F

PADOVA

Sezione di Padova

Experimental results on heavy flavour
baryons in pp and Pb-Pb

Mattia Faggin - University and INFN, Padova (Italy)
Terzo incontro sulla fisica con ioni pesanti alle alte energie

26" November 2021 - Padova (Italy)



Heavy quarks: a unique probe

« Mass of the order of ~ GeV/c?
— charm and beauty quarks mainly produced in hard-
scattering processes among partons

26th November 2021

* Pb-Pb collisions: produced before the QGP formation
Tqep ~ 1 fm/c (production timescale: At ~ 1/Q ~ 1/2m)

* Full evolution of the system experienced

Measurement of charm and beauty hadrons: access to
charm and beauty quarks dynamics

pp collisions ©e—> e

e Tests of pQCD calculations = P

* Reference for heavy-ion collisions

Pb-Pb collisions » @

* Hot nuclear matter effects ? P CHARM BEAUTY
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me =13 GeV/c®  « my ~ 4.2 GeV/c?
At, = 0.08 fm/c e Ar, = 0.03 fm/c

— Energy loss in the QGP
— Collective motion of the system
— Modification of hadronization mechanisms




Charm and beauty hadron formation in e*e™ and Pb-Pb collisions

+ — Pb Pb é
e e z
o —> o ” $—> *—@ 5
) .Pomt-ll.ke object Increasing “point-like” * QGP: Co(;nplex larfgfe-513e system
interaction object interactions PaI‘t(.)I.l egrees of freedom
* Fragmentation * Modification of hadronization
mechanisms
c/bql‘a‘?%
Fragmentation Coalescence

More on F. Bellini’ talk “Experimental
overview: hadronization and
coalescence in light and heavy flavour
sector”
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https://agenda.infn.it/event/21267/contributions/143171/

Charm and beauty hadron formation in pp collisions

e’ e” p p %
e —> <o 4 ©— — e 4 @—» «@ 3
« “Point-like” object . Superimposition of many QGP: complex large-size system .
interaction “ete~” collisions? « Parton degrees of freedom
* Fragmentation « Colour charges from MPI * Modification of hadronization
enough to modify mechanisms
hadronization?

Standard description of heavy-quark hadronization based on the factorization theorem

> Fragmentation functions assumed universal and constrained from e*e™ and e”p measurements

datic do€ =
de (p1; e, ur) 5| PDF(xq, i) - PDF (o, pp ®Id_pc (1, X2, g, BF)|®|Deosn (2 = P /Pe» HF) py = %, Py Qé
T T |

o)
2
<
)
=
o
=
S
<
I
A
Z
=
Z
S
=
©
=
5=
%]
—
()
£
E
=)
1
£
B0
60
@
(&3
©
B
-
<
=

Parton distribution Hard Fragmentation P, 5y = 2P, |-
functions (PDFs) scattering function S5
cross section (hadronization)
(pQCD) [

N
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Heavy flavour (HF) production in pp collisions - p

26th November 2021

Vs = 5.02 TeV
Ty L L B B
< O pp, (s=5.02TeV -
> 10° D =
O E -
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25

Fragmentation functions constrained from e*e™ measurements

Theoretical models based on a factorisation approach describe
the meson production within large uncertainties
D-meson cross section on the upper edge of FONLL prediction
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D-meson ratios independent among collision systems and vs. pt

Ul



https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6873-6
https://arxiv.org/abs/2110.09420
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vy HF duction i llisi
Heavy flavour ( pro uctlon 1n pp collisions - p ]
Vs =5.02,13 TeV 5
S 6 DO pp, Vs = 5.02 TeV ] c
O E - - . @ | I R B ] i
g 10E Prompt D°, |y|<0.5 = :Q 1.4 ALlCE |y|<05 ] = LHCb =
= — E O . [ Pb-Pb,ys,, =502TeV 1 S 3
%.— ; - AIcE N 120 . 0\’15()T°/ ° E § \s=13TeV 43
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0 25 30 35 LHCb: Phys. Rev, D 100,031102(R)  P(H ;) [GeV] >
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g
Fragmentation functions constrained from e*e™ measurements * Beauty baryon-to-meson: Z
» Decreasing trend vs. pr E
Theoretical models based on a factorisation approach describe » Enhancement at low p with g
the meson production within large uncertainties respect to Bf /(BY + B™) =
(&3
D-meson cross section on the upper edge of FONLL prediction \ \ . g
—— —— e o AN ©
D-meson ratios independent among collision systems and vs. pt ’\ @5 ’\ o v 2" )
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6873-6
https://arxiv.org/abs/2110.09420
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Heavy flavour (HF) production in pp collisions -

A¢
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— pp, Vs = 5.02 TeV —

T ‘ T T T | T T T |
- -e- ALICE, |y| < 0.5 y

- = CMS, |y| < 1.0 (PLB 803(2020) 135328)

