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Coherent photons as “partons” in heavy-ion collisions
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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)
‘ 2 _ w? | 2
i Q° = vz Tar
- )4
= e w < a)max~E
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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)
2

AN 2_0) 2
v Q —7+CIT
— Z.,e Y
vV ~cC § wamax“’E

® View photons as “partons” being present with fast moving ions!
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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)
2

AN 2_0) 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
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Photon interactions in A+A

Electromagnetic interaction

L |

Photon-photon
interactions

Ann. Rev. Nucl.
Part. Sci.55:271
(2005)

V=p,o ,¢, Jy

Photon-nucleus
interactions
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Photon interactions in A+A

Ann. Rev. Nucl.
Part. Sci.55:271
(2005)

v:c_ i * V=p,o ,0, J/\V
-~ . 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 ...
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Photon interactions in A+A

Ann. Rev. Nucl.
Part. Sci.55:271
(2005)

V=p,o ,d, Jy

L

-~ . 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
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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

could be treated with pQCD :
Iy, v, Y(1S), Y(2S), Y(3S)...
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Vector meson photon-production

N-6--1{)
® Vector meson production: e . =3 \\
v chargeless ‘Pomeron exchange’ o ™ 2 T
v" Light meson production is P m ‘3' s
usually treated via vector Au Au s |
meson dominance model: ° P Vi)
o, direct TC+TC', ®.. .. STAR, PRL 89 (2002) 272302

v' Heavy quarkonia production

could be treated with pQCD :
Iy, v, Y(1S), Y(2S), Y(3S)...
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Vector meson photon-production

"-5-10
® Vector meson production: e . =3 \\
v' chargeless ‘Pomeron exchange’ o ™ :‘éfwz_ e
v" Light meson production is P T 3 | T
usually treated via vector Au Au s |
meson dominance model: M evio®
D, direct TC+TE', ®.. .. STAR, PRL 89 (2002) 272302
v Heavy quarkonia production _ -
could be treated with pQCD : S EH I
Iy, v, Y(1S), Y(2S), Y(3S)... : 1
1\/ Interference ° e
e %éé@ iif“‘ ]
STAR, PRC 96, (2017) 054904 i ;fﬁm ‘ é% %%;
| ¥

1077

0.1
-t [(GeVic)]
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Vector meson photon-production

510
® Vector meson production: = Avog \\
v chargeless ‘Pomeron exchange’ v T “ng_ Py
v Light meson production is p T ;? || |
usually treated via vector Au Au N o
meson dominance model: 0 0005 et

p, direct n*r, o.... STAR, PRL 89 (2002) 272302

v' Heavy quarkonia production

could be treated with pQCD:
Iy, v, Y(1S), Y(2S), Y(3S)...

T T
) P Lo a s Y o0,
% 3 o g .. i
o

o

oOO‘O—OOC
O OG‘OC
O
o

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

o3

L ! 1
0.001 0.002 0.003
-t [(GeVic)]

STAR, PRC 96, (2017) 054904

When the nucleus break, coherent
photoproduction can still occur!

0 0.05 0.1
-t [(GeVic)]
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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 t*1, w....

v' Heavy quarkonia production g 2
could be treated with pQCD: s [Ceepste Q2 = 2.4 GeV? -
I, W', Y(1S), Y(2S), Y(3S)... e LIncTEQ1S ;

® Sensitive to the gluon
distribution: \
do(yA -V A)| 02T, o2 -
= 161 xGu(x,0%)] & e
dt o Bme, Al )] x

EPPS16: EPJC 77 (2017) 163

_ Mye*Y 5 212 nCTEQ15:PRD 93 (2016) 085037
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Nuclear shadowing from J/yv measurements in UPCs
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Nuclear shadowing from J/yv measurements in UPCs

do/dy (mb)

SF L S L s -
= 4 2 - -
4.5F ®  ALICE mid-rapidity = é 4.5F Pb+Pb @ 5.02 TeV =
45_ »  ALICE forward-rapidity _i E>~ af E
ssE + oms 18 E
3E Pb+Pb @ 2.76 TeV E 3E H':| B@EI E
2.5;— El —; 2.5? *;
1 7 1 of dﬂ% E
1.5 E T * ALICE =
1;— [#] —; 12— ¥ LHCb [ﬂ —;
0.5? i 0.5;* i
N B S e e S E— 1 2 ' 2
y y

