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Coherent photons as “partons” in heavy-1on collisions

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

Photon four momentum: g* = (w, qr, w/v)
2

/Wv-><_,V\N w
AN PP 2__ 2
Q _]/2+qT
-—— Z,e Y
vV~cC ° W =< Wmax™~ 5

R

® View photons as “partons” being present with fast moving 1ons!

The extent of photons swarming about the

ions:
The radius of nuclear matter Ry, ~ 6.3 fm (Au)
Rphotons >> 1{Nuc

Take the photoproduction of dielectron (Au+Au 200
GeV)in ultra-peripheral collisions (UPCs) as
example: <R qucton™ ~ 60fm

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

Ann. Rev. Nucl.
Part. Sc1.55:271

(2005)

M — _I_
- Z, =
vV~cC © *® Vp,(x),d),]/\p
. . Photon-photon Photon-nucleus
Electromagnetic interaction interactions interactions

® 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

® Vector meson production:

v' chargeless ‘Pomeron exchange’

v" Light meson production is usually
treated via vector meson
dominance model:

p, direct ', o....
v Heavy quarkonia production could

be treated with pQCD :
Ty, w’, Y(1S), Y(2S), Y(3S)...

7\‘/ Interference
ucleus 1 p“

STAR, PRC 96, (2017) 054904

do/dt [mb/(GeV/c)?]

AZ

10°

107"k

1072

-

do/dt [mb/(GeV/c)’]

% -
T

I 1
0.001 0.002

I

6003
-t[(GeV/c)]

1

0.
-t [(GeVic)]
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Vector meson photon-production

® Vector meson production:

v' chargeless ‘Pomeron exchange’

v" Light meson production is usually
treated via vector meson
dominance model:

p, direct ', o....
v Heavy quarkonia production could

be treated with pQCD :
Ty, w’, Y(1S), Y(2S), Y(3S)...

Au . Al
S

i SYISY

Au | Au*

STAR, PRC 96, (2017) 054904
When the nucleus break, coherent
photoproduction can still occur!

do/dt [mb/(GeV/c)?]

-
o
w
T

-
o
N
T

10

do/dt [mb/(GeV/c)’]

-

ou -

1 1 1
0.001 0.002 0.003
-t[(GeV/c)]

al

0.
-t [(GeVic)]
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Vector meson photon-production

® Vector meson production:
v' chargeless ‘Pomeron exchange’
v" Light meson production is usually
treated via vector meson
dominance model:
p, direct ', o....

v Heavy quarkonia production could S
be treated with pQCD: @ 1s Eepeste
I, v, Y(1S), Y(2S), Y(3S)... e [neTeats
® Sensitive to the gluon distribution: ]
do(yA =V A4 ol 20
§ )| o lee 3 AGy(x,0F)] e e
dt —o  30M;
EPPS16: EPJC 77 (2017) 163
Mye®” nCTEQ15:PRD 93 (2016) 085037
X = Q? = Mz /4 '
\s
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Nuclear shadowing from J/y measurements in UPCs

3 5: ! L L L L L 3 5: L L e
£ 450 e  ALICE mid-rapidity = £ asF Pb+Pb @ 5.02 TeV =
% af- = ALICE forward-rapidity 5 4 i_ _;
S 35F ToCNS 3 8 3sf =
3 Pb+Pb @ 2.76 TeV ER m [@H E
25 0 H  2sF ] =

i gy
1.5 =TI * ALICE =
1 [4] = 1 v LHCb [ﬂ E
0.5 = 0.5F =

: 1 il l 1 1 1 1 I L 1 1 L I L L 1 1 l 1 L 1 l 1 : : 1 l 1 1 1 1 l 1 1 il L I 1 1 1 1 I 1 1 1 1 I 1 L 1 1 :

o3 0 1 2 3 2 5 03 0 1 2 3 4 5

y y

ALICE: EPJC 73 (2013) 2617
ALICE: PLB 718 (2013) 1273
CMS: PLB 772 (2017) 489

LHCb: LHCb-CONF-2018-003
ALICE: PLB 798 (2019) 134926

Various precise measurements!
Powerful to constrain nPDF
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The results: impulse approximation

do/dy (mb)

-
o

= L L L L A A BRI RN = 12 T T T
= . . . = 2 .
= | t = B _
95— . ;;TI)CUES ;?:_’:;;’i(;?:: fon —E % 0 —— impluse approximationl
8F- ALICE forward-rapidity — & [ * ALICE —
7;_ CMS _i _g 3_— v LHCb -
6 Pb+Pb @2.76 TeV - -
sf- 3 s Pb+Pb @5.02 TeV ]
= E i 1
3f- B Nn B
- 0® E ; :
2 - 2 -
1 3 - ]
03 0 T 3 2 E 03 0 1 = 3 z 5
y y
O The impulse approximation significantly overestimates the data => Significant
shadowing effect
O The difference becomes smaller towards forward rapidity => Less shadowing

effect towards high x
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Nuclear shadowing from J/y measurements in UPCs

a2 2 T R T 1 & 2F
7 EPPS16 ERGEFIS
[ ] default 3 -
1.6 [ ]reweighting = 1.6
14 EREVIS
1.2 1 12F
1 1=
0.8 0.8
0.6 | osl
0.4 —f 0.4
0.2 - 0.2f
10 B 11'(;‘3 11.0|_2 1(11 ! 0*

T

nCTEQ15

TT]

[ ] default

[ ] reweighting

Alllllllllllll

IIIIII'

x

® The UPC measurements dramatically reduce the uncertainty band of
EPPS16 and nCTEQ15 PDF sets.

