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» Penetrating probe
» Direct information about the medium
created in heavy-ion collisions

»

Shuai Yang WWND2019, Beaver Creek 2



Dileptons - electromagnetic probe
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Quarkonia - heavy flavor probe erge
» Color-screening in QGP: the quark-antiquark binding potential is screened
by the color charges of the surrounding light quarks and gluons -> dissociation

* J/1 suppression was proposed a direct proof of QGP formation (7 matsui and H. satz,

PLB 178 (1986) 416] vacuum Temperature T<T$ Temperature T>T$
Jhy O O
, Jhy T T
I | | [ = °
rquI/Ebinding > rD~1/T
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Quarkonia - heavy flavor probe g,

» Color-screening in QGP: the quark-antiquark binding potential is screened |
by the color charges of the surrounding light quarks and gluons -> dissociation
* J/1 suppression was proposed a direct proof of QGP formation (7 matsui and H. satz,
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Photon interactions

C. Bertulani et al., Ann. Rev. Nucl. Part. Sci. 55 (2005) 271

E
_— \mqfww
Ve d Y
S A— Ze
v~C_C

» Large quasi-real photon flux cc 72
> Photon interactions

* Photon-photon interaction (dilepton...) cc 74

* Photonuclear interaction (vector mesons) o< 72
v'Coherent & Incoherent

» Conventionally only studied in UPC (b>2R,)
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Features of photon interactions

STAR, PRC 70 (2004) 031902

» Two-photon interaction ooy |0 e
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Features of photon interactions

STAR, PRC 70 (2004) 031902

» Two-photon interaction
* Continuous mass spectrum
* Concentrated at low p+

» Coherent photonuclear

Interaction
* Vector meson production
* Concentrated at low p;

* Interference structure (p; < 1/b)
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Anomalous J/y enhancement at LHC gy &g

ALICE, PRL 116 (2016) 222301
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» Significant enhancement at low p; in peripheral Pb+Pb collisions
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ALICE, PRL 116 (2016) 222301 W. Zha et al., PRC 97 (2018) 044910
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» Significant enhancement at low p; in peripheral Pb+Pb collisions
» Qualitatively explained by coherent photonuclear production
mechanism
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The STAR detector

» Midrapidity, large acceptance: |n|<1, 0<¢p<2m
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» Time Projection Chamber: > Barrel Electromagnetic Calorimeter:
tracking, momenta, and energy loss trigger on and identify high-p; electrons
» Time-Of-Flight: velocity
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Low-p; e*e”Invariant mass spectra
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STAR, PRL 121 (2018) 132301
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1 » Significant enhancement with respect

to the cocktail for p; < 0.15 GeV/c in
60-80% Au+Au and U+U collisions
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1 » Enhancement factor (data/cocktail)

decreases from peripheral to central
collisions



p- spectra in 60-80% collisions

STAR, PRL 121 (2018) 132301
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» Excess concentrated below p; = 0.15 GeV/c
» Data are consistent with hadronic cocktail for p; > 0.15 GeV/c
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Origin of the low-p; enhancement

STAR, PRL 121 (2018) 132301

R. Rapp, PRC 63 (2001) 054907
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» Can not be explained by
in-medium broadened p
model

» Compared to hadronic
production, excess yield
exhibits a much weaker

centrality dependence

» Need additional source(s)
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Models of two-photon interaction

» Equivalent Photon Approximation (EPA) method

* Photon is treated as real

* Weizsacker—Williams method to estimate photon flux

* No impact parameter dependence of p; spectrum for the dilepton from initial
photon-photon interaction

» Models based on EPA method

* Model by Zha et al. (w. znaet al,, PLB 781 (2018) 182]
v Use Woods-Saxon charge distribution in nucleus for photon flux estimation

v’ Consider dilepton production insides nucleus
* STARIight [s. kiein, Prc 97 (2018) 054903
v’ Ignore dilepton production insides nucleus
* STARlight with next-to-leading order correction and hot medium effects -

Coulomb scattering ss. «iein et al., arxiv: 1811.05519]
» Model based on external classical field approach . vidovic et at, prc 47 (1993)
2308]
* Model by Zha et al. w. zha et ai,, arxiv: 1812.02820
v" Consider impact parameter dependence of p; spectrum for the dilepton from
initial photon-photon interaction

Shuai Yang WWND2019, Beaver Creek 11



dN/dM,, ((GeV/cH)™h)

Excess Yield

Origin of the low-p; enhancement

STAR, PRL 121 (2018) 1323

01

R. Rapp, PRC 63 (2001) 054907
W. Zha et al., PRC 97 (2018) 044910, PLB 781 (2018) 182
S. Klein, PRC 97 (2018) 054903
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1> Qualitatively described by

models including two-photon

interaction
e Data from 60-80% collisions favors
model by Zha et al.

