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Colorless and Colored Hard Probes

Photons / Z
, Colorless Prolbes
/// Photons, electroweak bosons
L’ Validation

Tag the initial state

Transport coefficient g, stopping power dE/dXx,
gluon density %g, temperature T ...

Colored Probes:
Fast-moving high energy quarks and gluons,
Heavy quarks Medium properties
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Extract the Medium Effect in A+A collisions

See for instance review form

One typical way Is to compare A+A data to pp reference measurement . dEnterria and C. Loizides

Ann.Rev.Nucl.Part.Sci. 71 (2021) 315-44

A+A measurements pp reference

g b o

‘Nuclear modification factors’

Raa > 1 (enhancement)

inel 2 “QCD Medium”
R = O-IOD d NAA/ded” ~ Raa = 1 (no medium effect)
"N, d%,, /dp.d : : -

ot U 0, 1AP;0x QCD Vacuum R.a < 1 (suppression)

\ N2 Averaged number of binary scattering
Can also be N ; _ _ _ _ L
written as 1/Ty, Tw=—12 NN equivalent integrated luminosity per A+A collision’

0 op Reduces the uncertainty from pp inclusive cross-section
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Colorless Probes: Z and Isolate Photon R, ,

404 ub” PbPb / 27.4 pb” pp (5.02 TeV)
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0 100 200 300 400 0,22— [[] Luminosity uncertainty _i
(I) (Npan) 0 56~"20"60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180 200
« Electroweak probes are unmodified (R, ~1) Er[GeV] Er [GeV]
- EWK probe yields: probe the system size (N.o) PbPb
. .. ) Non Scaling
« High precision W, Z and isolated photon 0 0 @ @
measurements: constraint nPDF PDF

nPDF
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Colorless Probes: Z v, and W-/W* R,, Ratios

cMS 1.7 nb™ (5.02 TeV PbPb)
0.05¢ |

0.04f % Z/y %II :
0.03- * ATLAS 2.76 TeV PbPb

0.02F

No.o;;— %#

>

—0.01+ | 1
0.02- i

IIII|JIJIJIJII|IIIIJIJIJ

______;—_____________
]
I

R EEEE Fr T N EEE

~0.03" |y | <2.1 -
~0.04; 60<m”<120 GeV '
—0.0% 760 80 0-90%

Centrality (%)

 No significant Z boson v,

« W-/W ratio as a tool for the extraction
n/p ratio in centrality classes
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PRC 104 (2021) 044905
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Colorless and Colored Hard Probes

I di | Photons / Z
S et auenee , Colorless Probes
(Bjorken, 1982) ol Photons, electroweak bosons

’ Validation
Tag the initial state

Transport coefficient g, stopping power dE/dXx,
gluon density %g, temperature T ...

Colored Probes:

Fast-moving high energy quarks and gluons,
Heavy quarks Medium properties
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QGP Transport Properties and Structure with Jets

-
~ -
-____ -

|  Jet broadening effects from multiple soft
Jet/ scattering (§) _—»——>

ZIy
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\
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QGP Transport Properties and Structure with Jets

~
~ -
- —_———

|  Jet broadening effects from multiple soft
Jet/ scattering (§) _—»——>

« Contribution from medium response

« Reveal medium recoill (the propagation of
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QGP Transport Properties and Structure with Jets