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

b
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The projection for future EIC facility

Beam
electron
s
}/&
qox" J,Y Decay
a9 i electrons
- or muons
Scattered q 3
electron Q. R
o,
Beam Recaoill
proton proton

X. Liet al. NIMA 1048 (2023) 167956
L;n=50 fb! ep; 50/197 fb! eAu

=22 . —— .
f% 2 Q%=2.25 GeV? EicC Simulation =
o CJEPPS16 ]
1.8 » 5x11 GeV eAu -
3.5x16 GeV ep -
1.6 -
1.4 —

1.2 yeaneseooSeetOteSe Nt b e i b 4py

)

1 |
0.8 —
0.6 —
0.4 | —

107

x

Ry(Au)

L;,~=100 fb-! ep, 10/197 tb! eAu

2 . d - -
18 Q2 2 25 GeV2 ECCE Simulation A
’ [JEPPS16 3
1.6 e ECCE 10 x 100 GeV—
14 a

1.2 o...“...“‘#

1 Ky +
.. [ ]
0.8 o
..

0.6 cs000000°® g
04 —
0.2 —
0: ol el ]
107 107 1072 107 X

5221 T T ]

3:6) 2:_ Q2 2.25 GeV2 EicC Simulation =

o C [ EPPS16 ]

1.8 e 5x11GeV eAu .

- 3.5x16 GeV ep ]

1.6 —

14F =

1.2 ..........oooooooooooooooooooooo...
[ )

1 J

0.8 =

0.6~ =

0.4F | E

107
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The beginning of the story in HHIC

R AA

g ALICE, Pb-Pb |/s,, = 2.76 TeV
6 25<y<4
Sr I 0s=p <03GeVl, globalsyst==157%| ® Significant enhancement of J/y yield
41 . .
0.3 = p_ <1 GeV/c, global syst = = 15.1 % observed in printerval 0 — 0.3 GeV/c
3 b 1= p, <8 GeVc, global syst = = 115 % for peripheral collisions (50 — 90%).
ol % Common global syst = + 6.8 %
! PRL 116, 222301 (2016) ® (Can not be described by hadronic
production modified by the hot
1 medium or cold nuclear matter effects!
0.8 —% %
0.7
0.6} i
0.5
04IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
“0 50 100 150 200 250 300 350

< NDart >

® Origin from coherent photon-nucleus interactions?

Seminar at UCAS - Wangmei Zha 1



What does STAR say for the excess?

STAR: PRL 123 (2019) 132302

— T T T T TTT T T T T T T T T T 102_ T LI T T T T T T TTT
ook ! | = F | = Aut+Au 60-80% |
S gk & STAR  © U+U40-60% _ [“b o Au+Au 40-60%
S [ f 280 o U+U 60-80% & v Au+Au 20-40%
= * . 5 U+U 60-80%
B qgs P . 10l q@.] o U+U 40-60% |
- - - [ p+p baseline uncertainty -
o Ef] Il 60-80% N__, uncertainty -
éli QoS T s _ [é] Il 40-60% N__, uncertainty -
Z 3 f [ 20-40% N__, uncertainty -
13: L ¢+ Au+Au 20-40% 1L il @ 1
@ 197 3 e Au+Au 40-60% E - STAR ® & %E‘ﬁ ;
- = Au+Au 60-80% © % ]
Ll l ' Ll Ll I 1 L 1 Ll L Ll 1
L "0 10°2 107" 1 ((152V/c)
p_ (GeVic) Pr

® Significant enhancement of J/y yield observed at pr interval 0 — 0.2

GeV/c for peripheral collisions (40 — 80 %)!
® No significant difference between Au+Au and U+U collisions.

Seminar at UCAS - Wangmei Zha
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The excess yield and dN/dt distribution

—
°
w

——
STAR Preliminary

2|3 L = Au+Au 200 GeV ‘g 2 T AutAu ]
5 qosl o U193 GeV _ > F B STAR  — exponential fit .
o £ ¢ Expectation of hadronic production 3 o B -.-interference shape -
I 30 — 40% 1 ,“;' - centrality: 40 - 80% 1
N .1 E]@ ................... - :g, 107 E
10° L] = Z ! * AutAu 1
- 1 % 0 ° UU ]
i T I @ - .
107 = E] ------- = 10°° E_ ‘ % —E
= : 5 z
T p, < 0.1 GeVic e B \ ]
I T T 0 B X7 S Y TS Y ¥
0 50 100 Npan it = p: [(GeVIc)Z]
® Low p; J/y from hadronic ® Similar structure to that in UPC case!

production is expected to increase ® Indication of interference!
v’ Interference shape from calculation PRC 97 (2018)

® No significant centrality ® Similar slope parameter!
dependence of the excess yield! v Slope from STARLIGHT prediction in UPC case —
196 (GeV/c)?
v Slope w/o the first point: 177 + 23(GeV/c)2y?/NDF
=1.712
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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

® C(Cold Nuclear Matter effects:
v'PDF modification in nucleus

v'Initial state energy loss
V...

b=10fm

PRC 99 (2019) 6,
061901

A cleaner probe of color screening?

