=237Gev / NU Only Quarks é 0.16F / —&— CMS h
EPPS16 Err 3 ——-_Interference | —| 1aF / --- GBW-S -
CTEQ15 Err ] O /
T g = - FULLNLO | o} / — Gows ot
I - 0.12}
2= _
] <
) 0.1

+ ALICE Cent
ALICE Forw
-+ LHCDb Forw

g_‘y’ (Pb+Pb - Pb+//V+Pb) [mb]

- OO 100 200 300 400 500 600 700 800 900
------------------------------------------

° : 0 W [GeV]

Tension between measurements and NLO pQCD calculation

LO and NLO gluon amplitudes dominate over the NLO quark contribution, yet LO and NLO
gluon amplitudes cancel to a large degree different quark/gluon density sensitivity than LO

Sizable impact of NLO contribution in dipole picture, better describes the measurements
Precision measurements from experiments + Theoretical developments required!
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Exclusive four pion photoproduction

ALICE, Pb + Pb— Pb + Pb + '
Su=5.02TeV, |y . . . |<05

¢ Data
Uncorr. Syst.
=== [ Otal Unc.

-
[ g
—’——
-

x?/ndf =18/ 21
Prob = 65 %

JU'JUIU'TT

— | otal

— ALICE p(1450)
- == ALICE p(1700)
— = |nterference

N ~~
1 Ny
Ny

Il

-—

m (MeV/c?) T (MeV/c?)
PDG p(1450) 1465 £ 25 400 £ 60
PDG p(1700) 1720 + 20 250 + 100
STAR Au-Au 1540 + 40 570 = 60
ALICE Pb-Pb single resonance 1463 =2 15 448 =6 £ 14
ALICE Pb-Pb p(1450) 1385 =14 =36 431 4= 36 £ 82
ALICE Pb-Pb p(1700) 1663 £ 13 =22 357 =31 £49
Mixing angle 1.52 £ 0.16 = 0.19 (rad)
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Total coherent cross section for resonance(s)

The total cross section based on single
resonance scenario, as well as two

ALIGE, Pb + Pb— P + P+, (S = 5.02 TeV, Iy . |<05 | 1450 1700 |
=] ALIGE (1700) interfering p( ) and p( ) obtained
© KGTT p(1700) Due to the large interference component, the
sum of p(1450) and p(1700) cross sections
ALICE p(1450) _ _
- KGTT p(1450) Is smaller than the total cross section
The cross sections for p(1450) and p(1700)
__—o— ALICE
- KGTTsingle give better agreement with theoretical
resonance (H1) \
N R A TS N PN R R N calculations (KGTT) based on VDM-Regge
0 10 20 30 40 50 60 70 80 90 100
BR x do/dy (mb) model than single resonance case

UC Berkeley 24 22 - 27, September 2024



First access of K™K photoproduction in UPCs

GeV/c))

N

2 (mb/

2
o/dy  dp

o Exclusive K+K- photoproduction as a function of p% ~ | t|fairly well described by ae PPt with slope
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-7

—u— T system

68 % C.L.
7 x2/ndf - x2/ndf

95 % C.L.
2/ndf - y2/ndf

1

best fit =

4

best fit =

O_III

Illllllllllllllll
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1

1 1 | 1 1 1 | | 1 I 1 | | l 1 1 1
12 14 16 1.8 2
IB/A| (GeV/c?) "

parameter b = 4286 (stat.)+15 (syst.) GeV~* taken from ALICE p(770) > 77z~ results

» Cross section ratio (|[B/A|) and relative phase angle (®) between ¢(1020) - KTK~ and direct K"K~

determined with S6ding formula similar @ non-resonant contribution to 777~ system
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Coherent p"(770) photoproduction
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Measured cross section of coherent photoproduction shows good agreement with model
predictions for different neutron emission classes — similarly favored in colour-dipole
approach with gluon saturation/hot spots or Gribov-Glauber shadowing approach

Atomic number (A) dependent yA cross section, 6(yA — pOA) x A% with a = 0.96 = 0.02
substantial nuclear effects, yet considerably above black-disk limit
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(2, Q% = 10 GeV?)

Pb

R

Probing the nucleus and nucleons
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® Nucleus gluon field is not simple superposition of A nucleon fields

® More fundamental questions:
® Where and how does the transition from a dilute parton system to a dense gluon regime state occur?
® How nucleus and nucleons fluctuate and what would be the impact?
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https://inspirehep.net/authors/1002697
https://inspirehep.net/authors/1026590
https://doi.org/10.1146/annurev-nucl-102122-022747
https://www.nature.com/natrevphys