»
~~~~~~~

» Jet broadening effects from multiple soft
Jet/ scattering (§) ——»——s
A /
.  Contribution from medium response
o . 2 I * Reveal medium recoll (the propagation of
. > TN e T
74 IR N QEr holes) )
\\;‘I 9 _ o : ‘_‘.: x
“Holé” S B8 A « With the precise understanding of the
L { phenomena above, one could study the QGP
structure with Moliere scattering %
ZIy
'
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Jet Quenching without Jet: Charged Particle R,

‘Nuclear modification factors’

B d’N,,/dp,dy
“ N coll dzo-pp / d}%” d?

_ Raa > 1 (enhancement)
“*QCD Medium”

Raa = 1 (N0 medium effect)

“QCD Vacuum” Raa < 1 (suppression)

Lead+Lead

Proton+Proton
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I I I I I Yen-Jie Lee (MIT)

27.4 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)

1.6_II| 1 I IIIIIII ! I IIIIIIl I I
1.4}
CMS 5.02 TeV O ALICE 2.76 TeV
12 O CMS276TeV VvV ATLAS2.76 TeV
1 T, @nd lumi. uncertainty

X 0.8

0.6

1I|]||||]|||||]]|I|||l
% :
'
_._'

III|III|III|III|IIIIIII|IIIIIII

0.4 W%
0.2
- 0-5%
_III | 1 IIIIII| | 1 lllllll 1 |
0 1 10 10?
P, (GeV)

* A prominent “S shape” in charged particle Ry,
« Good agreement between experiments at the LHC

Constraining Initial Condition from Hard Probes



0.2

o

$

H N
I I I I I Yen-Jie Lee (MIT)

Charged Particle R,, vs. N

27.4 pb™” (pp), 404 ub”' (PbPb), 3.42 ub™' (XeXe)

I I I I | I I I I | I T T T | T

[ ® ] 5.44 TeV XeXe R*,,
o ]5.02TeV PbPbR,,

ml <1
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Low P+

® 0 o
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part
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- 5.02 TeVPbPb R,
: ml<1 il
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= b - |
j H * ngh pT 7
_l | | | | | | | | | | | | | | | | | | | | |_
0 100 200 300 400
part

 R,, decreases as we go to large system size / small impact parameter
» Scaling behavior: XeXe vs. PbPb Raa
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Azimuthal Anisotropy of Charged Particles

CMS 404 ub’ (5.02 TeV PbPb)

z / * V,{SP} Centrality: 5-10%
- Vo{4}

0.2_— o V2{6} i

@

C * V,{8}

t

20 40 60 80 20 40 60 80
p+ (GeV/c) P+ (GeV/c)

_-Khi ¢ i :

- Low p Vv, : pressure-driven expansion of QGP
* High p; Vv, : jet quenching
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Azimuthal Anisotropy of High p; Particles

CMS 404 ub (5.02 TeV PbPb)
- @ VQ{SPI} 14 <I pr <20 C-I:eV/c - 20 <I pr < 26 C-!eV/c
P O v,y 0 L] ‘

1 =V,{SP} 0.42+0.01 ]
1 ==v,{4} 0.45+0.02

| —V.,{SP} 0.55+0.02
| - v,{4} 0.56+0.01

Data from various
centrality classes

AT U R R
0.05 0.10 0.15 0.05 0.10 0.15
Low-p; v, (1.0 < p; < 1.25 GeV/c)

» Low p; Vv, : pressure-driven expansion of QGP

* High p; Vv, : jet quenching
* Linear Correlation! Hard probes could “see” the QGP shape
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Heavy Quarks as Probes of Quark Gluon Plasma

 Charm and beauty quarks (heavy quarks) A -'- e tge S~
are produced before QGP formation (<0.2 fm/c) et SR e U,

* Once produced, they can not be destroyed by g.-; ‘o
strong interaction (in particular, for beauty) BERAPCPLE IR Sk PoY

* An opportunity to study QGP with a .:f-;f ".. .f'.::"'e.':';_ LI
“slow-moving hard probe” n et

 Low momentum heavy quarks are then “kicked around” by quasi-particles
(Brownian Motion) before they hadronized: A direct window to in-medium color force

* Heavy quark diffusion constant can be calculated in phenomenological models or
Lattice based calculations
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Charm quark “at birth”

>
Particle Momentum

* No azimuthal anisotropy “at birth”
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Heavy Quark (Charm and Beauty) Diffusion

¥, L I ] - g '
: ¢ .. ] esg o, T M 00y, , o [
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1 e, se® % .
e 2‘312 . . _ff ry o..af.t N ..!. S’g' e ® s, F) :S 5.
el .
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Charm quark Fokker-Planck eauation
2

0 o, 0

— = —pA ——B
ath(t,p) 5" (p)fo(t,p) + o (p)fal(t,p)
A and B are transport coefficients

T
mqA(p = 0)

after passing QGP

Charm quark “at birth”

>
Particle Momentum D, =

« Since the QGP is expanding radially, QCD force (like ‘wind’)
increases the v, of the charm quarks in the QGP bath!!
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Charged hadrons 4 2 dN ©

Charm hadron

Charm quark