The key question: baseline?

Seminar at UCAS - Wangmei Zha 14



Comparison with baseline from model calculation

centrality (%)
7060 50 40 30 20 10
SR L L B A R ' ! '
e Au+Au 200 GeV p. < 0.1 GeVic
o U+U 193 GeV T
104} [ ] Expectation of hadronic production

dN/dy

T TTTT
L1 11 II]I|

PRC 97 (2018) 044910
PRC 99, (2019) 061901(R)

e
“n
e
-
n...
-
-
-
-~
-
-
.

‘.
V.,
-
-
.........
.........
,,,,,,
.,
.
-

LI ||||H|
n
-
>
A

L1 11 IIII|

"
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'''''
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‘,
"
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‘",
“

photon+Pomeron ™
— Nucleus+Nucleus ’
----Nucleus+Spectator
-.-- Spectator+Nucleus
- Spectator+Spectator |
100 150 200 250 300N 350

LI III|
11 IIllI

°
ol
©

v Well described by the coherent photoproduction mechanism for

peripheral collisions g

v" Hint of disruption from the medium a1 .
-The observation effect 3
-The QGP swallowing EE—
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The destructive interference

from model calculat
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Consistent with current picture
v Hidden in the error, if exist

Medium effect?
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The collision species dependence

N 09 . 0 . B
3 - Centrality: 60-80% STAR Preliminary
© 08| -
> - ® Zr+Zr@200GeV, p, <02 GeVic .
Z07F K
3 : ¢ Ru+Ru@200GeV, P, < 0.2 GeV/c : Well described by
@ 06F O Au+Au@200GeV, p, < 0.1 GeV/c 3 ) i
L% 05 - & U+U@193GeV, p, <0.1GeV/c ] Z* scaling
" F — EPA(Nucleus+Nucleus) :
0.4 ‘ ----- EPA(Nucleus+Spectator) ‘
03k @ 1 Independent of
02k @[ﬂ ____________________________________ - E collision species
01F Open Markers: Published Results
O TR [PURPU U U RS TS S USSR R S S S R

40 50 60 70 80 90 100
Z

Balance of form factor and impact parameter
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How about the p photoproduction?

dN/dM,, ((GeV/c?)™)

Data/Cocktail

-1 T T T T T
0 p; <0.15GeV/e ® O 60-80%
107 | Solid: Au+Au 200 GeV 4 40-60% x 107

| en: U+U 193 GeV ¢ O 10-40% % 10™

ot | & —— Au+Au Cocktail |
107° |

10

1 E_ a5 | sdoke’s-siotolelsy dotelseiotote’

dN/dM,, ((GeV/cH)™)

1.5 2 25 3 35
M, (GeV/c?)

107

10-3 L

107

Data - Cocktail @ Au+Au 200 GeV|- - Hot_Med + yy—ee (Zha ef al)
rp'Te <0.15GeV/c 0 U+U 193 GeV ¥~ Hot_Med + yy—ee (STARIight);

p;>0.2 GeV/e, ‘<1, ly“|<1 {--- Photonuclear produced p, ¢

— Hot_Med (broadened p + QGP)

Centrality: 60-80% | Centrality: 40-60% |

15, 2 35
M, (GeV/c?)

STAR, PRL 121 (2018) 132301
PLB 781 (2018) 182

Negligible p photoproduction!

® Significant excess in 60-80% central Au + Au and U + U collisions for the

whole invariant mass range!

® The excess can be described by the coherent photon-photon process!
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The observation of Breit-Wheeler process

STAR, PRL 127 (2021) 052302

CTT T T | B B MCD
TN (a) i DataAuAUUPC 3 pata: 0.26140.004 (stat.) +
~ T l "*fg»}* Theory for yy— ete: ] 0.013 (sys.) & 0.034 (scale) mb
% 10—1 1 "‘¥:§t _—— QED f0r UPC |
o 1| e STARLight
E i RN ] STARLight gEPA QED
Sl TSN, 0.22mb 0.26 mb 0.26 mb
= 102 D <
2 s §
S _ 5 i
Background: . : : :
3 1 J 0o e ~:  Consistent with theoretical
10 —— Photonuclear p°® & ¢ "= , ,
q /\ 3 calculations with +1o level!
0.5 1 1.5 2 2.5
M. (GeV)

1934 Breit & Wheeler : “Collision of two Light Quanta”
Physical Review 46 (1934): 1087
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The observation of Breit-Wheeler process

do/dM (mb/GeV)

STAR, PRL 127 (2021) 052302

1_'|""|""'|I'h'h"|""|'; MCD
TN @) i DatAwAuUPC 3 pata: 0.26140.004 (stat.) +
:l {32‘}* Theory for yy— ete: ] 0.013 (sys.) &= 0.034 (scale) mb
nE R: S — — QED for UPC .
10 1| M STARLight
| rath exact relations. It is also hopetess to- QED
102 ry to observe the pair formation in laboratory I\0.26 mb
§]I eriments with two beams of x-rays or y-rays
;] meeting-each-ather on account ness .
0% of o and the insufficiently large available densities theoretical
1 /\ of quanta. In the considerations of Williams,1 10 level!

reference. This, together with the large number
1934 Breit & Wh of nucleii available in unit volume of ordinary
Physical Review

aterials, 1ncreases the effect to observa
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A sensitive probe: pair pr broadening

107§

1072

1073

dy) ((GeV/c)?)