ALICE: EPJC 73 (2013) 2617 LHCb: LHCb-CONF-2018-003

ALICE: PLB 718 (2013) 1273 ALICE: arXiv: 1904.06272

CMS: PLB 772 (2017) 489

Various precise measurements!
Powerful to constrain nPDF

FHtEE2EEVERSE - EEK 17



Nuclear shadowing from J/yv measurements in UPCs

=] 2 T T T Trirr
o

EPPS16 le : 24(|5eV2 -

[ ] default
[ ] reweighting

® The UPC measurements dramatically reduce the uncertainty band

a 2
o

1.8
1.6
1.4

1.2

II||II|III|III|I1\IIII|I|I

0.8
0.6
04

IIIlIIII

0.2

TTT]

nCTEQ15

TII

[ ] default

[ ] reweighting

Q2 = 2.4 GeV?2

.IIIJ{lIIIIlII

tlllll

-
OO
A

of EPPS16 and nCTEQL15 PDF sets.
® Significant shadowing effect has been observed in both PDF sets at

small x.

Please see Zehua Cao’s talk for detall

Aug. 19t Parallel 1.5 15:00

x
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Anomalous excess of J/y production observed at ALICE

RAA
A O ONO®

wg ALICE, Pb-Pb s, = 2.76 TeV
- 25<y<4

+ 0 =< p_<0.3 GeV/c, global syst = = 15.7 %
+ 0.3 = p_<1GeV/c, global syst = = 15.1 %
+ 1< p_ <8 GeV/c, global syst =+ 11.5 %

ol * Common global syst = + 6.8 %

PRL 116, 222301 (2016)

A
02} | | '

0.6

0.5 ]

04 | ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I | L1 1
0 50 100 150 200 250 300 350

(Noar)
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Anomalous excess of J/y production observed at ALICE

RAA
A O ONO®

0.8

0.6
0.5

0-4\\\\\\

wg ALICE, Pb-Pb \s,, = 2.76 TeV
25<y<4

B * Common global syst = + 6.8 %

PRL 116, 222301 (2016)

;
Hw @

+ 0 =< p_<0.3 GeV/c, global syst = = 15.7 %
+ 0.3 = p_<1GeV/c, global syst = = 15.1 %

+ 1< p_ <8 GeV/c, global syst =+ 11.5 %

|

0 50 100 150 200 250 300

350

(Noar)

® Significant enhancement of J/y

yield observed in p;interval 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!
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Anomalous excess of J/y production observed at ALICE

< [
o wg ALICE, Pb-Pb |5, = 2.76 TeV
6 25<y<4
or i 0s=p <0.3GeVlc, global syst=+15.7 %
4 -

+ 0.3 = p_<1GeV/c, global syst = = 15.1 %
3r b 1= p <8GeVlc, global syst==11.5%
ol * Common global syst = + 6.8 %

PRL 116, 222301 (2016)
1 N $
0.8 # w
0.7r
0.6 i
0.5 m
04\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\\
"0 50 100 150 200 250 300 350
(N_.)
part

® Significant enhancement of J/y

yield observed in p;interval 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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What does STAR say for the excess?
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What does STAR say for the excess?

B,.d"N/(2rp_dp_dy) [(GeV/c)?]
3 =

-
o
4

-
o
= &
o
[

PRL 123 (2019) 132302

[ T T T T ] T T
| ® STAR  © U+U40-60% |
: o U+U 60-80% 1
LAY * :

"+ Au+Au 20-40%
T e Au+Au 40-60%
= Au+Au 60-80%

107 1 10
P, (GeVic)
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What does STAR say for the excess?

PRL 123 (2019) 132302

2
< T ] SF « Au+Au 60-80% -
S L @ STAR  © U+U40-60% _ S . AutAu 40-60% :
8§ [ W oy o U+U 60-80% - @ v Au+Au 20-40% -
= T * e ] - [.é@ o U+U 60-80% -
B qps [ . _ 10l E? o U+U 40-60% _
= E .......................... - 3 E [ ] p+p baseline uncertainty E
o B ] - [+j Il 60-80% N__, uncertainty -
T | i [gq Il 40-60% N__, uncertainty -
% g = - f C @ EE2040%N, umfzgrtainty .
° - ¢+ Au+Au 20-40% ] 1k L1 1
@ 107 o Au+Au 40-60% 3 - STAR % ® & %[ﬁ .
- = Au+Au 60-80% § - v .
| | L R |
102 '1'(;.1 ; 10 1072 10° 1 10
b, (GeVic) P, (GeVic)
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What does STAR say for the excess?