after passing QGP

Charm quark “at birth”

>
Particle Momentum

« Since the QGP is expanding radially, QCD force (like ‘wind’)
increases the v, of the charm quarks in the QGP bath!!
« Hadronization effect could change the v, of the heavy flavor hadron further
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Heavy Quark (Charm and Beauty) Diffusion

%)/Charm Meson



Charm Diffusion Signal

cMS/ | PbPb \s,, = 5.02 TeV
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* Observation of charm meson elliptic flow (v,) « Charm v, values are correlated with hadron v, !
 Charm v, < hadron v,
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- reflect the initial condition
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Take Away

> Colorless probes: unmodified, sensitive to N, and nPDF

e Colored Probes: modified. Size of the effect correlated with
soft particle observables

Charm Quark

N
\
_—
) 8
L
\,

AV
Cc u

DO

Charm Meson
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Hard Probes and Initial Condition

In-medium
modification

N

Energy density
Hydro evolution

"

Hard Probes:
Jet quenching g,

Initial

Condition
HQ Diffusion D,
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Medium Property: Major Issues Related to Hard Probes

AN Initial energy density fluctuation:
» b Uncertainty associated with QGP medium

VS. .

Path length dependence of the in-medium
modification:

Quenching and HQ diffusion mechanism

VS.
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Impact to Jet Quenching Parameter

. . 10_ | | | | | | | | | | | | | | | | | | | ]

° The eXtraCted quark Jet quenChlng E —.—l C. Aridres et. aI,KLN,|1606.04837 | E

parameter depends hlghly On the Inltlal 95_ —@®—— C. Andres et. al, Hirano (Optical Glauber),1606.04837_5

state and the start time of QGP. 81 e

7 =

* This means that in the case of [ + + +H' E

Optical Glauber, the color charge ‘; - ]

density is lower than KLN and hastobe . °F E

compensated by a larger g C‘;‘; 41 =

- ) ]

3F =

MC-Glauber MC-KLN A *#*. * e e .« 0%

iE B LLL -

8 - ,_2'4-6 8 2 2'4-6 OEI A R S A R T T NN M NN MR A AN NN N NN N R B |E
S o 025 03 035 04 045 05

iml 4 6 T (GeV)
Carlota Andrés et. al EPJC 76 (2016) 9, 475
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Influence of Initial Condition to HQ Diffusion Calculation

PHSD IC trento average IC trento single IC
10/ edxy), 1o=0.6 fm/c 104 edlxy), 19=0.6 fm/c 104 edxy), 10=0.6 fm/c

E ; ; - Initial conditions significantly

E 0 04 0 ’

- L] . | 4 change the calculated charm v,
’ R R 1  Correlation between the initial

—— PHSD-IC = trento-ave-IC energy/entropy density of the
0.10- 0.101 QGP and the initial position

distribution of heavy quarks is
still a matter of active research.

éll 6 8 1|0 Y. Xu et. al.
pt [GeV] PRC 99 (2019) 1, 014902
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Medium Properties from Soft and Hard Probes

10 - [ I | | | | | | | | I I I ] I I I | | I | | -
[ Water 1 Medium properties extracted from
I | | and Open Heavy Flavor are consistent with the
- ellum 1 results from Soft Probes
i3 ..« However, the large uncertainties prevent firm
L Weoeoe- o -0 -0 -0 & - . .
—» | FermiGas { conclusion
. {  Major items contributed to the uncertainties:
y (1) Initial conditions and QGP medium
107 RTINS (2) Jet quenching and HQ diffusion mechanisms
i 1 (3) Hadronization effects
I QGP (Soft Probe) 1 (4) Accuracy of experimental data
1 1 | | | | | | l | | | | I J | 1 1 1 l | | | |
1 0 1, 2 3 4
TC
Compilation by YJL, Michael Winn, Liliana Apolinario arXiv:2203.16352
Progress in Particle and Nuclear Physics, 103990 (2022)
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0.8

Eccentricity e,

0.6

0.4

0.2

droplets on the eccentricity ¢,

Stress Test with System Size Scan

Flow

—
| I

{ PbPb t XeXe + ArAr

t 00 t He*He*
e, PP

10?

NPart

New opportunity to sample QGP * Significant jet quenching effect

and N, phase space
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predicted in OO and ArAr

Jet Quenching

— 00
— ArAr
— XeXe
— Pbqu

50
p1 (GeV)

10 20

A. Huss+
PRC 103 (2021) 5, 054903
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100

200

Charm Diffusion

——160.0 6.5 TeV
——0Ar Ar 585 TeV
—]Jlrﬁ‘:_]_}io-}iv 544 TeV

— 129 Xe 544 TeV

spher.”

— 25PLPh 502 TeV

o
Solid lines: Langevin

Dashed: Energy loss 4

* CMS Pb-Pb

0.1 a
0.05 N
0 | - _"'i.'ﬂ