T

2

d*N/(dp
S

107*

"'.‘ Cent 'l' :60-'800 % - Yy—'>ee (Zha etal)
@ P, =02 BEVIC 1. - yy—ee (STARIight)
- Me<L [y"I<1 4.
e, STAR
= o g .
(2) R 1) I
0.4-0.76 GeV/c® 7= 10.76-1.2 GeV/e? Tl T
. ' A'+A 20(‘)(; v 10 0.002  0.004 0.006  0.0(
N ® AutAu e 2 Vv 2
Bp 0 UHU 193 Gev Py ((GeViey)
*' — T T
R ‘ g s
O S Sy i ‘
E sof-8F d -
(c) S I Ut (d)
1.2-2.6 GeV/e? . ! ol
0 0.002 0.004 0.006 S R T W ¥
p2 ((GeV/c))) M., (GeV/c?)

y (fm)

-20,

-20 -15 -10 -5 0 5 10 15 20

x (fm)

Novel probe for QGP?

12% 1n nuclear
overlap region

® The equivalent photon approximation could not describe the pair py
distribution
® Possible medium effects --- magnetic field trapped in the QGP?
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A sensitive probe: pair pr broadening

T

600

1—| 2“'

400

200

The broadening increases towards
central collisions

Possible medium effects --- QED
multiple scattering?

} 0-10%7] [t 10-20%7] [t 20-40 %1 [ 40 - 80 %]
L 1 4 ATLAS - 5 —— Pb+Pb data
L 1 L 1 I VYsw=502Tev 1 @ —>80%data
i - {1}, Pb+Pb,049nb’ { |1
; i f 1t 1t STARlight +
.f } + i + 1 + 1 | ¢+  dataoverlay
° t 4 L 4 L N
...... °.t’-i-t¢-o*.+4+ —---'--’+-‘-+?4-,-+1-‘, ----t-t04-g-‘-t-t¢*-*- --_---’.!l--o.o-o-odo-o
M 1 " 1 M M N M
0 0.005 0. 01 0. 015 0 0.005 0.01 0015 0 0. 005 0. 01 0015 0 0. 005 0. 01 0.015
o o o (44
ATLAS, PRL 121 (2018) 212 301 (/N)dN/da R
300} gy
------- gL=(50MeV)
260F \  |eeee- gL=(100MeV)* I
200,
150

100
50+

0002 0004 0.006 0.008 0.010 0.012 0014

S.R. Klein etal., PRL122 (2019) 132301
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The baseline study from theoretical side

EPA approach dN 272 Fz(ki + kz/yz)ki
: T 2
The photon ky spectrum for fixed k: dk | [k 4+ k2/y?]?
The final-state py 1s the vector sum of the two
photon. No impact parameter
dependence!
N T N
g Au + Au 200 GeV
8 10 - Centrality: 60 - 80% :
& o~ = data -
NQ-I- = ““ .
2 ‘
> [ & 1
5 .| ] - EPA i : -
1071 - [ - Fail to reproduce the pair p !

~ p,, >0.2GeVic . [{] i

C oy <1 ] <1 T = [ﬂ:

- 0.4<M,,<0.76(GeVIc?) . :

0 sz 000 0006
p2 (GeVic)?
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The baseline study from theoretical side

gEPA approach Impact parameter
| dependence!
Hibb e 9, [dw1 [dwz [d°kiL [d?ko [ d?qy
it (4m)2 _/d ; / w1 wo (27)2 (27)2 (27)2

PRC 47 (1993) 2308 xfl(kl_l_,wl)f2(k2.l.,w2) fik(kl_L = QL,w1)-7:§(ku F ql,wz)
X{(kis " koi)((kir —qy1) (koy +q1))os(wi,w2)
+ (k11 x koi) - (ki —qu) x (ka1 +9qL)) ops(wi,w2)}

| |

Au + Au 200 GeV

5
S o1l -
3 Centrality: 60 - 80% z Phys. Rev. D 104 (2021) 056011
> R = data i
‘:'g_'_ B - .
T |y e - EPA ® Fail to reproduce data at
~ \@ '
T 102 — O ‘.\1;:;@‘..\. gEPA = . Very lOW PT . '
b >02 Gewc“*x..\_E"'"m....@ ] Strange dip structure!
[ Vel <15 | <1 o .-._,_mj
- 04<M,<0.76(GeV/c) T -
0 o0z o004~ 0006
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The baseline study from theoretical side

Z |M|2 = (Za)4% /dquldqu [N0N1N3N4]—1 exp(iAQ’l . g) QED approach

><Tr{(¢- +m) [N;3 ¥ (-~ dy+m) ¥® + N D (o~ B +m) g)]

x(Bs —m) [Nsp D (B~ dy +m) ¥ + N3t O (di— B +m) )] }

) I T T T T T T

Q) Au + Au 200 GeV

> 107" ) —

& F Centrality: 60 - 80% .