PRL 123 (2019) 132302

— ——rr —— — 10% —T —_—
L : n? : « Au+Au 60-80%
g oL @ STAR  © U+U40-60% | E%J . AutAu 40-60%
3 B tﬁ#u " ‘E’F o U+U 60-80% - # Eégj + Au+Au 20-40%
= T * ] - 5 U+U 60-80%
B qps [ . _ 10l E? o U+U 40-60% _
2 E .......................... - 3 E [ ] p+p baseline uncertainty E
o i . - [+j Il 60-80% N__, uncertainty -
‘i qo6 T e | S [gﬂ Il 40-60% N__, uncertainty -
zZ E - JT © w  [EE20-40% N, uncertainty -
% + Au+Au 20-40% L i) . 1
@ 197 E e Au+Au 40-60% 3 - STAR @ i1 E %% E
- = Au+Au 60-80% * % i
10°® el S i P EE—
2 » 10 10 1 10
10 10 1 10 b, (GeVic)

P, (GeVic)

® Significant enhancement of J/y yield observed at p; interval O
— 0.2 GeV/c for peripheral collisions (40 — 80 %)!
® No significant difference between Au+Au and U+U collisions.
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The excess yield and dN/dt distribution
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The excess yield and dN/dt distribution

C T y y T T T
Z|> - = Au+Au 200 GeV
oY . 5| © U+U193GeV N
m'" 10 § ¢+ Expectation of hadronic production E
- 30 —40% -
R @m@mmmﬁﬁ$ ..... .
10° ) E
arxiv1i904.11658 -
I:{] ___________________ T
107 = _,.-[ﬂ -------- —
oe ]
P p, < 0.1 GeVic
10-80 = I I I 5|0 I I I I 160 ‘
Npart

® | ow p; J/y from hadronic
production is expected to
increase dramatically with N,..

® No significant centrality
dependence of the excess
yield!
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The excess yield and dN/dt distribution

Z| > - m Au+Au 200 GeIV | | | | | B ‘:; 10 - ! I I AIU'I'IAUI I E
-U;; 105 ° UrU193Gev . > i $ STAR  — exponential fit ]
m = ¢+ Expectation of hadronic production 3 g = -.-..interference shape |
- 30 — 40% - g centrality: 40 - 80% -
L EEL E@\$ ..... N T =
10 (] - 2  Au+Au i
: 13  Us :
- o eeceeereee {ﬂ-i m i
N -
: [ﬂ . p, < 0.1 GeVic : ‘ ‘ f
10° L2 ‘, R ' S X S ¥ TR Y
0 50 100 N t = p? [(GeVcy]
® Low p, J/y from hadronic ® Similar structure to that in UPC case!
production iS expected to ® Indication of interference!
. . . v Interference shape from calculation PRC 97
increase _dramatlcally_ with N (2018) 044910
® No significant centrality ® Similar slope parameter!
dependence of the excess v Slope from STARLIGHT prediction in UPC case
yield' — 196 (GeV/c)?
' v" Slope w/o the first point: 177 + 23(GeV/c)2

v2/NDF =1.7/2
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Comparison with theoretical calculations

dN/dy

W.
W. Zha etal., PRC 99, (2019) 061901(R)

7060 50 40 30 20

I L L I I 1 : | '
F+  Au+Au 200 GeV p. < 0.1 GeVic
L o U+U 193 GeV T 1
- (] Expectation of hadronic production —

: fg:'.:'.:.".:.:‘.: """ § ------------- \ :

-
......
.
.
-

L photon+Pomeron RO
g — Nucleus+Nucleus ) ]
- ----Nucleus+Spectator .
3 -~ Spectator+Nucleus =
[ Spectator+Spectator L

centrality (%)
10

0 50 100 150 200 250 3ooN 350

part

Zha etal., PRC 97 (2018) 044910

FHUREEEVERS - EEK

29



Comparison with theoretical calculations

dN/dy

centrality (%)
10

'7'0,'6'0 :,,,,: zboze\,' z*op ot gevie ] How coherence keep? --- Time scale
107 |£| g;;jel?:tgi\i)f hadronTic production — mat_te_ rs ] .
o — Collision (production) time > GeV
e . Fragment of spectator and nucleus
"7 STAR . o E excitation ~ MeV

