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Coherent photons as “partons” in heavy-ion collisions

Coherent limitation: Q% < 1/R? => quasi-real !

Photon four momentum: q* = (w, G, w/v)

< VWV w?2

AN 2_ 2
v Q —7+CIT
- Z.,e Y
vV ~cC § wamax“’E

® View photons as “partons” being present with fast moving ions!

The extent of photons swarming about

the ions:
The radius of nuclear matter Ry, ~ 6.3 fm (Au)
R >> R

photons Nuc

Take the photoproduction of p (Au+Au 200
GeV )in ultra-peripheral collisions (UPCs) as
example: <R, qcton> ~ 40 fm

Physics Today 70, 10, 40 (2017)
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Photon interactions in A+A

Ann. Rev. Nucl.
Part. Sci.55:271

+ (2005)

V=p,o ,d, Jy

- . Photon-photon Photon-nucleus

® This large flux of quasi-real photons makes a hadron collider
also a photon collider!
v" Photon-nucleus interactions: Vector meson
v" Photon-photon interactions: dileptons ...

® Conventionally believed to be only exist in ultra-peripheral
collisions (UPC) to keep “coherent’!
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Vector meson photon-production

@® \/ector meson production:
v chargeless ‘Pomeron exchange’
v Light meson production is
usually treated via vector
meson dominance model:
p, direct n*m, ....
v' Heavy quarkonia production o 2

could be treated with pQCD: 18
Jhy, W', Y(1S), Y(2S), Y(3S)...

IIII|I:|I£PF;S16 Q2 = 2 4 GeV2 E
| |ncTEQ15 —:

® Sensitive to the gluon

distribution:
dﬁ(ﬂ.‘(f{ — Ix’_{,i) {12 rE(J 0.25— =
- L6m’ XGa(x % e B T
df =0 3[}(&1?, 4( )J X
EPPS16: EPJC 77 (2017) 163
_Mye NCTEQ15:PRD 93 (2016) 085037
X = \/— Q - MV/4‘
S
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Jhy photoproduction in Pb+Pb UPCs

do/dy (mb)
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ALICE: EPJC 73 (2013) 2617
ALICE: PLB 718 (2013) 1273
CMS: PLB 772 (2017) 489
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ALICE: PLB 798 (2019) 134926
LHCb: LHCb-CONF-2018-003

Various precise measurements!
Powerful to constrain nPDF

ECT2021- Wangmei Zha 5



The framework: impulse approximation

doaa—sang/v(y)
i —— = Ny/a(¥)oyas7/p4Y) + Noyja(=y)oya—5/04(=Y)
e Yp—J/wp M:
~ 1an_ W ilﬁﬁlggoo E
: T THA
) 0 ( mytM, , 2)15( E2, )6 e EMC -
- E G:CU 1- 5 — —— BPF 3
§ F Eyp 100 %Ei(l)? .
£ - ¥?/NDF = 113.6/116 T Es7 7
1 C,=802409 :gﬁc E
6=0.321 £0.005 —+ Cornell E
Equivalent photon approximation B (Ce9)
quivaient photon appro atio Z. Cao etal., Chin. Phys. C43
do(vA A
o (A = 1/A) = o(y ;J/w ) g (2019) 064103
t=0 Impulse approximation
— — — — wP
|Fp(kp)[*d*kpr  kp = (kpy, I) doys/dt|i=o= doyy/dt|i=o X A?
wp — —ﬂ/fjx¢€iy _ J /1 dep/dt Gg X €
2 4w

Aoy, /dt];—q= ov, X b
V. Guzey and M. Zhalov, JHEP 10 (2013) 207 yp/dtle=0= Oyp
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The results: impulse approximation

do/dy (mb)

-
o

e o N W L =2 ~ 0 O
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= impluse approximation - 'g . e ]
= e  ALICE mid-rapidity E = B impluse approximation_
- ALICE forward-rapidity —| & 'f ALICE p
= CMS E 5 [ LHCb )
[ . © 8 — —
] Pb+Pb @2.76 TeV : i
i_ _i s Pb+Pb @ 5.02 TeV 1
- shadowing = - 2
o - 41— —
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Ambiguity for x determination in forward rapidity (y!'=0)!

® The impulse approximation significantly overestimates the data =>
Significant shadowing effect

® The difference becomes smaller towards forward rapidity => Less
shadowing effect towards high x
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The Bayesian reweighting of nuclear PDFs

The PDFs replica f;, can be constructed by the Hessian error set:

for _fS-_ JHEPOS8 (2012) 052
fk:fsg+;( — !)Rik (2012)
Any quantity O|f| depending on PDFs can be determined via:
1 Nrep
(©0) = — " Olfi]
rep | _
k=1

For a new measurement, ¥ = {¥1,Y2;---Yn}, the reweighted PDF could
be evaluated by:

Nrep
1
(O>ncw — N erko[fk]
rep ;4
(X3)? 311 exi/2 -
= Ty e (e X ) = 3 = Ao 0~ )
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Nuclear shadowing from J/yv measurements in UPCs
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[ ] default
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® The UPC measurements dramatically reduce the uncertainty band
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of EPPS16 and nCTEQL15 PDF sets.