= = data ]

o | —-EPA ]

s | | PRA 51 (1995) 1874

& -~ gEPA

ge] 10—2 E_ \‘.--- ........ :‘~~1;:;:‘§|-.,_‘.'-'.’ _QED approach — .
- p,_>0.2GeVic . [{7 ® Reasonably describe the
oy <1 <1 3 pr spectrum.
- 0.4<M,,<0.76 (GeV/ic’) .

L T, 7 A .y S— (;.ooe W. Zha etal, PLB 800 (2020) 135089
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The baseline study from theoretical side

3
TIT
-iZ

600 — - =5 600—————————————————————————— =2 600 —_— — -
. Pb + Pb 5.02 TeV 0-10% 1 ©°7° Pb + Pb 5.02 Te 10-20% oIs Pb + Pb 5.02 TeV 20-40%
- u -|Z o u -|Z - a
500(— ] 500 — — 500— -]
» = data : » = data B - = data 1
Foo e This approach - ---- This approach - F ---- This approach -
4001~ 2 = 400~ ) - 400" " .
L 4<M,, <45GeV/c ] B 4<M, <45GeVic ] a 4<M,, <45GeVic ]
300 Pr, >4 GeVlc Inul <24 - 3ooj - ] Pr, >4 GeVic Inul <24 - 300 Pr, >4 GeVlc Inu| <24 -
200 :—}} . —f 200} ! kY - 200 :—% % { -
100}': { { * * * * 3 100~ +* + - 100[ % * —
I g | I e ] : toy { It
o  TTeeeeed * ........... —] o e e L o L TP RRR I O A
£ ! L s, + 4] £ . |}f++ L +++F L N R .‘.'I ]
0 0.005 0.01 0.015 0 0.005 0.01 0.015 0 0.005 0.01 0.015

o o o

Z|z 00 — T Z|z 800F — T =

] Tlo E ]

s ¢ Pb + Pb 5.02 TeV 40-80% E Pb + Pb 5.02 TeV > 80% ]

“IZ ok E ~iz 700} =

g « data ] 600 - data =

00l ---- This approach - F§ — This approach -

:} 4 <M, <45 GeV/c? 1 500 4 <M, <45GeVic’ =

300} * Py, >4 GeVic fn | <2.4 = 00} P, >4 GeVic n | <24 3

SN ] 300 =

200~ E E E

- ¥ ] 200 =

100~ - F . 5

u b ¢ ] 100~ 8, =

0:_ ;.tog_g,;"’_: OE— *‘_..1...; PSR ST P S S 3 ._f

o 5005 5.5 0015 0 ~9.005 001 “0.015
o o

Successfully reproduce the centrality dependence of acoplanarity!
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The impact parameter dependence of baseline

70

( Pj_) (MeV/c)
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IIII||III||I|I|||II|I.II._I|1I

gEPA1gEPA 2 QED Data Mass Range

* 0.4<M,<0.76 GeV/c?
..... © 0.76 <M, < 1.2 GeV/c?
.......... m 1.2<M, <26 GeV/c?

Au+Au 200 GeV
P, > 0.2 GeV/c

ly | <15 <1

-
o
.......
...............
s

10 20 30 40
b (fm)

Strong dependence on impact parameter and pair mass!
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“Centrality” engineering

1

n UPCs

107"

1072

107

107

107°

Neutron tagging!

III T

Pb + Pb —on
V3NN = 5.02 Tev ™"

e,
e YT 2n
*a e,
AR
‘e
e

T IIIIIII TT IIIIII| TT IIIIIII _Im,lwl~{~1‘1_l‘li':‘

.,
..

| | | | | | |
100 200 300 400 500 600 700 800

960 1000
b (fm)

= 1000F
2> eoof- Pb + Pb 5.02 TeV
- 2
800~ 8 <M, <60 GeVic
700F- p,, >3.5GeVic In|<24
000 —0nOn
SO0E 10X -0n1n
400~ \%, e 1n1n
300} >1n>1n
200
100 f_ '.n’..":.',:':zz.'.'
=S P R B e e PO
0 0.001 0.002 0.003 0.004 0.005
o

® The neutron multiplicity from multi-coulomb dissociation (MCD)

® Significant difference for pair pr broadening in different centralities of

UPCs!

Seminar at UCAS - Wangmei Zha

28



Initial broadening for different centralities in UPCs

34

32

30

_ —27
B Au + Au 200 GeV
o —{26
- 0.4 < M,, < 2.6 GeV/c?
- —{25
I p, >0.2GeVic n]<1.0
- v € —{24
3 e 0nOn vinin  _|y3
i A = On1n * 1n>1n P
- u A On>1n ¢ >1n>1n
- —21
o —20
I {19
B [ J
o | | | '8

20 40

<b> (fm)

<o> x 10°

<>
)]

1.45
1.4
1.35
1.3
1.25
1.2

1.1
1.05

x107° .
= —40 ©
f_ Pb + Pb 5.02 TeV i %
F 8 < M, < 60 GeV/c’ =
= —38 \/\/
- * ]
= pT'u > 3.5 GeVic "U <24 1 c\é_n—
— e 0nOnN v 1niln  —{36
— ® Onin *1n>1n
= A0n>1n ¢ >1n>1n _|34
B . 132
- | . a0
50 00
<b> (fm)

® The average impact parameters vary significantly!