Pomeron emittel

0 50 100 150 200 250 300 350
Npart

W. Zha etal., PRC 97 (2018) 044910
W. Zha etal., PRC 99, (2019) 061901(R)

10°F photon+Pomeron ™. T
: — Nucleus+Nucleus - Photon emitter: - o :
i .--Nucleus+Spectator “ ] ! o
107 --- Spectator+Nucleus ., : @ e @ :
o SpectatorsSpectator | L, :
Mo 8 6 4 20 2 4 6 om0 ° Mo 8 6 4 20 2 4 6 Boio °
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Comparison with theoretical calculations

dN/dy

107

10°°

108

107

7060 50 40 30

20

centrality (%)
10

o

« AutAu 200 GeV

U+U 193 GeV

1 :
p, < 0.1

GeV/c

- [ | Expectation of hadronic production

-
LI
",
S

‘e,
",
.,
-

1 \|||||||
7))
d:
>
A

photon+Pomeron
— Nucleus+Nucleus
----Nucleus+Spectator

JIIIIIIl L \lllllll 1 LIJIIHl

- ----Spectator+Nucleus -

- o Spectator+Spec|tator | | ]

0 50 100 150 200 250 300 350
part

W. Zha etal., PRC 97 (2018) 044910

W. Zha etal., PRC 99, (2019) 061901(R)

do/dy (ub)

—
=
(2]

10

(b)

——————— T
ALICE25<y<4

s

13 12 11 10 E: 8

b (fm)
5 4

p,<0.3GeVic *'., )
s Pb+Pb 2.76 TeV =,
Photon + Target *.
— Nucleus+Nucleus '

= = = Nucleus+Spectator “u
v Spectator+Nucleus .,

= = Spectator+Spectator
N |

100 200

® All scenarios describe the data very well in peripheral collisions!
® Nuclues+Nucleus: overestimate the data in semi-central collisions.

® Spectator+Spectator: under predict the data in semi-central collisions.

® To distinguish the different scenarios, measurements at central collisions are

needed!
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Photon-photon interactions in UPC
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Photon-photon interactions in UPC

‘@ Test QED --- yy > Dileptons
v'Zo. ~ 0.6, so perturbation theory might fail R T
v'Data is in excellent agreement with lowest

order QED TE R
oo T

Pair Invariant Mass M__ , GeV

STAR, PRC 70 (2004) 031902
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Photon-photon interactions in UPC

‘@ Test QED --- yy = Dileptons

v'Zo ~ 0.6, so perturbation theory might fail R T
v'Data is in excellent agreement with lowest £™} | |
order QED TF
®To study the meson spectroscopy
mesn s U] 7 ] o1 o] L O
- w v »  Nomeasurements STAR, PRC 70 (2004) 031902
- 2 2 in UPCs yetl
n 958 0.75 21
f2(1270) 1275 0.54 22
Ann. Rev. Nucl.
a2(1320) 1318 0.19 8.2 Part SCl 55271
Ne 2081  3.3x107%  0.61 (200'5) T
X0c 3415 0.63x1073 0.16
Xze 3556 0.59%107%  0.15
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Photon-photon interactions in UPC

‘ . TeSt QED === yy 9 Dlleptons 0.03;— EPA Calculation

v'Za. ~ 0.6, so perturbation theory might fail %— | T e
v'Data is in excellent agreement with lowest £™} | |
order QED © _
®To study the meson spectroscopy
meson_ mass (MeV] 741 b 71 A O T
- w v »  Nomeasurements STAR, PRC 70 (2004) 031902
. ——————— in UPCs yet! N e :
f2(1270) 1275 0:54 22 162_ :::: o = 5021—8\,_;
ax(1320) 1318 0.19 8.2 Ann. Rev. Nucl. 14 t E
- — Part. Sci.55:271 _ b ~oamzots 170" ]
c o : o Signal (y7 — vy
Xoe 315 0.63x107  0.16 (200_5) % or %CEQPQE%}T?H
Xze 3556 0.59x107%  0.15 10N ,% 8L & Sys. une. E
/ 6; ]
. aF 0 .
®From “virtual” to “real” J/’ N 5
v'Light-by-light scattering _—%""on b i Ll

seen by ATLAS M (GeV]
Nature Phys. 13 (2017) 852

PRL 123 (2019) 052001
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How about the contribution in HHIC?

dN/dM_, ((GeV/c?)™)

Data/Cocktail

_l r - . - r
107 r p<0.15 GeVie e o 60-80%

102 | Sblid: Au+Au 200 GeV *+r 40-60% > 107
| Open: U+U 193 GeV ¢ O 10-40% x 10*
o =y STAR Au+Au Cocktail

STAR, PRL 121 (2018) 132301

05 1 1.5 2 25 3 35
M., (GeV/c?)

