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Ultra-peripheral heavy-ion collisions

@ An ultra-peripheral collision (UPC) is a collision at
Z, impact parameter greater than the sum of the nuclear
radii

@ Electromagnetic field of protons and ions behaves like
a beam of quasi-real photons

@ Photoproduction in vp and YA interactions

@ Diffraction in pp or AA processes

@ QED processes in v+ interactions

Hadron collider is turned to a photon-hadron or photon-photon collider
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Field of virtual photons by the Weizsacker-Williams concept
@ Electromagnetic field of a relativistic charge creates
the flux of equivalent photons which hit the target

Yfl @ Lorentz contraction to the perpendicular direction,
m—) v energy spectrum by Fourier transform:

1
l(w, b) = 1| E(w) x B(w)|
@ Putting in field of uniformly moving charge, we have flux of photons per unit of area:

Z2 Qemw? 1
N ’b:1$ K2(x) + — K2(x
(w.0) = a5 | K00 + 2 K500
@ Modified Bessel function K2(x) of argument x = wb/~, v gives leading contribution of
transversal photons in ultra-relativistic limit

Intensity of the photons is proportional to the charge squared, Z2
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Origin of diffraction in hadronic collisions in analogy with optics

Optics

@ Electromagnetic wave as solution to

Helmholtz equation
(VE4+ KU =0

@ Wave number k = 27/

source of spherical wave

‘ | &
@ Every point in a hole of radius, R, is a } ] RJ

lon or proton collisions

equation

2 2
oV U(r) + V(N)y(r) = Ey(r)
@ Scattering is described as an outgoing
spherical wave

(7

{

@ Typically R~ 1fm, D 2 1 cm and

@ Diffraction in light intensity at a distance, k ~ /s ~ 200 GeV

D, when kR? /D < 1

'} @ Optical condition is satisfied
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@ Wave function as solution to Schréedinger
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Physics processes studied in ultra-peripheral collisions

Light vector mesons

@ Photon-pomeron coupling
to target nucleus

@ 0 is the only produced
particle

Heavy vector mesons

@ Perturbative QCD,
coupling via a gluon pair

@ J/v is the only produced
particle

v

Two-photon pair
production

Y

L
)/((é Au

@ QED inyy — ete™

Nuclei typically leave intact, but may be excited by electromagnetic field to emit neutrons
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Photoproduction of vector mesons

0.6

ops(nucleus)/ops(nucleon)
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@ Photon coupling is coherent (to entire

nucleus) or incoherent (to a single nucleon)
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STAR
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motion

shadowing

|
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@ Light vector mesons probe Fock states of the photon and soft-Pomeron 'épproach to the

process

@ Cross section of heavy meson photoproduction is sensitive to gluon density

low-x

Coherent cross section is sensitive to nuclear effects of gluon density at intermediate and
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Two-photon pair production, vy — e*e~

@ Probe to fundamental QED and cross check to vector Au
meson results

@ Calculations factorize photon flux emitted by nuclei — .
and vy — eT e~ process itself

@ Similar factorization is used also for vector meson
models

N e+

@ Mechanism for neutron emission is the same as with
vector mesons

Experimental realization of energy to matter conversion
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RHIC collider

@ Relativistic Heavy lon Collider
PHENIX

&

@ Located at Brookhaven National

Laboratory (BNL), Long Island LNAC s }SRL,

@ Nuclei up to Au, polarized protons eSS, STHR

@ Various beam energies up to
V/Snn = 200 GeV, 510 GeV for pp

Two more years to go, then conversion to Electron lon Collider (EIC)
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The STAR experiment at RHIC (Solenoidal Tracker At RHIC)

@ Central tracking and particle identification, forward counters and neutron detection

@ Time Projection Chamber: tracking and identification in || <1

@ Time-Of-Flight: multiplicity trigger, particle identification and pile-up track removal
@ Barrel ElectroMagnetic Calorimeter: topology trigger and pile-up track removal

@ Beam-Beam Counters: scintillator counters in 2.1 <|n| <5.2, forward veto

@ Zero Degree Calorimeters: detection of very forward neutrons, |n| > 6.6
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Selection criteria for UPC events

Just two tracks from a low-pr vector meson, forward neutrons, and nothing else

@ Rapidity acceptance for J/+ or p°is |y| < 1

@ Dedicated trigger for limited activity and
topology in TOF or BEMC

@ Showers in both ZDCs

» Energy deposition to be consistent with
selected breakup case

» Full efficiency to a single neutron

@ Veto from both BECs against any other
hadron activity

Detectors are not in scale in the illustration
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News on J/¢) and vy — e"e~ UPCs in AuAu

Aul?’ Aul®’ Aul?

@ Recent PRL and PRC
submissions, arXiv:2311.13637
and arXiv:2311.13632

@ Coherent and incoherent J/v
photoproduction and vy — et e~
cross section

neutrons

Use of forward neutrons to determine photon-nucleus center-of-mass energy
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https://arxiv.org/abs/2311.13637
https://arxiv.org/abs/2311.13632

Neutron tagging by ZDCs

Au+Au—e+e+Au*+Au*,|s,, = 200 GeV STAR
: g : :

10° Au+Au—e+e+Au*+Au*,|s, = 200 GeV STAR
E I I ]

@ Single-neutron at 1507 ] ]
50 ADGC, full range up to i 10 1™ B raation
~80 neutrons [ 2" I corrected

100 £ . g 3

@ Separation betweenno g | 10 8 ]