2 10 50)
pr (GeV]

Different D° v, in various systems in
30-50% centrality

R. Katz, C. A. G. Prado, J. Noronha-Hostler, and A. A. P. Suaide
PRC 102 (2020) 4, 041901
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Hard Probes in RuRu and ZrZr Collisions

Results are 1-2 days old

N .
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N

In Ru+Ru and Zr+Zr

col

350 T 1.12;
300} : 1.10}
250¢ 1.08}
=200} oo
< 150¢ g 1.06¢
100 ¢ 1.041
- Trajectum [
50¢ : 02

ob Ru Zl*n.f' NN =ﬂ”TE"‘v : 102; ]

0 1{] ZD 30 4!‘.] SD 60 ?D 1'00{) 10 20 30 40 50 60 70
centrality | %] centrality [%]
Difference between Ruthenium and Zirconium: N, ~ 6%, N, ~ 9% Wilke van der Schee
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Sensitivity of Electroweak Probes

nucleus R,[fm] o,[fm] R,[fm] o,[fm] p, Ps  oanlb]
i “°Ru(1) 5085 0.46 5085 046 0.158 0  4.628
1.10¢F “7r(1) 502 046 502 046 008 0 4540
S o *Ru(2) 5085 046 5085 046 0053 0  4.605
- O — — “7r(2) 502 046 502 046 0217 0 4579
i e = “Ru(3) 506 0493 5075 0505 0 0 4734
= 1 .05¢ = %7r(3) 4915 0521 5015 0574 0 0  4.860
2’:’ i _— Ru(4) 5.053 048 5073 049 016 0  4.701
. __ff / 4 Q Q 4 0 4 8
l.OUEF I 0564  0.062 0.202
[ — _ Neoi, RURU/ZFZT
- 1} Trajectum | y
0.95p RWZrVowy =0.27eV T
0 10 "0 30 40 50 60 70 1.100 -
Wilke van der Schee CElltl'ﬂlil'y | % | “a
1.050
. . 1.025 A
o Colorless probes: W, Z and y yield ratios
(RuRu/ZrZr) are sensitive to o, and o, - ¢ wn-skin
0.950 . . . .

20 40 a0 B0 100
Centralitv (%)

» Size of the effect: up to 8-10% :

I I
I I
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N

Based Estimation of Charged Particle R,, at LHC

part
-1 -1
1 -2 [27|.4 |pb| |(p|p) jl 4|()4| Mlb | (EblF)bl) |3 |4-2| lb T (Xlelxel) 1 _02 :I TTTTTTTT | TTTT | TTTI | TTTTI | TTTI | TTTTI | TTTI | TTTT | TTT I_
. CMS 8] 5.44 TeV XeXe R*,, | otsF RUIZF [Sy=5.02 TV, 6.4<p_<7.2 GeV/c ]
1~ o ]5.02TeVPbPbR,, B N, based :
- ml < 1 i 101F E
0.8 — - ]
< . 6.4 <p_<7.2GeV . ~
i T | -
o : : -
z 0.6f* ) H — » =
x i | -
o B * i =
0.4~ d B -
i ¢ i E
| _ ]
0'2: P Diuug - 0.985F -
O_| | 1 | 1 1 1 1 | 1 1 1 1 | | 1 1 1 | I_ O 98 :l 1 11 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1 11 |:
0 100 200 300 400 0 10 20 30 40 50 60 70 80 90 100
oart Centrality (%)

» Scaling behavior in XeXe and PbPb R,,: use it as
 Larger N, In RuRu translate to a smaller R,, compared to ZrZr
 Effectis at the level of 1%
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N, .. Based Estimation of Charged Particle R,, at RHIC

2
§ : Data 1 _05 _| T | | | | T T | T T | | I | | L |_
T8 — -~ Ru+Ru N RURW/ZrZr ]
16 [ - I+l 1.04 Ny based 5,,y=5.02 TeV, 6.4<p_<7.2 GeVic —
L PP uncertainty N Nor based |5,,=200 GeV, p >5.1 GeVic ]
1.4 1.03F —
1.2F o : .
- g 1020 -
1;___-E_§-$E-a; .............................................. — : :
- _ - 2 < 1.01F 7
0.8 B gi g E m B ]
0.6 ™ A e -
04— C ]
- STAR Preliminary 0.99 -
0.2 Isobar |/s,=200 GeV ] .
: | | | | (h+-||-h-)/2 |pT >| 5-1| G|eV|/C| | | | 0-98 _l 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 |_
0 10 102 N 0 10 20 30 40 50 60 70 80 90 100
Tong Liu ( part ) Centrality (%)

» Similar exercise with STAR data at RHIC, assuming R, scale with N,
« Effect is at the level of 1-2% at 200 GeV, higher ratio due to selection bias in data
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Trajectum: Path Length in RuRu and ZrZr

— 5 — out—of—plane | = | — out—of—plane
£ 0.020} — in—plane | & 0.020} — in—plane
1S -—- average - is i -—— average
S 0.015 : |5 0015 :
S S
— 0.010 — 0.010¢
. I _G I
‘i 0-005_ Trajectum TN ‘i 0. 005 Trajectum
— RuRu \/ =0.2 TeV ) ; — - il \/SNN = 0.2 TeV

0.000- 0.000=-

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
centrality [%] centrality [%]

Wilke van der Schee
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Trajectum: Ru+Ru R4,

+ 0-10% STAR data used for calibration D:i‘: 1.4
« Reasonable agreement with STAR data -
1.2

1.0 = |

L i

0.8 0.8 ._:

0.6 0.6} 4 -

< - A S

< | — 0-10% : . :

0.4} 10 -20% 04-% STAR Preliminary o § -

20 — 40% I . .

021 10_ 60‘72 . Fitted st Isobar @__200 GeV -

0ol 60 — 80% Trajectum - Al :

I S T A TN TN TN AN TN TR SO T TN TR TR NN SN S S B

: 2 4 6 8 10

2 4 G6V 8 ~ pp uncertainty -0-0%-10%' - . pT (e Vie)

wike van derschee  P1 LUEV/C] .40%c0%  omieow  TongLiu's talk (STAR)
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Trajectrum: R,, ratios