® Significant excess in 60-80% central Au + Au and U + U collisions for
the whole invariant mass range!
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How about the contribution in HHIC?

10"

—
=
s

—
=
L

dN/dM_, ((GeV/c?)™)
S

107"

Data/Cocktail

e O 60-80%

pe<0.15GeVie

Solid: Au+Au 200 GeV
| Open: U+U 193 GeV

* 77 40-60% x 107
¢ O 10-40% x 10 :
—— Au+Au Cocktail

dN/dM,, ((GeV/c))™)
<

=
4

10°

Data - Cocktail @ Au+Au 200 GeV
'pfrf <0.15 GeV/e o U+U 193 GeV

—
=
4

M., (GeV/c?)

¥~ Hot_Med + yy—ee (STARlight);

pe>0.2 GeVie, Inl<l, ly“‘|<11--- Photonuclear produced p, ¢
Centrality: 60-80% |

35 05 1

-.- Hot_Med + yy—ee (Zha et al)
— Hot_Med (broadened p + QGP)

Centrality: 40-60% |

25

03 1 15, 2
M, (GeV/cY)

15, 2
M, (GeV/c?)

STAR, PRL 121 (2018) 132301

W. Zha etal., PLB 781 (2018) 182
W. Zha etal., PLB 789 (2019) 238

® 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!

FHUREEEVERS - EEK

37



How about the contribution in HHIC?

dN/dM_, ((GeV/c?)™)

Data/Cocktail

107! T .
e © 60-80%

* 7 40-60% x 107
¢ O 10-40% x 10

- pe<0.15GeVie

102 |- Solid: Au+Au 200 GeV
| Open: U+U 193 GeV

| © e STAR

Au+Au Cocktail |

05 1 1.5 2 25 3 35
M., (GeV/c?)

E L DL B BRI L
E ATLAS VS = 5.02 TeV
w -1
s ot L0-10% Pb+Pb, 0.49 nb
AT —ea— Data
ol & S T
- = Heavy flavor

10° k
; — Fit

10°

0 0.1 0.2 0.3 0.4 0.5

d 0 pair [mim]

ATLAS, PRL 121 (2018) 212 301

® 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 puzzle: pair p; broadening

107! e - - - . . .
= Centrality: 60-80° 1 ---yy—ee(Zha et al)
;.. e ra.,-:ﬁ Xe Vf ] === yy—ee (Zha et al)) with EM
P P~ 0-2 LEVIE 1 .. yy—ee (STARIight)
S 10tf <Lyt 4
o) - {@¥e. STAR
*-:; L
5 10_3 | - Rt .‘I.'-lrl:‘:"-""-.. - .“ .."
= (ﬂ) "-"‘ (h) "i-...h.*'::':*;'*"-a.
= [0.4-0.76 GeV/e® ~=.10.76-1.2 GeV/et T T
_ ' S A '+A zmll Gev 1o 0.002  0.004 0.006 0.008
~ ® AutAu e 2 2
= -8 eV/e
) "‘fl.. O U+U 193 GeV P (GeViey)
:i 107 * 2 s |
o | O B Sy cammn
R < sop 8 -
(c) 1 " 4o} DI_'H-' """ d) 1
1.2-2.6 GeV/c -
l{]—u‘l N L N L e 1 3“.I....l.....l....]....l..
0 0.002  0.004 0.006 05 1 1.5 2 25
2
p2 ((GeV/e)) M, (GeV/c?)

® The equivalent photon approximation could not describe the pair p+

distribution
® Possible medium effects --- magnetic field trapped in the QGP?
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The puzzle: pair p; broadening

o .. 60O ' — — —— ——
ik p 0-10%7 [t 10-20%7 [ 20-40%71 [t 40 -80 %]
1=, I 1 1t ATLAS L ——Pb+Pb data
oor 1 [ 1 [ Vswm=502Tev ] [ —>B80%data
1t 1 F 4 Pb+Pb,0.49 nb" -
mn‘¥ : f ] +*+ 1 L STARIight +
-+ * } ++ B +t 1 [ . i data overlay
D-——:--‘-tjit+4i-f4+ -_--:-.--.’+-+—+*I+*-f:-;. I ----t-Lr-t-.r;-tt-ltf-t ---T-t-*-ltl-f-twl t?~i+
0 0.005 0.01 0.015 0 0.005 0.01 005 0 0.005 0.01 0.015 0 0.005 0.01 0.015
L o [ 4 X
ATLAS, PRL 121 (2018) 212 301 (e —
300¢ gL=(50MeV)*
250F \ | emaea :L;E100Me\f}2
® The broadening increases towards ?og
. » 50
central collisions ook

® Possible medium effects --- QED
multiple scattering?

