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Basics on Ultra-Peripheral Collisions (UPCs)

b>2R,

* No hadronic overlap

b * Long-range electromagnetic interactions
dominate.

No hadronic overlap # no physics.
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Heavy lons as Sources of (Quasi) Real Photons

* V. Weizsacker, E.J. Williams- Equivalent Photon Approximation

Z2a k1 1 Ahi i . N
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How photons interact via the strong force

Exclusive
vector-meson
Production

Pomeron

Exchange

oV A= VHA
1 2
%) ~Photon Flux - o d*x dz ud o L o R
A4~V 4 ya-va _ f b, f L / WYAE L ) NG By, Y Rl 2]
47 z(1 —2)
0
AL vector meson
qq dipole wave function
quasi-real / V (VM)

«— two-gluon exchange
(Pomeron)

Au
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Exclusive Vector Meson Production in UPCs

« YA — VA process:
1. A quasi-real photon from the Lorentz-contracted EM field fluctuates into a qq pair.
2. This neutral color dipole interacts with the nucleus via a colorless 2-gluon exchange (Pomeron).
3. The exclusive interaction produces a vector meson: p°, ¢, ] /...
4. We detect the decay products of the vector meson.
Coherent Production Incoherent Production
Utarelatvistic fon A o Ulra-relathisticon A e —
- —. > el 00®
E E 0 - %E @ — 0@‘?
tw;x;ghl::gnegs;:;gl:n e cmess il oo B color-snglen S fmi ?, :1
« Interaction with the entire nucleus Small momentum trans:er * Onlyoneorafewnucleons participate ¢ Large momentum transfer
* Target stays intact e Sharp peakat |t]| = |R_Fj4| * Targetis excited or breaks up * Broaddistribution in |t|
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Emission ambiguity in UPCs

5/11/26

* When identical beams collide, there is an ambiguity about which nucleus emitted the photon,

leading to quantum interference.
* The ambiguity exists for both coherent and incoherent processes.

High energy photon
Low energy target

k=—"eYV, x=—2eY
’ Vs

Low energy photon
High energy target
_ My -y My ,+y
=—e 7, x = \/Ee
&
doga DAAV

N dN
(k1)UyA—>VA (ky) + k

(kZ)O-yA—>VA (kz)
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The STAR Detector and UPCs

UPC exclusive production signatures:
Minimal hadronic activity
Forward rapidity gap

* interaction
point

muon spectrometer \

o o R b LJ
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- rﬁY
A \ / Az = ’
1
— central detector / R
ZDC neutron path = r_' = — e P neutron m@
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Sl
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* “ beam line x magnets 1 ] .

(curvature exaggerated) '

Cross-sectional and longitudinal view of the STAR detector Longitudinal view highlighting BBC

ZDC(Zero Degree Calorimeter): Detects forward neutrons from

Coulomb dissociation, allowing classification of nuclear breakup
and triggering on UPC events.

5/11/26 RHIC/AGS

BBC (Beam-Beam Counter): helps veto hadronic

interactions by requiring no forward charged
activity.



Early Measurements
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Early Measurement — Coherent p° Photoproduction

STAR, Phys. Rev. Lett. 89 (2002) 272302.

* Year 2000

* Au+Auat./syy = 130GeV

* Half Field

* “topological Trigger” + ZDCMB (59 inv mb)

Foundational STAR UPC vector meson paper

Established UPC events can be studied by triggering on
mutual Coulomb excitation.
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Two-source Interference in UPC Photoproduction

STAR, Phys. Rev. Lett. 102 (2009) 112301.
Au+Au at \/syy = 200 Gev.

Recall: Two source ambiguity as quantum interference

For vector mesons, JP¢ = 17~

Exchanging role of two nuclei — parity transformation.
Apor = A1 — AzeipT'b

At midrapidity where |A;|~|4,|, and low |t| = p?: Suppression

From cross section to quantum interference, confirmed.
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dN/dt, [1/(GeVic)’]
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Uncorrected p° t spectrum comparing data with simulation that includes quantum
interference (dashed line) and simulation without interference (black line).
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Excited p in UPC Photoproduction via Four-Pion

STAR, Phys. Rev. C 81 (2010) 044901.

2007, Au+Au at \/syy = 200 GeV

Extends the STAR UPC program beyond the ground-state
p? and into excited light-vector phenomenology through
coherent four-pion photoproduction.

