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Electromagnetic probes
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First precision measurement of thermal dielectrons in the IMR at top RHIC energy, with HF
separation!.

Only slight increase in T 3% from SPS to RHIC.




sPHENIX — Isolated photons Mariia Mitrankova spHs@ Stony Brook
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Ultra-peripheral collisions and nuclear imaging



Ultra-peripheral collisions and nuclear imaging
UPCs: Photoproduction of VM

Au

Au+Au — J/PY+Au*+Au” STAR

’ Q VM (J/ll), PO, —%—— STAR data lyl < 1, all neutron

W e
R H1 template fit: ¥?/ndf = 1.6

CGC w/o fluctuation x 0.65
CGC w. fluctuation x 0.65

Total ~ Incoherent

0.5 1
t~ p2 (GeV/c)?
Aincoherent
« ;.| Lowt = coherent — nuclear scale High p;

Lowp,  High t = Iincoherent — sub-nucleon structure

saturation?

S Standard observable t = pr2 — spatial imaging




Xihe Han
STAR, Phys. Rev. Lett. 89 (2002) 272302
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Gian Innocenti & Xihe Han
STAR, Phys. Rev. Lett. 133 (2024) 052301

Au+Au—J/y+Au*+Au*, \/s =200 GeV STAR BJorken -X
—— }".w L 19 10 (V5 107

¢ ALICE, Pb-Pb |5, = 5.02 TeV
1 Guzey et al., using ALICE Pb—Pb \/sNN = 2.76 TeV (PLB 726 (2013) 290-295)
4 Contreras, using ALICE Pb—Pb \/sNN =2.76 TeV (PRC 96 (2017) 015203)

- - Impulse approximation - LTA
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Incoherent suppression:
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— Strong nuclear suppression (~49%) seen — J/U as a function of WyN

— Bound nucleon’s shape similar to free proton

. . — Strong suppression at small x
— Sub-nucleonic fluctuations o g SuUpp




Gian Innocenti

Incoherent J/) production at the LHC (ALICE)
Incoherent ¢ production at RHIC (STAR)

T I L I T I ] Ii IF&U[%1I9AULALaItM:]2IOOIGIeVI
STARLIGHT MC —
| Systematic Uncertainty
Fit: Aerq%
A=1e+03 + 1.7e+02
b=3.0+0.4 (GeVic)?
bSat W=14.3 GeV

ALICE, Pb—Pb UPC \s,, =5.02 TeV

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

Incoherent probes event-by-event gluon-density fluctuations
t-dependence is sensitive to the transverse scale of gluon-density fluctuations

Models without gluon-density fluctuations predict a much steeper t-dependence
than observed 11




Adding a new dimension to UPC imaging

UPCs: Photon-induced nuclear imaging

Add orientation-
dependent
iInformation

Au+Au — J/Pp+Au*+Au”

—%—— STAR data lyl < 1, all neutron
BeAGLE
H1 template fit: ¥?/ndf = 1.6
CGC w/o fluctuation x 0.65
CGC w. fluctuation x 0.65

Total ~ Incoherent

. 1
t=p2 (GeV/c)?

— —
PT.PT = PT1°

(Magnitude only)

Can we go beyond T ?
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Evidence of Two-source Interference in UPC events

_ S=1
- S=1 v
Q VB p=
g 0.<lyl<0.5 »/
Orientation
dependence
IS built-in
0.002 0.004 0.006 0.008
t, [(GeV/c)]
hdo
A+ A)°d®b] A, £ A —2A2 I
Interference link VM momentum ( ) and impact parameter ) between two nuclei
—_

UPC VM production contains orientation-dependent physics through p-b
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Spin interference with p0 Xihe Han

Interference + polarization —
spin-momentum correlation

STAR: Signal w*n- pairs
— Au+Au |s,,=200 GeV

~+ p+Au |5, =200 GeV
~+ U+U s, =193 GeV

Entangled wave
function

Observable:
a2 = 2 {C0S 2¢) vS. pr

s
—
)
7))
Q
&)
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QA
©

Gold lon (A2) Gold lon (A1)