» Negligible contributions from
photoproduced vector
mesons

120

12



p4 distributions in 60-80% collisions -

> Models fail to describe p%
distributions

STAR, PRL 121 (2018) 132301
W. Zha et al., PLB 781 (2018) 182
S. Klein, PRC 97 (2018) 054903
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p4 distributions in 60-80% collisions -

STAR, PRL 121 (2018) 132301 > Models fail to describe p#%
W. Zha et al., PLB 781 (2018) 182 s )
S. Klein, PRC 97 (2018) 054903 distributions
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* Indication the existence of strong
magnetic field trapped in QGP?
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Impact parameter dependence of initial 44

two- P hoton interaction [W. Zha et al., arxiv: 1812.02820]

Shuai Yang

V( P} ) (MeVic)

C ¢ —0.4<M,,<0.76 GeV/c?

- P > 0.2 GeV/c
Cly J<timl<1

Au+Au 200 GeV

0 -+ 0.76 <M, < 1.2 GeV/c?
B 1.2 < My, < 2.6 GeVic?

10 20 30 40

STAR, PRL 121 (2018) 132301

» Strong impact parameter dependence

WWND2019, Beaver Creek

14



Impact parameter dependence of |n|t|al
two- phOtOn INteraction w znaeta, ariv- 1812.02820;

-p

Iy 1< 13 <1 R

0.4 <M,, <0.76 (GeV/c’)  “~._

>02GeV/c ~E|

~
~

108 .
[ 0.76 <M, < 1.2 (GeV/c?)
[l

p e>02GeV/c ‘ .~
IyI<1InI<1 N

§ Au + Au 200 GeV . Au + Au 200 GeV - Au + Au 200 GeV g L

Z10-1he Centrality: 60 - 80% Centrality: 60 - 80% [~ Centrality: 60 - 80% o 80

SI0F o2l . = [ Au+Au 200 GeV

- ' = data [ = data . = data ~ [

o \ - - STARLight - - STARLight S - - STARLight & 7o ' o —0.4<M,,<0.76 GeV/c?
o \ ; . ; ; ~ B
5 \ — This approach AR — This approach — This approach 0 oo 0.76 <M., < 1.2 GeV/c
g > N 1073 o w12 <M, <2.6 GeV/c?

-~

-~
~

50

p e>02GeV/c

Iy <15l i<1 N p,,>0:2 GeVic

Iyeel <1 Inel <1

1.2 <M,, < 2.6 (GeV/c?)

S S SO SRS S A SO S S
30 10

o

p. >4GeV/c hl<2.4
T n

P, > 4 GeV/c In“I <24

» Can describe STAR and ATLAS data
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" ATLAS, PRL 121 (2018) 212301
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0015

simultaneously

» ATLAS data can also be qualitatively described by

EPA model incorporating Coulomb scattering
[S. Klein et al., arxiv: 1811.05519]
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Low-p; J/1 at STAR

< 102 - T TTT l T T T TTT l T T T T TTT —]
o - STAR Prellmlnary ]
u = Au+Au 60-80% ]
i [g‘ e Au+Au 40-60% |
i + Au+Au 20-40% |
) [ﬁ] o U+U 60-80%
10 — o U+U 40-60% .
- : |:| p+p baseline uncertainty -
B E}] ] Il 60-80% N_,, uncertainty  _
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¢ I
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- ¥ § -
| | I | | | | I | | | | | 1 1111 |
1072 10™ 1 10

P, (GeVlic)

» Significant enhancement at low p; (< 0.1 GeV/c) in 40-80%
collisions
» No significant difference between Au+Au and U+U collisions
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Excess yields of low-p+ J/i

T T T T T T T T T

2| > . = Au+Au 200 GeV STAR Preliminary
Clo g5l ° UsU193Gev i}
m° E ¢+ Expectation of hadronic production g
B S -
10° L] -
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107 & oA |
- ¥ p <01GeVc -

-8 . . ) ) | . . . L | . .
%% 50 100

Npart

» No significant centrality

dependence of the excess yield

* Yield of low-p; J/Y from hadronic
production is expected to increase
dramatically with N

part

Shuai Yang WWND2019, Beaver Creek
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Excess yields of low-p+ J/i