Ru/Zr 1 _05 _I L | LI | LU | LI | LU | L | L | L | L | L I_

1.000 - RuRw/ZrZr .
104 T — Epart Easei \[s_NNiS.OZ TeV, 6.4<pT<7.2 GeVi/c ]

- = N, based \s,=200 GeV, p_>5.1 GeV/c -

0.995 \ E e Trajectum, |5, =200 GeV, §.0<pT<7.0 GeVic E
1.03 ]

<ﬁ = -
<0970 0-10% o f :
10 — 20% = — —

0.985 20 — 40% &5 1'02: )
0 S < 1010 E
0.980— 60 — 80% Trajectum Y - -

2 4 6 8 10 o S A -

nr [GeV/C] = E

0.99 —

0-98 :I 111 | L1111 | 1111 | L1111 | 1111 | L1111 | 1111 | L1111 | L1111 | 111 :

0 10 20 30 40 50 60 70 80 90 100
Centrality (%)

Overall, we see a similar picture between data-driven and Trajectrum results Wilke van der Schee
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RAA VS. N

part
Lo , 1.000
0.9 ‘ [rajectum Trajectum
0.8 0.995
507 :E
~ 0.6 ~ 0.990
0.5|— Iziu ~—
— LI 0.985
0.4 __ STAR (pr > 5.1 GeV/c) | — Ru/Zr
035 50 100 50 . 0 50 100 150
Npart Calibration Npart

* Reproduce the trend of STAR data
« Selection bias effect in peripheral events can not described by Trajectum  wilke van der Schee
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1.02

1.015

1.01

0.98

0

High p+ Charged Particle Yield Ratio

Ru/Zr \fsNN=5.02 TeV, 6.4<pT<7.2 GeV/c
Npart based

Trajectum, sNN=200 GeV, 6.O<pT<7.0 GeV/c

Centrality (%)

10 20 30 40 50 60 70 80 90 100

Yield Ratio

1.1

1.08

1.06

1.04

1.02

1

0.98

0.96

Ru/Zr \fsNN=5.02 TeV, 6.4<pT<7.2 GeV/c

Npart based

Trajectum, SNN=200 GeV, 6.0<pT<7.0 GeV/c

0.94
0

10 20 30 40 50 60 70 80 90
Centrality (%)

 R,,: Mix theory uncertainty and pp reference uncertainties in!

* Instead of the R,, ratios, yield ratios are more sensitive to initial conditions (via N;)
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Sensitivity to Different Parameter Sets

1.16
1.14
1.12

—
—

1.08
1.06
1.04
1.02

Yleld Ratlo

0.98
0.96 -

, .

Ru/Zr

Trajectum, \s,, =200 GeV, 6.O<pT<7.O GeV/c
"""""" Npart based VS =200 GeV, P, >5.1 GeVl/c

*
-+
. .
o (5
o*

0

10 20 30 40 50 60 70 80 90 100"
Centrality (%)

nucleus R, [fm] o,[fm] R,[fm] o,[fm] By Bs T anlb]
aRu(l)  5.085 0.4 5.085 0.4 0.158 0
%7r(1) _ 5.02 0.46 5.02 0.46  0.08 0
SRu(2) 5.085 046 5085 046 0.053 0
7r(2)  5.02 0.46 5.02 046 0217 O 4.579
o o e E 5 -
0
0
()

0. 062 0.202

Similar to Electroweak bosons, we could use
high p; hadrons to infer nuclear structure

Require much smaller statistics than Z
and W bosons; higher accuracy than
Isolated photonsS
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> Colorless prolbes: unmodified, sensitive to N, and nPDF

e Colored Probes: modified, size of the modification reflect the initial
conditions of the collisions

* Work during the workshop on RuRu and ZrZr:
» W/Z/y and DY yield ratios: directly window to the N, ratios
* Sensitive to o, and o,
* Difference In jet quenching effect is at the level of 0-2%
» Can be extracted by hadron to EWK boson yield ratios at the LHC
* Quenching effect largely cancel in yield ratios
* High p; hadrons (jets) could be used to infer nuclear structure
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Backup Slides
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400

350

300
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200

150

100

50

. M

20 40 60 80
® RuRu Npart @ ZrZr Npart RuRu Ncoll ZrZr Ncoll
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Ratio of Charged Particle p; spectra in XeXe and PbPDb

404 ub™ (5.02 TeV PbPb)
| I| | | | | |

,3.42 ub” (5.44 TeV XeXe

S

404 pb™ (5.02 TeV PbPb), 3.42 ub™ (5.44 TeV XeXe)

n | T n | | ]
1.8 CMS - 1.8 CMS -
161 = 161 =
1.4;— —; 1.4;— —
1.2F = 1.2F #

& 1 ®ow :
0.8 = 0.8 -
0.6 Ml<1 . 0.6 Mi<1 =

- Normalization uncertainty - - Normalization uncertainty -
0.4 —Expectation from \'s difference = 0.4 —Expectation from \s, difference E
025 0-5% E 0.2 5-10% E

B I I | | | | L1 1 1 | IT B | I | | | | | | L1 1 1 | | | | L1 1 IT

0= 10 102 0 10 10
p, (GeV) p, (GeV)
« Below p~5 GeV: R*¢, ~ ratio of pp in different CM energies
XeX T Pb
RXG(PT) o dN"¢ e/dPT Tpbpp * At high p+, the deviation from pp is up to 30%
Pb

~ dANPPPP /dpp Txexe
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Correlation between high p; and low p- v,

404 },Lb (5.02 TeV Pbe)

CMS
T T T T I 1 1 I 1 | I 1 I I I I ! | 1 1 | I 1 | 1 I | 1 I | | I | I I 1 | I 1 I I
- ® v,{SP} 14 <p; <20 GeV/c 1 20 < p;r <26 GeV/c t 26 < pT < 35 GeV/c
O ] I '
| —v,{SP} 0.55+0.02 | =v.,{SP} 0.42+0.01  [J | =Vv,{SP} 0.41+0.01 +