¢: angle between VM
momentum & w decay axis

Impbact parameter, b > c7

,00—>++7r_

Boson Boson . . .
Nonzero in A+A — spin-momentum correlation

Vanishing in p+A — no 2-source interference

Interference + polarization + decay — measurable spin—-momentum correlation
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p? vs J/P: dipole size and model comparison

Available saturation model predictions:

cos(2d) >0  |COS 2c|>\ T \COS 2P| 1
pV = ntr” ”(,0 ) (Au)

mm

JIy — eTe” r(J/y) byin (RulZr)
cos(2¢)<0 lcos 2| | |[cos 20| T

Key tests: Sign flip, |cos 2| = p > J/P (compact dipole), Au > Isobars (closer centers)

J/Y introduces a harder scale enabling a more controlled data-model comparison

STAR
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Xihe Han

STAR collab, arXiv: 2512.02865, to appear in PRL

STAR Vsyy = 200 GeV Corrected cos(2¢d) modulation

A+A>VM+ A + A" Model

[Data —— CGC (J/v): Model-|
* 7+ AU Jy (—e'e) CGC (J/v): Model-Il

5k 0 -
@ y+Au-p (') — — STARlIight (J/w)
® v + Ru&Zr — Jy (—e’e)

Entangled wave
@Umtlon 5{

/
" T (J/P) & 2160 fm

Gold lon (A2) Gold lon (A1)

A ———————————
Impact parameter, b << c7

Negative modulation at pt <100 MeV for Au+Au (>30) for J/P , weaker than p
Qualitatively consistent with spin-interference expectation from available saturation models

Magnitude and prt dependence help discriminate between model scenarios
Spin interference opens a new, orientation-sensitive observable, constraint on models

I Inteﬁ%
//ij/;a\//*\\\\\\ AN
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Rongrong Ma

— |t|-distribution sensitive to gluon distribution
at high energy (low x)

2
t = — (Pa— Pa)
Energy-momentum conservation:
Pe +pA = Pvm +pA’ +pe’

[ = — (pe — Do’ _pVM)2

—— Truth: coherent f

T e Incoherent scattered e momentum
background —> limited by the resolution

— Challenges to get precise |t|:

a. momentum resolution

e+AU - €' +AU'+VM b. Incoherent background

) 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
It [GeV?/c?] 18




Rongrong Ma

Scattering Plane Production Plane Decay Plane

e-Print: 2502.15596

—> Only need to measure the electron directions, not their momenta

19



Rongrong Ma

decay plane

electron scattering plane

production plane e-Print; 2502.15596

— Use transversely polarized e beam, § L p,

— If § flips sign after scattering (exchanged pompon spin 0), virtual
photon spin aligns with § => VM spin aligns with § || 72

— Correlation of VM daughters with § => echoes STAR lesson

— Incoherent event (nucleus breaks up), VM spin is random => no correlation
20



Rongrong Ma

|F(t) |2 with 25 MeV/c Resolution Form Factors for Coherent Events

Truth (no res., no cut)
- 25 MeV res. (no cut)
25 MeVres. w. 0, ,, =m/12

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
q, = |t, [GeV/c]

— Specific selection of wedge along 7 - - - - 01 012014 o0l6,
minimizes detector resolution

— Diffractive pattern largely restored (magenta curve)
21



Quantum tomography

22



Quantum tomography

WOEL ¢ ~
w0 (=<4 XAl
o € S

RUVANT UM TOMOGRAPHY o e

uantum tomography for collider physics: illustrations
vith leptor i ti

1-pair production

Martens, Ralston, Tapia Takaki Eur. Phys. J. C78, 5, 2018
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Daniel Takaki

— Based on
Quantum Mechanics

— Goal: Obtain
density matrix
elements in moael
iIndependent way

— Density matrix
elements can be
measured



Event-by-event quantum tomography Daniel Takaki

10 EVENTS . 10 DENSITY  MATRICE S

3,

— Density matrix elements in each events

— More to follow on observable reconstruction from density matrix elements

24



Big thanks to our speakers

Rongrong Ma

Mariia Mitrankova Daniel Tapia Takaki

Thank You!

Xihe Han 25
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