® Strong dependence on the centralities!
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The efforts from experimental side

UPC: do/dP | (mb/GeV)

------------------- I'---.m-|~--|m-|-mu-'--|'---|-"'|--"|'--'|"--|""|'"'l""l""l""_X1O_i\
N 1 o "
sF (c) | % Data: Au+Au 60-80% 1 4 E ¥ Data: Au+Au UPC
n ¢ T 14 9 =
Ry 3, v QEDIor60-80% 4122 Theory for yy— e'e-:
1 _
E ‘/’f %?% 41 o' —— QED for UPC
af ; i ’f\ % —:0.8 g, e STARLight
: \'o . .. ‘?‘ 3 3, E o
) ’f 4' T {L% —_0.63
: [ \\\ " 048  STAR, PRL 127 (2021)
1}77 S Ya o 4,8 052302
o 10.4<Me, <076 GeV iy A
% 002004 "0.06 0.08 0.1
P, (GeV)

® The EPA approach even failed in UPCs !

® Significant difference between peripheral collisions and UPCs!
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The efforts from experimental side

S

dN /do

(1/N,)

/do

S

S

(1/N)dN

CMS, PRL 127 (2021) 122001

800CMS PbPb 5.02 TeV (1.5 nb™)
N OnOn On1n OnXn
600} =, <24 T- T Y
v . ] ]
? ph>3.5GeV, I <24 [M 4 D
400F % 8<m, <60GeV T X T “.‘ I
. | \ |
200F % 1, 1 e i
KN \&Q 1 te
] EES— ittt PO FOSUR "‘**'i«sm..-___._.*‘*t - .
1n1n 1nXn | XnXn
600 j’* ~.-sTARight | 1 ]
o= ~ — b-dep. yp | I I~ '
400 -k§ — .- Core T ‘—% -+ # -
*%: ...... Tail 1 \\N f OQ;\& ]
200} D= T e T -
8
x107°

Significant difference in different centralities of UPCs!

Seminar at UCAS - Wangmei Zha 31



The efforts from experimental side

S

dN /do

(1/N,)

/do

S

S

(1/N)dN

CMS, PRL 127 (2021) 122001

800CMS DhDh 5.02 TeV (1.5 nb™)
X ; 6x10° PbPb5.02TeV(1.5nb™)  OnXn|
® - | | | | | |
600} = K ) -
" ’ - CMS : _
4000 % g 15 + . i
* i ! ]
»
200} % i ' -
%, 14f ® .. * """"" T~ |
0_ .................. 9 _"""""'""""""""""""".'-'.'-‘ :::: :"'": """""""""""" Jd  eeeeinieccects T - -
H - o : - S e sa s a e o S
s 193¢ } ¢ ‘- XnXn.
600_ ~~— E ; ------------ E |
J}A 1-2__ prrnnees . _
400 *E% oL -.- STARlight ‘_
200_ §_ 1 1 F--.-.....: - b'dep 'Y pT . i
N i ] e ]
(] EETEEEPPREEEREIRS | | | | | | t*‘t-‘l:..-.m_wx10_3
| IFEPEPErE EPEPETrE B [EPEFErS EPRTETErS APEPEPETE APRPRTEr ERTErArS AR
0 1 2 Onop, On1p Onxg, Tny, Tnx, )(’7)(,7 3 4 5 6 7 8
w w 04

Sizable gap between measurement and QED calculation!
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The higher-order tail: Sudakov effect

107" E
zlg” T E
S°.  F Au+Au 200 GeV >1n>1n % ks ”I/,/’/'/L
o N
“lIZ 42l 04<M, <26 GeV/c? —bﬁ —
; p, >0.2GeVic In|<1 A A
| . ’ *
107 c\VN\‘\ ‘\‘\N\‘\ Q
0+ —Ww.o. Sudakov i
N S Bri o sion )
E ow. Sudakov N\ e / (9_‘)2(:1”— 1e=S@re) [ g2y e ‘1—(1(7 (., ...)
10°E-
= 2 Q°
[~ ;ln F M >Ny,
D S(Q,ry) =
—6 L L L L | L L L L | L I I I | 2 “ I”
107 0.0 0.1 0.15 0.2 O I ywls| L <m,
D (GeV) )"r m; T T

S.R. Klein etal., PRL122 (2019) 132301

® Negligible effect of soft photon radiation for low p; at RHIC!

® Produce a long tail at relative high py!
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The QED method with Sudakov effect

;62107 PbPb 5.02 TeV (1.5 nb™)
- CMS -
oF - sTARIight + E
- -~ b-dep.y p_ jrreenbees g
14 ) SR I S -
& SOOI SOOI dllcheioetolobt= S ]
é 13:_ ---------- -_* _____ é- ............ —:
KO : + presennaannd : ]
1.2;—_-----------5- ............ _:
1 ¢ Iywl <24 ]
(15 | SRS : p>3.5 GeV, "l <2.4 -

8 <m,, <60 GeV

;

Onon  Onip Onxg,  Tnz,  Tnx, KXo,

® The Sudakov effect is sizable at LHC!