ALICE: Phys. Rev. C 104, 054905
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«HALICE: Phys. Rev. Lett. 127, 202301
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Theoretical models based on the same approach significantly

underestimate the baryon production

A¥ /DO ratio:
— Significant decrease with pt
— X 2.5 — 5 enhancement in pp collisions compared to e*e™

ALICE: Phys. Rev. C 104,054905 ALICE: Phys. Rev. Lett. 127, 202301
S‘ - T Tt
) - ALICE pp, Vs = 5.02 TeV ’
% 1%L Prompt A, |y| < 0.5 —
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' /f'" — Further mechanisms playing a role?

— Non-universality of fragmentation functions?

26th November 2021
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https://arxiv.org/abs/1906.03322
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301

Charm fragmentation fractions in pp collisions

ALICE: arXiv:2105.06335
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|
= ALICE, pp, Vs = 5.02 TeV |
+ B factories, e'e”, Vs = 10.5 GeV I
+LEP,e'e, (s=m, |
« HERA, ep, DIS |
o HERA, ep, PHP I

|

|

ks

ALI-PUB-488617

First measurement of f(c — Z.)

Vs = 5.02 TeV

©— — @
p p

Single species cross section normalised by the sum of

all ground states charm hadrons

Fragmentation fractions f(c — H,) not

universal
— significant baryon enhancement in pp
collisions
H. f(c — Ho)[%)
D  39.141.7(stat) F33(s
Dt 17.341.8(stat) ) 1(s

DS 7.3+ 1.0(stat) "} ] (syst)

4.1 (o
—1.9(5y5t)

D*™ 15.541.2(stat)

A} 20.4i1.3(stat)—§;§(syst)

26th November 2021
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https://arxiv.org/abs/2105.06335

Vs = 5.02 TeV

N

Barvon enhancement - models c— e

p p =

o]

g

z

ALICE: Phys. Rev. C 104, 054905 ALICE: Phys. Rev. Lett. 127, 202301 J.P. Christiansen, P. Z. Skands: JHEP 1508 (2015) 003 E

O

o T 1 T T I T T ] T I ] T T . . ) o
o , 1. PYTHIA 8 with improved Colour Reconnection (CR)
| E ALICE —e— pp, Vs =5.02 TeV ] * S

oo - === PYTHIA 8 (CR Mode 0)

— “junction” topology enhances charm baryon

N — PYTHIA 8 (CR Mode 2) ;
production

~— PYTHIA 8 (CR Mode 3)

_ [ TorR TR — @ @

M. He and R. Rapp:
~— SH model + PDG Vs.

SH model + RQM
O=o @)

V. Minissale, S. Plumari, V. Greco: arXiv:2012.12001

2. Catania model

o Thermalised system of u,d,s and gluons assumed

p. (GeV/c) o Mixed hadron formation
! a. fragmentation
A DO b. coalescence

@ / — imposed to be the only mechanism for p — 0
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https://link.springer.com/article/10.1007%2FJHEP08%282015%29003
https://arxiv.org/abs/2012.12001
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301

Vs = 5.02 TeV
Baryon enhancement — models R

M. He, R. Rapp: PLB 795 (2019) 117-121

ALICE: Phys. Rev. C 104, 054905 ALICE: Phys. Rev. Lett. 127, 202301 o ) ) o
S A m e e e o e 3. Statistical Hadronization Model and Relativistic Quark

26th November 2021

o

O

>, =  ALICE —e— pp, s =5.02 TeV . Model (SHM + RQM)

= ---= PYTHIA 8 (CR Mode 0) L o _
Ll e PYTHIA 8 (CR Mode 2) . o Hadronization ruled by thermo-statistical weights

—— PYTHIA 8 (CR Mode 3) .~ m2 .
i L TRt i Tt goverr?ed by hadron. ma_sses (n; ~ m;TyK,(m;/Ty))
] S Catania, fragm.+coal. ] at a universal hadronization temperature Ty
‘ —— SH model + PDG | | }_ o Strong feed-down from an augmented set of excited
0.5 B

- PDG:5A,, 3%, 8E 2.
i — RQM: additional 18 A, 42 2., 62 2., 34 ).

Can further baryon measurements help
understanding the mechanisms underlying
the baryon enhancement?
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pT(GeV/c)
T N S A I
PDG (170) 1.161 0.5098 0.5010 0.3165 0.3310 0.0874 0.0064

RQM (170) 1.161 0.5098 0.5010 0.3165 0.6613 0.1173 0.0144


https://www.sciencedirect.com/science/article/pii/S037026931930382X?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301

O+++ Vs =13 TeV

— larger relative enhancement than A./D°
At « X./Af =0.38 + 0.06(stat.) + 0.06(syst.)