50

0002 0004 0.006 0008 0.010 0.012 0014

S.R. Klein etal, PRL 122 (2019)

132301
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The initial impact parameter dependence

EPA approach AN QZzan(ki + kz/yz)ki
The photon k; spectrum for fixed k: dk, n[k> + k2/y2]?
The final-state p is the vector sum of the
two photon. No impact parameter
dependence!
¥ | ' ' ' | ' ‘ ' T
g Au + Au 200 GeV
3 E Centrality: 60 - 80% —E
?.- . * data -
A |
> [ [H [ l
5 ] ~--EPA : :
107 L E Falil to reproduce the pair p; !
- p. >0.2GeVic .. .
I IyT;:I<1;IneI<1 ]
) ]
- 0.4 <M, <0.76 (GeV/c?) :
10 006
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The initial impact parameter dependence

gEPA approach Impact parameter
dependence!
15 Z4et 5 dwl dws d?k1 d?kqy d?q.
ey / il f f / (2r)? f (2n)? f (2r)?
PRC 47 (1993) 2308 ><..'F1(k1_1_,LU1) F2(k2L,w2) f;(kl.lf = QJ_awl)F;(kﬂ_ i QJ_af-UQ)
X{(kiy - koi)((kir —qi) (kor +q1))os(wi,ws)
+ (kis x ka1) + (k1L —q1) % (ka1 +qu)) ops(wi, w2)}

o T 1 '
g L Au + Au 200 GeV
3 10 F Centrality: 60 - 80% E
= [ » data .
r.:lcl— | ‘x‘ : ]
g |G -EPA | @ Fail to reproduce data
4 , .
(o] . h I
© 102 - El ﬁE - gEPA = at Very lOW pT : '

b, >02Gevic . [T g 1 @ Strange dip structure!

oy <1 <1 e T ]

, i
- 0.4<M,, <0.76 (GeV/c?) -
L T A 7 E—
p2 (GeVic)?
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The initial impact parameter dependence

4 HEn
2 IMI" = (Za)' 25 / d2Ag1d2q; [NoN1N3Ns] ! exp(iA; - B)

8

—
<

d’N/dpZdy (GeVic)*

-
<
[~

103

QED approach

B (b m) [N ¥ (B s+ m) 9+ N3 O~ o+ ) )]

x(Bs —m) [Np D (B~ dy +m) ¥ + N 6O (di— B4 +m) “’(2)]}

[ [

Au + Au 200 GeV
- Centrality: 60 - 80%
A = data
s - EPA

-~ gEPA

e '.-ﬁ__,_:;__.m‘-.
p__>02GeVic ™. [
oy <1 <1 '

- 0.4<M, <0.76 (GeV/c?)

— QED approach

~0.006

1 | L
0.004

1 1 L I 1
0 0.002

p2 (GeVic)?

PRA 51 (1995) 1874

® Reasonably describe
the p; spectrum.

W. Zha etal., arXiv: 1812.02820
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The initial impact parameter dependence