% 140 _
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Coherent low pr peak in four-pion channel
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The PDG currently lists two excited p® states, the
pY(1450) and the p°(1700), which are seen in various
production modes and decay channels including two- and
four-pion final states [4]. The nature of these states is still
an open question, because their decay patterns do not
match quark model predictions [5]. Little data exist on
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More p° UPC Photoproduction Measurements

STAR, Phys. Rev. C 85 (2012) 014910. Au+Au at./syy = 62.4 GeV

Parameter

STAR at

A/SNN = 62.4 GeV
coherent (|y,o| < 1)

STAR at

A/SNN = 62.4 GeV
coherent (full rapidity)

STAR at
VSNN = 130 GeV [11]
coherent (full rapidity)

STAR at
vSnn = 200 GeV [10]
coherent (full rapidity)

0.§<0an (mb)
Uann (mb)
UgnOn (mb)

(0]
Gfotal (mb)

6.2+ 0.9 £0.8
16.7 £ 2.7 £ 2.
28.5 £52 £ 438
51.5 £5.9 £ 5.3

10.5 £ 1.5 £ 1.6
31.8 £ 5.2+ 3.9
78 £ 14 £ 13
120 £ 15 £ 22

283 £2.0+£6.3
95 £ 60 £ 25
370 £ 170 £ 80
460 £ 220 £ 110

319 £ 1.5+ 45

Provides the crucial lower-energy anchor point for STAR
light-meson UPC physics.

The 62.4 GeV result constrains how fast the coherent p°

cross section rises with collision energy.

The increase is weaker than in many theory predictions.
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The Precision Era

RHIC/AGS
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2017 p° Measurement

STAR, Phys. Rev. C 96 (2017) 054904
Run 10, 1100 ,ub"l, Au+Au at \/syy = 200 GeV, Modern UPC trigger Jo LT,

A
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2017 p® Measurement - Tomography

STAR, Phys. Rev. C 96 (2017) 054904
Run 10, 1100 ub~1, Au+Au at VSyn = 200 GeV, Modern UPC trigger

Demonstrated coherent diffractive peaks with two minima
The positions of the diffractive minima encode information about

the transverse nuclear profile.

F)
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Tomography of Ultra-relativistic Nuclei with
Polarized Photon-gluon Collisions

STAR, Sci. Adv. 9, abg3903 (2023)

* The initial photons are linearly polarized in the transverse plane.
* The decayed pion pair must therefore carry the angular information as orbital angular momentum:
* Mpsnn~€q > |M|?~ cos?(¢)~1 + cos(2¢)

* Butthe initial polarization axis is random event-by-event.
* Inthe lab frame, the modulation would average away.

* Two-way emission ambiguity gives an interference term involving P; - b, which makes P statistically
correlated with the hidden initial polarization. cos¢ = (p71 + p72) - (P71 — pTe)/(|pT1 + PT2| X |PT1 — PT2|)

A1 A STAR: Signal m'm- pairs with P_ < 60 MeV B STAR: Signal *n- pairs

=0.4- —+ Au+Au \s =200 GeV
212 ’ts; ’tf**‘i ,-;"f; S ey
21,2 ¥ % Y = :
sy, 4 £ 8os S pHAU Y8, =200 GeV| p0 decay time: ~ 1fm
B SRS 2 B . VS S i
i T PR o, F U (5 =193 GeV|b|~ 10 — 20 fm
R 8 *,ﬁ»:? The final pion pair kept the interference pattern!
£0.6[-f(0) = 1 + A cos(26) Syst. Uncert. 0.1 Entanglement Enabled Intensity Interferometry
3 [ EEAuAu: A = (29.1 0.4 +0.4)x102 i
C04-BEUU : A = (23.8 +0.6 £0.4)x107? 0];
[ s p+Au ;A= (-0. .5 1.2 0. 9)x102 - | ¥ \ |
n i 0 % . 0 005 01 015 02 025
5/11/26 ¢ rriciacs T(CV) 16



Tomography of Ultra-relativistic Nuclei with
Polarized Photon-gluon Collisions

STAR, Sci. Adv. 9, abg3903 (2023)