Heavier charmed baryons: X = B
u C ALICE: arXiv:2106.08278 [hep-ex] P P 5
Q
0 Q0_8_I|||II\1\\|‘\|\‘\\I|II||III|I_ S}J1'2_III"Ill‘ll‘lll“lll“lll‘l_ 0 §
® - ALICE . 0 _ ALICE ] 2
ZC X 07F <05 " PP s=13TeV E X 4L <05 v pp, 5=13TeV | 2:c z
Q C ] S_ - e PYTHIA 8.243, Monash 2013 7 N
+ T_“ 0.6 - PYTHIA 8.243, Monash 2013 — i B PYTHIA 8.243, CR-BLC: 7 +
zc S - PYTHIA 8.243, CR-BLC: . & o 08L e Mode 0 - monn Mode 2 N ZC
05F Mode O - -mo - Mode 2 - WY-OL it Mode 3 1
it S Mode 3 ] R SHMRQM
- ~. SHM+RQM B hyts B S w Gatania ] + 4
zc 0.4 Fy T W CatarTia : 0.6 Tl —— QCM i 2:c
Fa QCM : - RN ]
0.3 S M BR uncertainty _; B |
02F £ : _
0.11 = == i =t
C ] i 3
_I L1 | | I | J L1 1 J 111 ‘ L1 1 | L1 1 I L1 1 I l_ 0 L1 1 { 111 | 11 1 J L1 1 { L1 1 | L1 1 I L1 1 E
2 4 6 8 10 12 14 2 4 6 8 10 12 14 A
p. (GeV/c) p_ (GeV/c) 5
T T =
ALI-DER-493901 ALI-DER-493906 ol
=
. + o =
Larger than e”e™ results (<~ Monash) « Measurement of A, feed-down from X 7
g
=
0,+,++ 3
« X. 777 /D partially accounts for larger A¥ /D° * Overestimated by CR modes s
- Well described by SHM + RQM and QCM (c — some parameter to be tuned to describe the 5

coalescence with equal-velocity light quarks, direct A production?

thermal weights for abundances) predictions

11

QCM: J. Song, H. Li, F. Shao: Eur. Phys. ]. C (2018) 78: 344



https://arxiv.org/abs/2106.08278
https://epjc.epj.org/articles/epjc/abs/2018/04/10052_2018_Article_5817/10052_2018_Article_5817.html
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Vs =13 TeV

Heavier charmed baryons: o~
H C P P o
E
o - T | T | 1 | T 1 I 1 | Ll =
ot o 0BT | _ 02 ] :
c 0.5F PP Vs =13TeV, zpo 7 c [ pp, Vs=13TeV pya g - 2
@ S I Iy <05 —° : 4 - |y| < 0.5 PYTHIA8 Monash —— —— - o
3 [ ' v, SHM+RQM i - PYTHIA 8 Mode 2« o
= 0.4 o =i Catania (coal.+fragm.) 7 Re) 10 = Catania == - =
] L S || | N QCM i o - [ BR unc. QCM  weereee wmmeen ]
@ *(.3 - PYTHIA8.243 1 += C SHM+RQM w7 w3
L . i (- L -
=0 S 0.3 Monash — o T, ____E _____ —
¥ > OO Y T T Mode 0 i 22 Zé“ & [T % |
—_— Mode2 - @© 8[| ot _
M ok ——Mode3 o E
0 0.1F b =
D 7/' T : é
L o e i A e Tt g ] Dcf
m 0 C 1 | 1 | 1 | 1 | 1 | 1 | 1 1 = E
0 2 4 6 8 10 12 14 ALICE arXiv:2105.05187 0 2 4 6 8 1 0 1 2 14 z
V ALICE: arXiv:2105.05616 \V =
ALI-PUB-487391 pT (Ge /C) ALI-PUB-487396 pT (Ge /C) ?
"O " /D shows clear pp dependence and is larger than e*e™ . 2/ 23 ">** in agreement with g
=)
Slgmﬁcantly underestimated by models Monash 2
_ _ — similar enhancement for the two &
o Something anomalous with strange quarks? o T e
baryons w.r.t e"e™ collisions? =
o DI/(D° + D*) compatible with expectations from ete™ e . . =
a L y A -— ”:' ) / 7 »“: ) /7 »; “: ‘\
— baryons are ‘strange (@b ‘\ @@ Z (@5

—
N

Catania (fragm. + coal.) works better W o N



https://arxiv.org/abs/2105.05187
https://arxiv.org/abs/2105.05616

Heavier charmed baryons: Q2

— 7 1 ' 1 * T * T ' 1T * T ' 3§
ALICE Preliminary PYTHIA 8 ]
10~ & PP, Vs=13TeV, |y| <05  =MonashxBR ]
E . Dat CR-BLC E
Foeala Mode 2 x BR -
o[ Catania (coal.+fragm.) x BR 7
10 E - Catania (coal.+fragm.+res.) x BR 3
- QCM x BR .
-3