® Significant shadowing effect has been observed in both PDF sets at

small x.

x
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The future opportunities at EIC

Ry(Au)

N

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

Projection with ECCE detector setup
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10 fb1/nucleon
ly|<3.5
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[JEPPS16
« ECCE 10 x 100 GeV

sy

No ambiguity for x
determination!

1 Negligible statistical
uncertainties!

107

1073

1072

107"

X

Xinbai Li, Physics Opportunities with Heavy Quarkonia at the EIC,
https://indico.bnl.gov/event/12899/timetable/
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Anomalous excess of J/y production observed at ALICE

< [
o< 3 wg ALICE, Pb-Pb |5, = 2.76 TeV
6+ 25<y<4
o5r i 0s=p <0.3GeV/c, global syst=+15.7 %
41
+ 0.3 < p_<1GeV/c, global syst = = 15.1 %
3r + 1< p_<8GeV/c, global syst == 11.5 %
ol * Common global syst = + 6.8 %
ALICE: PRL 116, 222301 (2016)
Run |
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® Significant enhancement of J/y

yield observed in pyinterval O —
0.3 GeV/c for peripheral collisions
(50 — 90%).

Can not be described by hadronic
production modified by the hot
medium or cold nuclear matter
effects!

® Origin from coherent photon-nucleus interactions?
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The observations at STAR

STAR: PRL 123 (2019) 132302

1072
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Significant enhancement of
J/y yield observed at p;
interval 0 — 0.2 GeV/c for
peripheral collisions.

No significant difference
between Au+Au and U+U
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® Similar structure to that in UPC case!
® Indication of interference!

v Interference shape from calculation PRC 97
(2018) 044910

® Similar slope parameter!

v Slope from STARLIGHT prediction in UPC case
— 196 (GeV/c)?2

v Slope w/o the first point: 177 + 23(GeV/c)?
v2/NDF = 1.7/2
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A novel probe for QGP?

® Hot medium effects:
v Color Screening
-“Smoking gun” signature
for QGP PLB 178 (1986) 416

v' Regeneration
-Recombination of charm

quarks < .
® Cold Nuclear Matter effects: R T - (2017)13
v'PDF modification in nucleus ol recenerstics -
vInitial state energy loss P ;
v 0.6 ' ’ N
0.4; o E
The baseline? 0.2; """""""""" E
10 10° IS (GEV)

A cleaner probe of color screening?
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Comparison with model calculation

y

dN/d

Au+Au @ 200 GeV |y| <1
P, < 0.1 GeVic

wimpluse approximation

- ==/ shadowing effect
104k =W/ Observation effect

10~k

¥

107k, T

F.l|||||||

Pb+Pb @ 2.76 TeV 2.5<y <4
P, < 0.3 GeVic
e data

0 50 100 150 200 250 300 350 U 50 11]0 150 200 250 300 35[] 400

N

® \Well described by the coherent photoproduction mechanlsm for

peripheral collisions

® Hint of disruption from the medium

W. Zha etal., PRC 99, . i
061901 (2019) N —

v The observation effect
v The QGP swallowing

part
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Comparison with model calculation

y

dN/d

ALICE: ALI-PREL-309953

Pb+Pb @ 5.02 TeV |y| <1 25<y<4
p,<03GeVic. ... [ P <03GeVic

0 j/("’ .....................

- smimpluse approximation
- ==/ shadowing effect

[ ==+w/ observation effect | e data

10°E_, AR TSR R P P S B P P P T T S
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N N

par part

® \Well described by the coherent photoproduction mechanism for
peripheral collisions
® Hint of disruption from the medium
v' More statistics at mid-rapidity
v" More precise measurements toward central collisions
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The transverse linearly polarized photons

Extreme Lorentz contraction of EM fields E L B 1 z

v' Linearly polarized in transverse plane

Polarization vector:
follows the electrical

vector of photons \\\\i //////// \\\\\\Si ‘

Well defined in the

.

2

s momentu //7//1\\&\1\ ////7///L\\\\

Aligned radially with the
“emitting” source
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The transverse linearly polarized photons

Extreme Lorentz contraction of EM fields E L B 1 z

v' Linearly polarized in transverse plane

. —_ »—-1400 T T T T ___'“-___1‘____'- T T T
Polarizedy +y —» et + e & L STAR aviismoazs0 045 <M <0.76GeV ]
_ £1200— . . 200 Gev ]
leads to cos 4A¢ modulation > - ¥ AutAuUPC ¥ Au+Au60-80% x 0.65 Sww = 200GeV
E1000_— — Fit: Cx( 1 + A2A¢cos 2A0 + A4A¢cos 4A4) +1c 7
C. Li, J. Zhou, Y.-j. Zhou, PLB 795, 576 a I — N
(2019) © 800 X I E

|||||
lm
lllllllllllllllllll

Confirmed by STAR

Collaboration!