:; | - - v,{4} 0.56+0.01 { ==v,{4} 0.45+0.02 s | «ev {4} 0.41£0.01 L
cI -+ -
5 il .2 1 ¢
2 0.05 ul ®
. K= |
® 0
1 1 1 1 1 1 1 | 1 1 1 1 | 1 | I | | 1 | | 1 | | | I | | 1 1 1 I | | I 1 1 I
0.05 0.10 0.15 0.05 0.10 0.15 0.05 0.10 0.15

Low-p; v, (1.0 < p; < 1.25 GeV/c)

 Linear correlation between high and low p; v,
* The points represent the centrality bins 0-5, 5-10, 10-15, 15-20, 20-30, 30-40, 40-50,

and 50-60%.
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1.1 i )
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0 0 100 200 300
N, In[<0.5
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High p; v,

CMS 1.0 <p*' < 3.0 GeVic
5 1.4 _ ". Centrality: O—5+% _ 5-10% _ 10-15% _ 15-20%
2 '_".00 ¢ '_ '_ -
%51.25#**:.:;_. . + Es..... ® ‘_ _ ._._._.—._._T_ S E _._.._._._ _*_ |
BN G IR e E IR et R S SR R
20 i ;' _' ;' L

20-25% | 25-30% 30-35% | 35-40%

| ':‘u*+f'::.*f"=:u*-fmu*.

ST

vi[XeXe]v [PbPb]
o o
o 00 .
_l LI LI I LI LI LI LI _l T
_ t_‘ i

= 14F 40-50% | 50-60% | 60-70% £ v, [XeXe, Y5 = 5.4 TeV]
S 12f 3 : E v, [PbPD, Ys,, = 5.02 TeV]
S S R S co-tb o ee L en-2

2 [*Sgegne * " ° : o0 ® : o® :

S 08} a - "? r 3 - - ®n=3

Y [ [ n [ Wy [

g :' t :' o =4

P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c)
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0.12

0.10—

0.04—

0.02

0.00

Pb+Pb 5.02TeV:
@ Glauber, 1p=1fm
@ Glauber, 15=0.8fm
® Glauber, 15=0.6fm
® Glauber, 15=0.4fm
@ Glauber, 15=0.2fm
O Glauber + FS

@ TRENTO

@® EKRT

26,
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© IP-Glasma P
A

Pb+Pb 2.76TeV:
A Glauber, 1p=1fm

A Glauber, 1p=0.6fm A
A\ Glauber, 15=0.2fm /"
/"
P

Xe+Xe 5.44TeV:
B Glauber, 1o=1fm
M Glauber, 15=0.6fm
B Glauber, 15=0.2fm

, | | |
0.06 0.08 0.10 0.12

AL/L
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0.12

0.10

0.04

0.02—

0.00

0.00

4

@ Glauber,
@ Glauber,
@® Glauber,
® Glauber,
@ Glauber,

To=1fm

79=0.8fm
7o=0.6fm
79=0.4fm
79=0.2fm

() Glauber + FS

@ TRENTO
@ EKRT

,’
© IP-Glasma /9’

g’

4

2°
”ﬁ

J

1

// JTo(T)

l | | |

0.02

0.04
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006 008  0.10
(T2)

Constraining Initial Condition from Hard Probes

JT (7, 9)

_ JdadyT*(x + 7 cos ¢,y + 7sin ¢, 7) no(, y)

[ daxdyne(z,y) [dpcos20 T3 (x + Tcos ¢,y + Tsin g, )
N [daxdyng(x,y) [doT3(x +Tcosp,y + Tsing, 1)
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1.6

Theory/Data
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27.4 pb™ (5. 02 TeV pp), 3.42 ub’’

Charged Particle

(5.44 TeV XeXe)

:CMS

|||||||||
=
A

IdI|III|III|III

Normalization uncertainty

E

CMS 5.44 TeV XeXe -

LBT

Djordjevic

s CUJET3.1/CIBJET
—— Andrés et al.
SCET,

- 0-10% -
_I | I I | I I I I I I I I | I I I I I I I I_l _
Total data uncertainty .
I1 - ""”1|0 " "'”1'62
p, (GeV)

Theory/Data

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

R,A IN XeXe collisions

IIIIIII I |

—e— CMS 5.44 TeV XeXe
s LB T

Djordjevic
B CUJET3.1/CIBJET
Andrés et al.
SCET,
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XeXe and PbPb Charged Particle p; Spectra Ratio

404 pb™ (5. 02 TeV PbPb), 3.42 ub” (5.44 TeV XeXe) 404 ub (5. 02 TeV PbPb), 3.42 b’ (5.44 TeV XeXe

p

[ LI I I I T T I T T T I_I_ [ T T T I I I T T | I T T T
, gb. CMS E | g-. CMS 3
"L Supplementary . - Supplementary .
1.6 E 1.6 =
1.4 : 1.4F ]
1.2 = 1.2 _W" =]
%Cﬁ 1f_l I = %I:ﬁ 1;I S e — _f
0 8:_ ml <1 - 0 8:_ ml <1 =
"“C M Normalization uncertainty , "L M Normalization uncertainty -
0.6 —PYTHIA 8 expectation — 0.6~ —PYTHIA 8 expectation —
- —LBT (0-10%) . - —LBT .
Tor —COERSCESE 0100 E I G -
0'2;_ — Andrés et al. | 0 5% - 0'2;_ | ' | 30 500/0;
0= 102 0= 102

10
p. (GeV)

Yen-Jie Lee (MIT)

10
p. (GeV)

I VS,

dN*eXe /dp1 Tpppy

RPb(PT)
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dNFPP /dpr Txexe
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Consistency between RHIC and LHC Results

2T Zr
0.25 0.50 0.75 0.25 0.50 0.75

10 1.0{(a) STAR /xg;u, 0-10% (b STAR /QQ,;U, 0-10%
. 12 < p9 < 20 GeV 12 < p9 < 20 GeV
95% ClI of posterior o8l R
8 - |
0.6
Au+Au 0.2 TeV ! 0.41 £ HH B
m 6 0.2 >E“ | 5.1 B
t . Elﬂ-—
(U. lllll 0.0
4 1. - "SSE=eeN 1.04(c) ALICEt I, 0-10%  [(d) PHENIX, ATLAS R%,
........... Pb+Pb 2.76 TeV. gl ETPT SBCe >
................. _ .0 7 ‘b( y <+
2° S T I.D.t?+Pb Ry eV | 0.6 < > S P
............. se s b 1 o j -
A” Systems ............... 0.4- E | D Qf’)o\o
0 ' : ' ' — . R