.. = L | = 8 ]

activity and at Iea§t one £ | t a0 & F
neutron (dashed line) 50 2DC ADC & E
,L[ 4} -

@ Classes for neutron I o E
emission corrected for I | | o |
mlgratlons OO 100 200 0nOn OnXn XnXn

ZDC ADC ZDC category
OnOn OnXn XnXn
No signal in ZDCs One ZDC has signal, the other | Both ZDCs have signal J

is empty

@ Additional class all n as a sum of all, 0OnOn, OnXn and XnXn (meaning no requirement on ZDC)
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Mass and pr of selected dielectron candidates

Au+Au—se+e+Au*+Au* |s,, = 200 GeV STAR Au+Au—e+e+Au*+Au* |s,, = 200 GeV STAR
‘ \ ‘ T ‘ \ L y ‘ \ " =

r T
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sample below pr =
0.15 GeV

—inc Jy
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@ No requirement on ZDC

(all n) § B ]
@ Fit by MC templates ° L —
folded by complete F;f q|' 1
detector simulation L T 5 6 0 15

4 0.5 1
Mee (GeV/CZ) pT.ee (GeV/C)

@ The templates include: coherent J/v and ¢(2S), incoherent J/1 w/o dissociation, feed-down
from 1)(2S)—J/y+X and QED vy — eTe~

Fit results are used to extract signal of individual processes
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J/v photoproduction cross section in —t (~ p%)

@ Mid-rapidity |y| < 1, average W, n
=25 GeV

@ Momentum transfer squared at
target nucleus is related to pr of

the J/v as —t ~ p2

@ Better agreement with data is
found for Sartre and LTA
calculations in data/MC ratios

Coherent peak at low pZ%, inco-
herent photoproduction at larger
p? (decreasing exponential)

arXiv:2311.13632
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Interference in J/v photoproduction
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https://inspirehep.net/literature/1630581

Coherent and incoherent OnXn neutron class

Au+Au—J/y+Au*+AU*, s, = 200 GeV STAR
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https://arxiv.org/abs/2311.13632

Coherent J/« photoproduction vs.

@ Values for o.onereny are obtained after solving
photon source-target ambiguity by making
use of the forward neutrons (0nOn, OnXn,
XnXn)

@ LTA with weak shadowing describes the data

Significant suppression w.r.t. the Impulse
Approximation (lA) is observed

arXiv:2311.13632
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Nuclear suppression factor

x =M/ WE
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Coherent ¢(2S) photoproduction vs. rapidity
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J /v photoproduction off deuterons
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Coherent and incoherent cross section on deuterons with neutron tagging

Phys.Rev.Lett. 128 (2022) 12, 122303
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https://inspirehep.net/literature/1922652

Cross section of J/v photoproduction in d-Au UPC

@ Results vs. momentum transfer
squared at the deuteron —t

@ Direct incoherent measurement
with neutron tagging (neutron in
the direction of deuteron)

o
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CGC Model Ref: H. Mantysaari and B. Schenke,
Phys. Rev. C 101, 015203 (2020),
arXiv:1910.03297 [hep-ph].

LTA Model: V.. Gauzy, M. Strickman, E. Kryshen, and M. Zhalov (2021)

Sensitive to deuteron gluon distribution and breakup process, baseline for EIC ]

Phys.Rev.Lett. 128 (2022) 12, 122303
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p° photoproduction in AuAu UPC
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@ Individual components are separated in pion pair invariant mass [GeV/c*]
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Clean sample of p° photoproduction events
p

Phys.Rev.C 96 (2017) 5, 054904
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https://inspirehep.net/literature/1515028

Results on p° photoproduction in AuAu UPC

@ Cross section as a function of squared momentum
transfer at target nucleus —t = p%

@ Single-neutron and more-neutron categories

@ Interference between source and target nuclei at very
low —t

@ Diffractive minima consistent with Au size

Observation of the minima indicates the onset of
black disk regime

Phys.Rev.C 96 (2017) 5, 054904
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Cross section of vy — e"e™ pair production in AuAu UPC

. Au+Au~>e+e+Au AU, ﬁ 200 GeV STAR Au+Au—e+e+Au*+Au’, s, = 200 GeV STAR
@ Cross section as a { -, f ‘ E
function of dielectron e ‘;‘ |<<1oo1seewc<xw‘> i QE—D ST@R"gma"n 1 8 385, U, e
F LR T T MR § ittt
mass N’o‘ - (a0 2 - XnXn ! 8 OnOn [=e=sTARIght —=— QED ]
>0 . F E
] ivi o L g “t E
Indmdpal neutron s I N 1
emission categories =k s g :
_g:’o,z L 2 onXn 1
@ New data up to m,, of s _ 2
6 GeV, addition to ai T | 2 e
previous results at lower F . Xnxn, pTe>0.2GeV/cPRL127(2‘021)52302 " 8 YT LA AR
| i i o 1 i N i N i i |
0 2 4 6 35 4 45 5 55 6
masses m,, (GeV/c?) M, (GeV/c?)
Models are consistent with data in all neutron categories, confirming relation between photon
flux and neutron emission in mutual Coulomb excitation
arXiv:2311.13632
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https://arxiv.org/abs/2311.13632

Summary

UPCs are a clean probe to diffraction phenomena, mechanisms of gluon shadowing and
saturation, and fundamental QED

More STAR data to come (some of):
@ J/v in pp UPC with protons detected in Roman Pots
@ Combined samples for J/+ in AuAu, question of diffractive dips in t dependence
@ Strangeness in UPC events
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