W. Zha et al., PRC 97 (2018) 044910
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» No significant centrality > Qualitatively described by
dependence of the excess yield photonuclear interaction
* Yield of low-p; J/y from hadronic * N+S and S+N scenarios can describe
production is expected to increase the data reasonably well
dramatically with N v’ Measurements in central collisions are
Y part

critical
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t distribution of J/Y

n 10_3 I T T T |

T I 1 L 1 ] L] Ll
STAR Preliminary
— exponential fit
— interference shape

centrality: 40 - 80%

T T 17Tl
11 1 1 111

|
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107 —3INDF=1.72
- — y2INDF = 4.9/4 ]
107° = $

I AR
0 0.02 0.04 06 008
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» Similar structure to that in UPCs

* Indication of interference [s. kiein, PrL 84 (2000) 2330]

 Similar slope parameter for exponential fit
v’ Slope = 196 (GeV/c)2in UPC case
v’ Slope =199 + 31 (GeV/c)2 (w/o the first point) in 40-80% collisions
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Isobaric collisions

> 2SRu+,9RU vs. 29Zr+387
e Charge differs by 10%, everything else is almost the same
* Large statistics taken by STAR in 2018: 3.1B vs. 1.5B (goal) minimum-bias events
* Rapid (daily) SW|tch|ng between Ru and Zr: minimize systematlc uncertainty

v1“10 g T

o F  Au+Au: 60-80% Ru(Zr)+Ru(Zr): 47-75%

SE W. Zha et al., PLB 789 (2019) 238
S
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» Further constrain the photon interactions and their possible impacts on
emerging phenomena in heavy-ion collisions
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Summary

» Low-p; e*e” pair production in heavy-ion collisions
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» Explore photon interactions in |sobar|c collisions
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Backup
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Coherent photons as “partons” in heavy-iogi:.
collisions '

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

Photon four momentum: q* = (v, qr, ®0/Y)

/Wv-><_ 2 wZ 2
o Q =y_2+QT
- Zye |4

vV ~cC i w =< ahnax“’}

® 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
UPC as example: <R, 4ucton™> ~ 40 fm

Physics Today 70, 10, 40 (2017)
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Raw e*e” and J/y signal at low p-

S/B
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Model calculation with impact pa ramet
dependence

74 p4 a2 2 2
. 1() /(121)/ dwy dwsy d Alj d?ky, d?q, Integration ovegr b_ . 74 /dw1 dws d?y, Ak | F(—k2)|?
;1*2 (27) 2(277') (2m)? > 9 (4m)2 | wy we (2m)2 (27)2 k3 (6)
F(—k —k?) P (k7 F(-K3) "2 2
k:lz l.é "‘/12 /“:/zz £ (2) 12 k11 k3 o(wi, w2)
X (k1 - ko) (K ey )os(wr, ws)
+ (k1L x ko1 )(Ky . x Ky )ops(wr,ws)]
where the four momenta of photons are
by = (wi, ks, =) ky = (wa, Py — Ky, “—2) » EPA expression commonly used in

1 1 traditional photon-photon models
wy = 5(1)() + 'UP:),’UQ = 5(_P() — 'UP:) p p

, (3)
koy =P —ki1,qL =k — Ky
Ky = (wy, k11 —qu,wi/v)

Aé = (U‘Q, A'QJ_ —ql, U‘Q/’U)
W. Zha et al., arxiv: 1812.02820

Shuai Yang WWND2019, Beaver Creek 30



Dimuon pairs from two-photon
interaction at ATLAS
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» Use >80% collisions as baseline n 2

» Indication of Coulomb scattering? ss. cein et at, ariv: 1811.05519]
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Sensitivity to residual magnetic field?gy s

G. Inghlraml etal., EPIC 76, 659 (2016)

a) BCHO-QGP
- b{ o35.8 MeV

630 MeV (vacuum)
d) Exp\decay (tp=1.9)
e) Bjork¥n flow
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Example of e*e” spatial distributio
at z=0 in 50-60% Au+Au collisions
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Based on W. M. Zha et al., PLB 781 (2018) 182 X (fm)
» To account for the effect of the time-dependent magnetic field on average,

the model assumes that all the e*e” pairs traverse 1 fm through a magnetic
field of 1014 T perpendicular to the beam line

* The net effect of this approach is close to [ eB(t)cdt = eBL

* eBL =30 MeV/c, the extreme pair p; increase: 2eBL ~ 60 MeV/c
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