0.2 1 =1 Posterior 60% ClI QO
02 03 04 05 0.0 Posterior 95% CI
T [GeV] "0 5 10 10 100
p7>°°¢ [GeV/c] pr [GeV/c]

« Don’t have enough accuracy
* Expect high precision data from sPHENIX should provide important constraints at low T
« Consistency checks between RHIC and LHC data Wei-Yao Ke
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QGP Transport Properties with RHIC and LHC Run 2 Data

AL L L —] Jet Quenching Parameter q
1 6 __ JETSCAPE Matter M. Xie et. al, 2206.01340 ]
- JETSCAPE LBT LIDO, 2010.13680 1« Extracted mainly from charged hadron spectra R,, data
14 B ¢ JET Collaboration ] C.Andres et. al, KLN LHC, 1606.04837 | e Some ana|yses included V-hadron and di-hadron data
: O C. Andres et. al, KLN RHIC, 1606.04837 :
12 B C. Andres et. al, Hirano LHC, 1606.04837 7 ° q [T3: decreasing trendvs. T
1 O N i C. Andres et. al, Hirano RHIC, 1606.04837 |
- - 4 M. Xie et. al, 2003.02441 1+ Extracted values differ by up to a factor of 7
- i ' i
:5— 8 — + X. Feal et. al, Quark Jet, 1911.01309 — o
N 1 Remaining Issues:
6 | = | . . |
_ H J[ 1« Different jet quenching mechanisms in theoretical models
4r T - | | | |
- DS t 4 1« Different QGP media used in calculations
21 +4 o + o4 N .
- o® -1+ Hadron re-scattering in the hadron gas phase
0 B | | 1 L 1 | I | | | | | | | |
0.2 0.4 0.6 0.8 « Hadronization of fast moving partons
T (GeV)

Compilation by YJL, Michael Winn, Liliana Apolinario arXiv:2203.16352
Progress in Particle and Nuclear Physics, 103990 (2022)
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QGP Transport Properties with RHIC and LHC Run 2 Data

i Lattice QCD
40 I~ <Q\ oDing e't al. 12 |
n A +Banerjee et al. 12
i 0\/0 aKaczmarek et al. 14'
b Q(}C’ __ OFrancis et al. 15'
3 it 3204 aBrambilla et al. 20
WO e P mAltenkort et al. 21" —
Q B oDing et al. 21'
. T..- *\’
5320 i T

Xin Dong, YIL, Ralf Rapp, Ann.Rev.Nucl.Part.Sci. 69 (2019) 417-445
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Charm diffusion coefficient Dg

Bayesian analysis from D meson R,, and v,

PQCD calculations at LO are ruled out by the data

Non-perturbative calculations with a potential close to
the HOQ free energy from LOCD are not viable

Increasing trend of 2mTD, vs. T in various models
Remaining Issues:

« Hadronization of charm quarks

« Charm diffusion mechanism

« Different QGP media used in various calculations

* Precision of the experimental data
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y [fm]

Yen-Jie Lee (MIT)

Parameter Sets

nucleus R,[fm] o,[fm] R,[fm] o,[fm] By Bs O an D]
Ru(l) 5085 046 5085 046 0158 0 = 4.628
wZr(l) 502 046 502 046 008 0  4.540
Ru(2) 5085 046 5085 046 0053 0  4.605
ozr(2)  5.02 046 502 046 0217 0 4579
Ru(3) 5.06 0493 5075 0505 0 0 4734
Zr(3) 4915 0521 5015 0574 0 0  4.860
wRu(4) 5053 048 5073 049 016 0 4701
wZr(4) 4912 0508 5007 0564 016 0  4.829
Ru(5) 5053 048 5073 049 0154 0  4.699
2Zr(5) 4912 0.508  5.007  0.564 0.062 0.202 4.871

Constraining Initial Condition from Hard Probes

Wilke van der Schee
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Parameter Sets

Table 2: The WS parameterizations (radius parameter R and diffuseness param-
eter a) of proton and neutron (and nucleon) density distributions for °Ru and
%671, matching to the corresponding (r) and (r*) from the DFT-calculated spher-
ical densities with SLy4 skyrme parameter set [[1| [25]. The WS parameteriza-
tion of nucleon density assuming a quadrupole deformity parameter 8> = 0.16
and matching to the spherical DFT density is also listed. All quoted numbers

are in fm.

96Ru 96ZI.

R a R a
p 5060 0493 4915 0.521
B2 =0 n 5.075 0.505 5.015 0.574
p+n 5.067 0.500 4.965 0.556
p 5053 0480 4912  0.508
B2 =0.16 n 5.073 0.490 5.007 0.564
p+n 5065 0485 4961  0.544
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..150

Necon, RURU/ZrZr

125 4
..100 +
0754
..050 4
025 1
..000

1,975 4

..¢".wf0..n_skih

1.8950

¢ wn-skin
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20 db Al a0 100
Centralitv (%)

Wei-Yao Ke
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Initial Condition Used in HQ Diffusion Models

PHSD IC
ed(x,y), 10 =0.6 fm/c 101
_5_
=10 1

-10 0 10

HQ position, 1o=0.6 fm/c 44|

_10_
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-10 0 10
X [fm]

trento average IC

ed(x,y), T0=0.6 fm/c 10-

_10_

-10 0 10

HQ position, 10=0.6 fm/c 44|

¢ d
_5-
_10_
10 0 10
X [fm]

trento single IC