* Recall: Tomography thorough coherent t distribution

A STAR: Signal n*n Pairs B, o'f STAR: Signal n'r Pairs
E L ¥ Au+Au |5,=200 GeV | E ¥ U+U |5 =193 GeV
(] o
S P} e Model | c | ——~— Woods-Saxon,
2 o N —— Woods-Saxon, < R=7.98 fm, a=0.54 fm
107 , L2k
= R=7.47 fm, a=0.54 fm | =
K 4
pd pd
© ©
10°F 103E
| i
0 0.01 0.02 0.03 0 0.01 0.02 0.03
P (= It]) GeV? PZ (= |t]) GeV?
C STAR: Au+Au |s,=200 GeV D STAR: AutAu |s, =200 GeV
€l ¥ Data: |¢| < n/24 Eol ¥ Data: |¢ — m/2| < n/24
c F c E
& M Model II, 6=0 s £ Model II, ¢=r/2
= | \%——— Woods-Saxon, S [#, ——— Woods-Saxon,
= r . = ¥ 2,
S0k *""&* R=7.90 fm, a=0.54 fm | 3ozt % R=7.09 fm, a=0.54 fm
° F ag: ] © F %
i \“‘w o
10°F .%..nﬁ#- X 10
: \—r l‘ i T i
1 |
0 0.005 1 0. 015 0. 02 0 0.005
P2 (= |t]) GeV?
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Fit the |t| distribution with Woods Saxon FF.

o 2 ~A|F(t)|?, extract radius and neutron skin depth.

Two source ambiguity interfere with a phase involving
cos(Py - b) alters the |[t| distribution beyond very low |tc|l region.
At ¢ = 90°, interference effect is minimized. One can fit in

d|t|
¢ slices and account for p° probe size

A STAR: Photonuclear p° — mw'n-

E I

-:—-:-‘V;::#- =g
=8, 04.‘- A _ -&s.-v#-*
w "* | * ¥- -,""‘Jr "* %'r I & e
© 7.5 - - ¥ v
X | Al 4 o

_“‘._"‘ '.#- - \.,:" _ ’.....z'.
7.0 "*..* *m*

| R(9) = [R2+ 202 (1 + (1/2)cos(20))] "

6.5 [ Au+Au :R,=6.62t0.03, 6,=2.39£0.04 (fm)

B¢ U+U: :r=7.38+0.07, 6,=1.92+0.12 (fm)
60 | | |
T T
' —5 0 5 T
2 2

Result: Ry,, = 6.53 + 0.03(stat.) + 0.05(syst) fm
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Spin Interference in | /1

. O .
STAR, arXiv:2512.02865. Submitted to Phys. Rev. Lett Compared with p”, ] /{ has:

1. Longer life-time
Au+Au, Ru+Ru, Zr+Zr, \/syy = 200 GeV 2. Fermion decay products

Entangled wave

Entangled wave
function

function 5
e) .‘e+ e)' O'CJ

Evidence that the spin structure of the final-state
daughters.

Interference

Interference //_\ :
e s e . :
The long llfgtlme allows the quantum state to I 13 ) o )
evolve and interfere well beyond the nuclear el () Soldlionici Solionlia ol fon (A
VO l.U me. Impact parameter, b > ct fmpact parameter, b <<cT
STAR Vsyy = 200 GeV
1l A+AS VM £ A" + A" | 1 "Model | ' ] 1000 STAR _ Ru(Zr) + Ru(Zr)-> ee + Ru(Zn)"+ Ru(z)’
Data === CGC (J/y): Model-I NSy =200 GeV  |ypel <1 Pree <200 MeVi/c
0.8 * v+Au> Iy (—e'e) T CGC (J/y): Model-ll -
= Y+ Au-p (oT'T) — — STARlight (JAy) ‘>\’ —e— Sig+Bkg
0.6 | == "+ Ru&Zr — Jiy (—e'e) 1 %’ 100 | - Bkg
Q : — STARlight
E ] I
5_’; 1
8 10} ! :
g 1 1 f
o 1 1
© I :
0 15 45 90 160 200 0 30 90 160 200 12.6 28 :I_>, 3I_2 3|_4 3I.6 3|_3 4
MeV/c MeV/c 2
5/11/26 Pr ) Pr ( ) RHIC/AGS Mg (GeV/c™)
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Connecting to EIC Physics



UPCs as Probes of Gluon Structure

* Shadowing: The nucleus has fewer effective gluons than A free nucleons.

e Saturation: Gluon field becomes so dense that nonlinear recombination matters.
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In Q°

Gluon splitting
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Resolving the Two-Way Ambiguity

* Use an asymmetric collision system.