200— Polarized vv — e*e : Without Polarization :
B — — QED == STARLight _
o = = = = SuperChic | ]
0 I — _ i
2 Ap = d)ee q)e

STAR Collaboration, , Phys. Rev. Lett. 127 (2021) 052302
Li, C., Zhou, J. & Zhou, Y. Phys. Rev. D101, 034015 (2020)
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Polarized photon + gluon collisions

Polarization vector : \\Q\\

aligned along the impact b E -
parameter

NS

Helicity conservation: the produced vector meson inherits the

polarization state of photon 2N 3
dcosfdp 8w sin® f[1+ cos 2($ — )]
The interference < cos 2A¢
iIn momentum modulation
space
o ’ P, ((%é\f/c) p, GeVic
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Polarized photon + gluon collisions

2x (cos(2A¢) )

05

0.4

0.2

0.1fF

0.65 < M™ < 0.90 GeV/c?

—+— Au+AU at |[s,=200 GeV

Theory A : R=6.9, a=0.235 fm
Theory A : R=6.9, a=0.535 fm
Theory A : R=6.9, a=0.735 fm

STAR Preliminary
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'R Y U L4 * - -~
—X¥ O
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0 0.02 004 006 008 041 0.12 0.14 0.16 018 02 0.22 024

P (GeV/c)

momentum correlations

Qualitative description of data
« Large first peak

» Approximate location of
second peak

Second peak shows strong
dependence on details of
nuclear geometry

Xing, H. et.al. JHEP. 2020, 64 (2020)

A two-source interference pattern resulting from quantum spin-

ECT2021- Wangmei Zha
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Polarized photon + gluon collisions

2x (cos(2A ¢))

os— STAR Preliminary ~ 0-65<M"<0.90 GeV/c’
0 - —+— Au+Au at |5,,=200 GeV
4_ e 5 ¥
- W’i% ------ Theory B : R=6.38, a=0.235 fm
I S Theory B : R=6.38, a=0.535 fm
“H ‘:ﬂ_ ------ Theory B : R=6.38, a=0.735 fm
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3

P, (GeV/c)

Qualitative description of data
« Large first peak

» Approximate location of
second peak

Second peak shows strong
dependence on details of
nuclear geometry

Zha, W., J.D. Brandenburg, Ruan, L. &
Tang, Z. PRD 103, 033007 (2021)

A two-source interference pattern resulting from quantum spin-

momentum correlations
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To determine the reaction plane?

p photoproduction

¢ photoproduction

Au+Au 200 GeV

T T T T T
——— Coherent contribution
——— Hadronic contribution

IILIII{ \I\Ill\ll IlLIIHI‘ ERTIT

70-80% *

| HIHIl |

o 10 — ———— = o
) E ——— Coherent contribution ] )
> B Hadronic contributi ] > e
> C _ ution ] ) g
o ] ] 8
~ > 107
— © E
E gle . .l
- 107
- h Q.'_ E
“\. ] ‘_lﬁ 103:?
70-80% E -
] 10%
4] C
2 A Ll \ 10°
10002 10" 1 10%
P, (GeV/c)

PRL 92 (2004) 092301

® Hadronic contribution dominant
even at very low p;for p and ¢

® A dirty probe!

1
P, (GeVic)

PLB 612 (2005) 181

Acceptance
(=]
(=]

0.5F

LA L L R ) I B B B IR B R R L B B

In|<1.0
pr > 150 MeV/c

No experimental
results yet!
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Align the reaction plane with coherent produced J/y

<P>]

= 14

1.2

0.8

0.6

0.4

0.2

70.2 | 1 !

E; — ES
B =<4 2
Au + Au 200 GeV y=0 Ey +E;
—ponTT v' Determined by collision
—Jhy e’ e geometry

v’ Strongly aligned to
reaction plane

v" No event-event

fluctuation
-Good-Walker paradigm

o

2 4 6 8 10 12 14 16

b (fm) Phys. Rev. D94, 034042 (2016)

Could directly link the final flow to initial geometry!
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Summary

® The vector meson photoproduction in UPCs
v Significant shadowing effect
v The interference effect in spin-momentum correlation

® Excess of J/y production at very low p; in peripheral A+A
collisions
v Existence of coherent photoproduction in non UPCs
v"Novel probe for QGP?
v'Determine the initial geometry (reaction plane)?
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Outlook

Link the Past,
Present and Future!

EICC...

One photon physics
Probing the PDF
Facility: HERA, EIC,

Measurements of
coherent photon
products in HHIC!
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