® Describe the data very well for different centralities in UPCs!
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Can we see the medium effect?
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The projection for RHIC run 2023-2025

Au+Au @

UPC

M, )= 0.58 (GeV/c?)

XnXn

—

$im
1n1n
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Coherent yy — efe”

|
@
60-80% Central |

¢

§ Past Measurements
I Projection

—— QED yy — e'e”
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The Schwinger Mechanism and higher order effect

The production rate of Schwinger Mechanism at a given constant

: . C. Itzykson, J.B. Zuber
electric field E: Quantum Electrodynamics of Strong Fields EC = 1.3x10%6 V/Cm

d*ngre-  C AtRHIC b= 15 fm:
d3xdt  4m3); Enax = 5.3%X1016V /cm
The non-perturbative nature of the production mechanism.
-Related to the “Za > 1” problem.

Ec
exp(—m = )

At=h/2mc?~ 5%x103fm/c Ra

Alyc= ~  0.06 fm/c at RHIC
At oor >> ANE>> Aty
ﬂ ﬂ At RHIC and LHC Zo ~ 0.6
Non-perturbative Perturbative Still Perturbative, but with

sizable higher-order effect!

Link the crossover from perturbative to non-perturbative region!
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The higher-order effect puzzle

JHEP 08 (2021) 083

T -12
' ‘Lo . o0 -~ O O
° Gmeas./GE)gD | i ALICE Y+7 >et+e i i T 1 T T T ]
. : = ~ . STAR Prelimina ) AU
05D gaED ? Pb+Pb s, =2.76 Te\{ : of | ry ¢ Ru+Ru 200 GeV
iATLAS Y+ 7 > ur+ £ - Centrality: 70-80% O Au+Au 200 GeV
[ ]theo. syst i 8F
- Syst. ng+Pb VSNN =5.02 TeV % E M,.: 0.40 - 0.76 GeV/c2 o U+U 193 GeV ]
g i S 4 - EPA-QED(LO)
—— MO yry mere o _fPr<015Cevie EPA-QED(HO)
:Pb+Pb |\ = 5.02 TeV - OF
'PHENIX y+ 7 > e*+e 2 s5fF % Loy 031 E
| i Au+Au \s,,, = 200 GeV 2 |H$ ndf 4
! ) (8] e 9.35 r
'STAR v + 1 > e* + € [28] N A X (HO): 222
| tAu+Au sy, = 200 GeV e S @ _____ E
i the 2F o e T E
| —:—Sm T+Y e +e[33] - Open Markers: Published Results "™------....____ .
i Au+Au |s, =200 GeV 1B =
i F p2>0.2 GeVie, Inel<1, |y*°|<1 )
i Combined result obtfi v v o
|II|III|III|I|I||II!III|III|III|III|III 40 50 60 70 80 90 100
0O 02 04 06 08 1 12 14 16 18 2 z
Gmene 1 —_OFD
Consistent with Higher Favor the Leading Order

Order results predictions
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The observation of the linear polarization

counts / (n/20)

“wor——r—————————————————— ~ . o
"STAR 045<M,<076GeV,P,<0.1GeV ] —F --B =z &I B
12002_ ¥ Au+AuUPC ¥ Au+Au 60%-80% x 0.65 _: {{ -9 e L Be
1000:_— Fit: Cx( 1 +A2A¢cos 2A¢+A4A¢cos 4A0 ) +1o _:
N - . | !
N x I 7 \\\ % \\\ ///
800 . )
600 -

400

51 I {2 — —(cos 4A¢)

2002 1 ¥

| \\\\\Qﬁ, ﬁ//?////// i\\w

& L & — +(cos4A¢

B Polarized yy — e*e™: Without Polarization : 7]
- — - QED i STARLight 7 I b |
o = = = » SuperChic | . . . 1 5 ! 1
Tt
0 2 A¢ = q)ee - q)e :

. C. L1, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
Ultra-Peripheral

Quantity Measured QED x?2/ndf

—Aing(%) 168 +2.5 165 18.8/16 y from B

Peripheral (60—80%) Link to
Quantity Measured  QED  x?/ndf Vacuum
~Awp%) 27 £6 345 102/17 Observed y Birefringence!