Au'

quasi-real photon

Mg _
}—»— J/\|j k = — ¢ Y Wyny = [24/s,yyk~25 GeV

Vary J /1 rapidity = Changing photon energy

5/11/26 RHIC/AGS
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J /1Y Production in d+Au

STAR, Phys. Rev. Lett. 128(2022) 122303.
Run 16 d+Au at+/s = 200 GeV

Neutron tagged = incoherent dominant

Data can already discriminate among different pictures
of deuteron gluon structure, with saturation-based
descriptions giving a better account of the measured
distributions than the shadowing model.

10°

do®" * 4= I+ Xydtdy (nb/GeV?)
3
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Resolving the Two-Way Ambiguity — cont.

doya DAAV _

dy

dN
(kl)O-yA—>VA (kl) + k (kZ)O-yA—>VA (kz)

Pinl0)

0.5

* Photon flux factors are impact-parameter dependent.

5/11/26

STARLIGHT 3.13 |
LHC beam energy
—— XnXn |
—— 0nOn ]
Xn0On .
— L i R TR N

10 102 10°

b (fm)

* Differentimpact parameter — photon flux distribution changes, but 0y, 4,4 does not.
* We can gauge the impact parameter distribution via different neutron tagging

d . . .
. d—; measurement with different neutron tagging allows us to solve for 6, 4,y4

RHIC/AGS
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Strong suppression of J /1 production in Au+Au UPCs

STAR, Phys. Rev. Lett. 133 (2024) 052301

Coherent and incoherent J/ measurements.

J /Y coherent measurement with photon energy

Y(2S),e*e™ production (not shown here)

30

Gcoherent (ub)
S

-
o
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STAR, Phys. Rev. C 110 (2024) 014911

Strong suppression for both coherent and incoherent J /1

Coherent J /1 suppression described well by weak

shadowing model.
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What’s Next?

* Full use of EESI to higher t 7~ mass spectrum

* ¢ Measurement - transition region

* More tomography via || fitting

* A-dependence cross section

e A?%/3 vs A*/3 scaling

« K*K~ spectrum ...

e And so much more!
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In Q2
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A sneak peak — UPC ¢

Work in Progress

&~ T RUN 19 AUTAU VST = Of Y Frrrrfrerprrepvres
T 180 __F{un 19 Au+Au |s,,, = 200 GeV UPCS’ e (UL L) =
> - Uncorrected Voict + b0l 3
®  160F P —
E - 0  m===- Voigt (signal) ]
Al 140 - % 00 ====- pol0 (background) ]
S b -
L 120 M, = 1.0177 0.0003 GeV/c? —
5 100 = I' = 4.26 MeV/c (fixed) =
8 — o = 2.65+0.37 MeV/c? .

80f 2eIndf = 49.6 / 46 —]
60— Pair pr € [0,0.1] U [0.3,0.9]GeV/c —
40: Pair |y| € [-0.5,0.5] -
20;—} -
(0] .
S 4 =
o LE E
of -
2 E
-4 ) ) ) ) ) ) . ) . —
1 1.02 104 106 108 11 112 1.14 116 1.18 1.2

K*K™ Pair Mass (GeV/c?)
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Counts

Run 19 Au+Au at /syy = 200 GeV, zdemb
First dataset with iTPC

Signal region: My € [1,1.04]GeV/c?
# Coherent Pairs (pr < 0.1 GeV/c) : 61
# Incoherent Pairs: 358
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A sneak peak — UPC ¢

STAR P RE LI M I NARY1 0% Luminosity, 7% Tracking Global Scale Uncertainty Not Shown

Strong suppression compared with impulse approximation (coherent) and scaled HERA data (incoherent)
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A sneak peak — UPC ¢

STAR P RE LI M I NARY1 0% Luminosity, 7% Tracking Global Scale Uncertainty Not Shown
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Summary

* STAR established UPCs at RHIC as a clean photonuclear laboratory.

* STAR showed that UPCs are sensitive not only to nuclear size, but also
to nuclear quantum interference.

* The light-vector-meson program evolved from cross sections to
diffraction and nuclear imaging.

. STAtI)% extended UPC physics from soft vector mesons to hard gluon
probes.
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