Z|Z
oI

\—Iz

600— T —T T — == 600 T 2| = 600 T ]
Pb + Pb 5.02 TeV 0-10% 2: - Pb + Pb 5.02 TeV 10 - 20% 3: § Pb + Pb 5.02 TeV 20-40%
500{— - 2 500 - 2 s00f -
= data 1 o = data - = data
a0l This approach - 400F- ---- This approach 200 -----This approach
2 - C 2 - i N ]
4<M,, <45 GeVic ] : 4<M,, <45GeVic i 4<M, <45GeV/c
300 P, > 4 GeVic mu| <24 - mj = ] Pr. > 4 GeVic mul <24 . 300[~ Pr, >4GeVic n|<24 .
200 *} . 2001 l 1, - 200 j + '} =
100}': f %* i * + 3 100 %* l - 100 J{ | —
o b }+ ........ ] o [ ST CURS SN U AP . . o *"’i ---------------------- +§£t
L L I S ] L . |}‘F++ L ++IPE . A R : ! R
0 0.005 01 0.015 [ 0.005 0.01 0.015 [ 0.005 0.01 0.015
o o o
== 600 T T . Z|z 800¢ — T —
TS f Pb + Pb 5.02 TeV 40 -80% - N = Pb + Pb 5.02 TeV > 80%
-z _F E iz 700~
- = data ] 600 = data B
wk = This approach 1 — This approach
B } 4 <M, <45 GeV/c? E 500 4 <M, <45 GeV/c’ 3
a0} Py, >4 GeVic |n,|<2.4 ; a00f- Py, >4 GeVic n | <24 E
znoé j 300 E
- . 200 -
100/ . E N
. Feg ] 100}~ . =
o L R '----’l---’----i----’----&---g—i uf_ “"‘“v--l—--o---o----i---4---0----:----9---4---0—:
- i 5 L | L L L L =
; 5005 AT . 0 0.005 507 0.015
o o

Successfully reproduce the centrality dependence of acoplanarity
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Summary

® Excess of J/y at very low p!
v'Consistent with coherent photonuclear productlon In HHIC!

1

g (a) STAR Pr Irmn ary iyi<t ] £l wE (b ALICE 25<y<4 |
5 w0, b (fm 4 & f b m)
o pra;z 11 0 9 8 ! 8 s 4 E g hatz 12 11 10 9 B 7 3
o -
@ LI TN Fuh LT

10k '-,.-."rlu“‘“"h‘ ._... . .

I <04GeVic ., T i e
107 Pr v o, . p, <03 Gewc ...

« AutAu200GeV -, 7, E E « PbPb276TeV ‘v,
. 3 ] E .
Photon + Target ., 1 - - Photon + Target

\J/\V 10° i = Nucleus+Nucleus . i [ = Nucleus+Nucleu:

= == Nucleus+Spectator CEL] Nucleus+5peclalur

wo Spectator+Nucleus '-' E E o Spectator+Nucleus
Sp Sp 4 r Spectator+Specta
...............................
10 100 200 300 700 700 200 300 300
part Nparl

® Excess of dielectron at very low p-!
\/Con5|stent with coherent photon- photon production in HHIC!

~ w2l Data - Cocktail ® AuAu 200 GeV 20: Megi yy—ee gﬁﬁf ai’)t)
5 ¢ <0.15 GeV/ 3 o € YY—ee 12
o Py eVie OUUT93GeV 37 10 Med (broadened p + QGP)
~>-. 10k p;>0_2 GeV/e, <1, |y“"|<1 - Photonuclear produced p

3 - Centrality: 60-80% Centrality: 40-60%
@ 1 ]
S

s 10t

=

~

Z 1

WS 15, 2 25 05 1. i3, 2 25
M., (GeV/c?) M., (GeV/c?)

® More coherent photon products are promising in HHIC!
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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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Recover the impact parameter dependence: gePA

L F(—k7k
AT(kl, b) = —2mw/e E'.lkl or 6(kfﬂ1v) ( 1,0) 1
kaklg
kSk
A5 (k2,0) = —27Z3e 6(kSuzp) (kz ks 20) uy
d*k d*k
S(Pa,b) = (27r)14 / (%)24 [AY (k1,b) Ty (k1kz; Pa) A4 (k2,0) ] (2m)46% (k1 + ko — P)
2y 2 P
o= [d%b [ |S(Pa;b)| (2':1-)4 Impact parameter
<>/dependence!
15 Z4et 5 dwl dwo d?kq d?ky qu_J_ —ib-q.
o =160 [ 4 [ f [ [ o [
X F1(kiy,wr) Fo(key,wo) Fi(kiy —qu,wi) Falks +q,,ws)

Phys. Rev. C47 (1993) 2308-2319  *{(kis k1) (ki1 —qu) - (ko +aq1))o
+ (kir X kay) - ((kir —qu) x (koo L)) ops(wi, w2

The dilepton cross section from two real photons
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The results

dszde dy (GegV/c)?

—

1

The approach describes the data reasonably well!