The photons are linearly polarized!
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The dimuon channel

Au+Au 200 GeV @STAR

dN/dp_ ((GeV/e)")

107 Centrality: 60-80% -
0.44<M,,<0.56 GeV/c® |y"|<0.8 ]
0.18< P,< 0.30 GeV/c |'1,,|<0-8

10° -

o 3
STAR Preliminary
10

10° 3 = e E
Q. E
i’
"
10_6 L 1 n % L
02 025 03 035 04 045 O
P, (GeVic

v" Observation of dimuon excess
from photoproduction

v" Consistent with impact
parameter dependence picture

dN/dA®

o>
- Au+Au 200 GeV @STAR 3
- Centrality: 60-80% 2(cos(2Ad)): 0.23+0.09+0.04 1
04 0.44<M,,<0.56 GeV/c?  2(cos(4Ad)): -0.39+0.10+0.05
2 0.00<p_<0.10 GeV/c 3
- Cx( 1+A,,,008( 240 |+A, , cOS(4A9 ) )
EPA-QED

0.25 - —e— (Data - Cocktail)/Acceptance 3

LIS AL B NN B B B ) EN B S B B B

0.35

0.3 f—

02f
0.15 F
0.1F

v" Evidence of the 4th-order
azimuthal angular modulation

v" First indication of the 2nd-order
azimuthal angular modulation

< cos2A¢p > x m? /p?
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Linear polarization and interference

Linearly polarized photons

z

®

E E

Nucleus 1

< 2

Nucleus 2
>
[ )

PRD 103 (2021), 033007

Impact parameter b

Decay along the impact parameter

d’°N 3
= —sin?O[1 4 cos 2(¢ — D)]
dcosfOdep 8w
3 The second 30
5 order §
modulation
N
[ )
| 4
-0.2
-0.2
~0.4
-0.2 0 0.2 0 0.05 01 015 02 025 03
p, (GeVic) p, GeVic
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The double slits interference 1n polarization space

STAR, Sci. Adv. 9 (2023) cabq3903
A1 . STAR: signal n'n pairs with P_ < 60 MeV B STAR Signal n*n- pairs vs. Models

. 3 _. —¥— AutAu s, =200 GeV
21.2§ 9.&0.4—:,&\
S I 8 -’f *}‘ ----- Model I: R=6.38 fm, a=0.535 fm
o 1 A Y
g i N % N Model Il: R=6.9 fm, a=0.535 fm
c0.8 0.2 X ;
£ I k)
£0.6[-(0) = 1 + A cos(20) Syst. Uncert. '3?* =X
§ :EEGUDAU: A = (29.1£0.4 +0.4)x107 A A -
04FBEUU : A = (23.8 0.6 +0.4)x10 e A e e
[ EiprAu 2 A = (-0.5 1.2 J_ro.9l)><10'2 0 | ‘*“f“.l | y | -1
-7 —g 0 g T 0 0.05 0.1 0.15 0.2 0.25
o P; (GeV)
L. . [1]J. High Ener. Phys. 2020, 64 (2020).
Significant difference [2] Phys. Rev. D 103,033007 (2021)
between Au and U

Prediction for U? Second peak?

Sensitive to the nuclear geometry / gluon distribution
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The double slits interference 1n polarization space

Example Of EPR paradox B STAR Signal n*rn- pairs vs. Models
3 R —¥— AutAu s, =200 GeV
______________________________________________________________ 0.4 s’
A Lo Entang]ed ................. LA To § .::'* **‘ ----- Model |: R=6.38 fm, a=0.535 fm
- : STAR < = R
RN Interference--....... N N % * ----- Model Il: R=6.9 fm, a=0.535 fm
..................................... 0.2 Xz
-------- -f""-.--..._ Ha ‘* ,' ‘\
9 (@@ Yo
2= N W 4T
RN PN o 2 T . —
¢ © e
giO(}g. ' 20 femtometers g gioolg | e l l
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 0 0.05 0.1 0‘15 0-2 0-25
. P: (GeV
Figure from Zhangbu r(GeV)
[1] J. High Ener. Phys. 2020, 64 (2020).
The life time p: ~1fm/c [2] Phys. Rev. D 103,033007 (2021)
b ~20fm Prediction for U? Second peak?

Sensitive to the nuclear geometry / gluon distribution
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The case for J/y

2(cos(20))

Prediction

0.5
photoproduction

Au + Au 200 GeV
XnXn |y|<1

—pl o+
—Jy —>e'+e

0.4

0.3

0.2

0.1F

o
N
|||

- p, >0.2 GeVic n |<1
03503604 608 008 01 013 0.4 016 018 0.2
P, (GeVl/c)
d&’N 3 sin%0
—=—1 20) |1 - 2(p—D
doos0dg 1oL TS )[ [T oosg 2 )}

v Opposite sign
v' Also sizable

Experimental result

Still in progress
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Align the reaction plane

_ BB

X. Wuetal.,, PRR 4 (2022) L042048 P X VS
14 E2 + E2

\f

5 Align the Reaction Plane — -
I\ Do raf Au + Au 200 GeV y =0
V. -
» } 1.2:— _p N TC+ T
T —woee

08f

o.ef—

0.43—

0.23—

of-

v" Determined by collision geometry e P S S S SR B

b (fm)
v" Natural resistance to non-flow correlation

v" No event-event fluctuation
-Good-Walker paradigm

Could directly link the final flow to initial geometry!
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Summary

® Significant excess of dilepton and quarkonium production in
hadronic heavy-ion collisions

--- Existence of coherent photoproduction in non-UPCs
--- The impact parameter dependence

--- Higher order effect

® The linear polarization of the process in heavy-ion collisions

--- Angular modulation

--- Reaction plane determination

® Novel probe for QGP?

--- Precise knowledge on the baseline

--- Precise measurement in the future
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Outlook

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

Link the Past,
Present and Future!

Measurements of
coherent photon

products in HHIC!
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