ed(x,y), T0=0.6 fm/c

v

-10

HQ position, 19 =0.6 fm/c

10

-10

X [fm]

Constraining Initial Condition from Hard Probes
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PRC 99 (2019) 1, 014902
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Probes Produced with the QGP

LBT-CCNU Model

[ poeb Jet Quenching
PP

Quarks

(As Probe!)

Photons or
Z DOSONS (As Tag))
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Transverse Momentum Ratio of Quark-enriched Jet and Boson

0
Photon + Jet  arLas Z> boson + Jet
S — . pp 5.02 TeV, 25 pb'1 1 \[q,;_soz TeV PbPb 404 ub™, pp 27.4 pb
L CMS Jet Quenchlng Pb+Pb 5.02 TeV, 0.49 nb™ CMS e e
1 e CMS/| ts} pp (same each panel) [ + Cms |
za|>50.8 s 0|0 i —— ] ~ Pb+Pb ) w08 g—_ .
= ; | 32grm e 2 ; _
“ 06 - . f 1.8 —|=N 0.4l o
| ¢ * o) = :Ilg b= 0.4 é
0.4} O 1 =< 15 [ = +
B ] R o) 1 2 1.215 02| T
0.2} ¢ O 1 = 0.8 i
" . | ~ g8 = o
0.'&_-'7'-""' """ m 0:2E Oo'-'blz”bldl.bjé'6'51'4""115”114"1'6”'1181""7#
05 115 AR RERR Y, il Al
— e X N
ammennie | X <P/ " [emuswmonsn | P CTPT

 Photons and Z bosons are not affected by QGP

=)
* Initial transverse momentum ~ O o3 @
-> Quark-enriched jet (70% quark) to boson momentum ratio lowered
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Evolution of spatial and momentum eccentricity

— PHSD-IC --=====  trento-ave-|C

PHSD IC trento average IC trento single IC
101 edixy), 10=0.6 fm/c 10/ edlx,y), T0=0.6 fm/c 101 edlx,y), To=0.6 fm/c
5 ' 5 0.20 0.08
E . - . . : ’ =
> ® ™
: 5| ° & 0.15 -0.06
-10- 101 -10- —
-10 0 10 -10 0 10 -10 0 10 =
@ 0.10 L 0.04
-
m bl-b
0.05 T 10.02
0.00 - - . . 0.00

0 2 4 6 8
T [fm/c]
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v, based method: Correlation between v, and (1-Ry,)

« Experimentally in PbPb collision at 5.02 TeV 0.107
 Linear correlation between v, and (1-R,,):
* V,/(1-R,,) ~ cOnstant
0.05+
3y
O_L

0.2 0.4 0.6
1 — RAA

PLB 835 (2022) 137501
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v, based method: Correlation between low and high p+ Vv,

« Experimentally in PbPb collision at 5.02 TeV

CMS
. . L L s e
 Linear correlation between v, and (1-Ru,): L[ S vASEE e sprs20Getier 20 <pr <26 GeVie|
* V,/(1-R,,) ~ constant v E{J I |
| —V,{SP} 0.55+0.02 | =V,{SP} 0.42+0.01 _
_ > L= v,{4} 0.56+0.01 | ==v,{4} 0.45£0.02 ;
« STAR has measured low p; particle v, & | !
. . . k2 | 4 +’
« Assume low p; Vv, ratio = high p; v, ratio £ % | =)
are the same (like in PbPDb) - T
* 2 (1-R,,) ratio = high p; v, ratio S R X T R X - T X R KT
= low Pt Vs ratio Low-p; v, (1.0 < p; < 1.25 GeV/c)
PLB 835 (2022) 137501
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Smoother initial
condition

Need to have smaller n/s

8 » to reproduce v, data Lead to small D

0 (smaller smearing effect) And larger g

N -
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Probe the QGP with High Energy Quarks and Gluons

Proton+Proton
Lead+Lead

Asymmetric dijets in Lead+Lead collisions!

PRC 84 (2011) 024906

PLB 712 (2012) 176

N -
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Transverse Energy Density In Different Models

MC-Glauber MC-KLN [P-Glasma

'V
o

-8 -8 “ ha -8
6 6 6
5 B 7 8 e i & e Ny | 4
6 -2 6 2 6 -2
0 4 2 i A 0
y[fm] y[fm] 0 - < y[fm]
2
g 8
EKRT / Wounded
KLN IP-Glasma nucleon
-« - — ——e . —
-1.0 -0.5 0.0 0.5 10

P

N -
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Trajectum: Zr+Zr R,, and Ru/Zr R,, Ratios

/r Ru/Zr
1.0 - - 1.000
0.8 0.995 \
0.6 <
-0 0.990 0
< |— 0-10% < o 100_—1200/-%
0.4 10 — 20% 0.9851 20— 409
021 10 eonn 0 800
0 0 Trajectum 0.980+— 60 — 80% Trajectum
0.0 5 1 - 2 0 2 4 6 8 10
GeV/c
pr [GeV/el priGev/el

|
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Trajectrum: R,, ratios

1 _05 _I L | T | LI | T | LI | T T | I | T T | [ | Tl I_

------------------------------------- B RuRu/ZrZr i

— | — out—of—plane ] - N,y based Y5, =5.02 TeV, 6.4<p <72 GeVic -

é — in-plane === 1.04 1 N, based \5,,=200 GeV, p >5.1 GeV/c u

N 1 i 1 O_ o average . E Trajectum, Vs, =200 GeV, 6.O<pT<7.0 GeV/c E
> ‘ 1.03F -

9 1.05_‘ _______ i O E E

= ; = 5 1.021 —

o ' 14 - ]
& 1O _ 2 1010 ]
Ru/Zr vV sy = 0.2 TeV Trajectum Y i ]

0 10 20 30 40 50 60 70 ] R NS -

0.99 —

0-98 :I 1 1 1 | 1111 | 1 111 | 1111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 11 :

0 10 20 30 40 50 60 70 80 90 100
Centrality (%)

Wilke van der Schee
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