Au + Au 200 GeV . Au + Au 200 GeV Au + Au 200 GeV

o' Centrality: 60 - 80% ) Centrality: 60 - 80% “ Centrality: 60 - 80%

e » data 107 “t = data R » data

Y - - STARLight . - - STARLIight RS - = STARLight
' — This approach . — This approach — This approach
. : 107

02k

p__>0.2GeV/c . p, >0.2GeVic “u p, >0.2GeVic :

ly, | <tml<1 T rook Weel <5 J <1 . Vool < 15 Ingl <1 -

0.4 <M, <0.76 (GeV/c?) =, _ - 0.76 <M, < 1.2 (GeVic?) 1.2 <M, < 2.6 (GeV/c?)
R I N R R [ L Lty 1oL Ll o

0 0.002 0.004 0 0.002 0.004 0 0.002 0.004

P} (GeVi/cy P} (GeV/cy Pf (GeV/c)
However, in the code implementation, an additional phase shift has been added:
hase shift
il e ,/ i f dwy [dwy [d’kis [Phar [ gL g, S i e P
(4m)2 wq wo (27)2 (2mr)? (27)2
F(k) e'® a; = ky. Angle(k, — q) . .
R 1 1-Ang 1~ q) xFi(kir,wr) Fa(key,wz) Fi(kit —qu,wi) Fi(kay +qu,ws)
ditcatinniicflla i kZ_Angle(kz + q) X{(kiL - koi) ((kir —qui) - (kai +4q1)) os(w1,w2)
1] + (ki1 x ko1) - ((kir —qu) x (kay +q1)) ops(wi,w2)}
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The phase shift matters

dy (GeVic)?
g

2
T

d*N/dp
2

o — T T 7 o — 1 1
| Au + Au 200 GeV | g Au + Au 200 GeV § Au + Au 200 GeV
F [P 0, 7
Centrality: 60 - 80% & o2 Centrality: 60 - 80% . 2 Centrality: 60 - 80%
» data ] - 1 >
. = data > = data
..... w.o.r?hasehs_?t:ft . S - W.0. phase shift | o ----'W.0. phase shift
— W. phase shi T —— W. phase shift T 10* & Eﬂ ... — W. phase shift —
3 S ]
B e, | T O 1 SR | ¢ Ry s ]
; ll; I><012 rC:el\ih; _____ _ : | p,,>02GeVic | p,, >0.2GeVic
g |y|<1m|<1 Iyl<1|nl<1
- 0.4<M,, <0.76 (GeV/c?) o 0 2 ~ ] I 2
F 0.76 <M,, < 1.2 (GeV/c?) - 1.2 < M,, < 2.6 (GeVic?)
| L " L | L L s l L L L I~ 1
0 0.002 0.004 R wn.gos Y. Y 7 Y A 10— mer oo 0006
P} (GeVic) 2 (GeVic)? p2 (GeVic)?

Without the phase shift, the approach can not describe the data!
However, we can not find the physical meaning for the additional
phase shift.

One check:
Replace the cross section of dilepton production in the gEPA equation
with the lowest order feynman diagram
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The lowest order Feynman diagram

Z |Ml2 = (Zﬂ)‘l% jdquldqu [N0N1N3N4]“1 e}q)(iﬁtj'l . E;)
T (4 ) [N33 9O (B o+ ) ¥D + N D (s B+ m) ]
x(B+ —m) [ NeD P (B~ dy +m) ¥ + N3 (i~ ps +m) ¥ @] }

Phys. Rev. A51 (1995) 1874-1882
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Linear polarization for photons

—Cos(4¢)_e

0.4X10° W e e s
0.20 - POTLLLLES . E L W ~0.1013 + 7.4919
i P . 0.09 £ — A4, % 4 cOS(49) A, -0.0005981 + 13.9279766
- — A,, x 2 cos(2() E
008 60-80% ete -
0.07 =
0.06 — m -
42 Q: 0.4-0.76GeV 0.05 — =
005t ——me- Q:0.76-12GeV ] 0.0a v \V\
e Q: 1.2-2.6GeV ] c .
0.03- .
000--I---l---I---l---l--.l...l._ —AU+AU20pGeV 04<Mee<0765
" 002 004 006 008 010 012 0.14 0.02; 55 25
q, [GeV] ¢
Phys. Lett. B 795 (2019) 576 0,08 X10° it 28se 08w
e G L (% -0.05474 + 7.87387
B — A,, x4 cos(4¢) Ay 0.05926 + 14.99293
0'07;_ — A, x 2 cos(20) E
: : : 0.06 =
v The linear polarization of - :
0.05 A
photons leads to the cos4¢ g ]
04C -
and cos2¢ terms. 008 :
0.03[ =
a acceptance ]
0'020 0.5 1.5 = 2| — ‘2.|5 — é
u
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