10 :E _$_—$— + E:
10— E
E i, 3
10—5 L —n, 5

105k

BR(QY — Q%) = (0.51+ 0.07)% [EPJC 80, 1066 (2020)]
N SR RURN NN R B

0

2 4 6 8 10 12 14
pTGeV/c

ALI-PREL-486632

BR(Q? > O~ 1t) x QO
DO

Pythia 8 with CR underestimates data
 Coalescence models get closer to Q2 /D°, but still
not enough (higher-mass resonance decays included)

C’)'-"\o E 1 I 1 I 1 I Ll I 1 I T I T E
Q) F ALICE Preliminary PYTHIA 8 3
“:?; [ pp, Vs=13TeV, |y| < 0.5 == Monash xBR 1
So CR-BLC
G 19l *bata o Mode 2 x BR =
‘6“ 10 E Catania (coal.+fragm.) x BR ode 2 3
X E Catania (coal.+fragm.+res.) x BR E
E L #=4QCM xBR -
: 2
T E == _— 3
o0 = I_T_I l—‘f—l -]
S ]
oc
m 1073 E =

I ——-/_'—'—\/—:

104 E o e
BR(QY - Q") = (0.51+ 0.07)% [EPJC 80, 1066 (2020)] 3

1 ] 1 | 1 ] 1 | 1 ] 1 | 1 .

CD Il”q

ALI-PREL-486637

2 4 6 8 10 12 14
pTGeV/c

BR(Q? > O~ 1tt) x 0O

=0
~=C

Vs =13 TeV

©— — @
p p

BR(Q2 -» Q1) = (0.51 4+ 0.07)%

(Y. Hsiao et al. EPJC 80, 1066 (2020)) used to scale
model predictions — not measured

Q0 : sizeable contribution to charm production at LHC energies?

26th November 2021
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https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y

Charm productlon VS. mult1phc1ty

Ly 2<p <4Gerc I 4<p <BGeVlc 6<p <SGeVic

00.85— @" "@ —

04;1-% +=§=’y — %%ﬁ + _

-1 D°

A

0.2f eo T

- T 1 10 100 a0
: 8 < pT< 12 GeV/c 1 12 <p_|_ <24 GeVic <chh/d”>|7}'|<0-5

ALICE
1 &b pp.(s=13TeV
] SPD multiplicity classes
arXiv:2111.11948 [nucl-ex]
pp Minimum Bias, Vs = 5.02 TeV
Phys. Rev. C 104, 054905
1 O p-PbMinimum Bias, ys,,, =
7] Phys. Rev. C 104, 054905
* + {1 & PbPb s =502TeV
T T Y T PRI BT BT | ] ALICE Preliminary
10 10? 10° 10 10 10°
(AN /)< (AN /A1)y <08

A

/ D"

.,.
C

A
]
(o]

0.6}

0.4}

5.02 TeV

%
i
<
-
—_——

e 1 *
i ok

Increasing event
multiplicity

@ — — @
p
. =
P
Pb Pb Pb

pp, p-Pb, Pb-Pb colliding systems
compared through common
multiplicity estimators

« A! /DO ratio smoothly increasing at

intermediate pt from pp to Pb-Pb

Same underlying processes ruling
the HF production in different
colliding systems?

®/ &>

More on C. Terrevoli’s talk: “Experimental results on open heavy flavour vs. multiplicity”

vVSNN — 502, 13 TeV

26th November 2021
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https://agenda.infn.it/event/21267/contributions/143177/

A? /DO ratio in Pb-Pb collisions at +/Syny = 5.02 TeV

Q
o
o
8
}{- t f-llu }1 1\4_ [)() t. t i&) 1_ T T T ‘ T T T T T T 7] %
bl C 7 >
aint ot higher C_/ el &l = ook ALICE Preliminary E 2
intermediate pt in Pb-Pb wUE VSu = 5.02TeV, ly| < 0.5 g 5
. ) 0.8F E
collisions than in pp - - -
= E PbPb 44 ub™, pp 38 nb™ (5.02 TeV)
0.7¢ —e— 0-10% Pb—Pb ] T oS
1 i ? 0.6 = 30-50% Pb-Pb = 0.6  |y| <1 % PriHinG
* Radial-flow push in Pb-Pb? -6E . ; 81yl < & PYTHAS
. o . . ) - — . —~ [ PbPb el
* Modification of hadronization? 0.5( |- = [Q0.5- m Data: Cent.0-100% . o3 708 (019) 117
- - + L
- — < Global uncertaint
0.4¢ IH E S04 pp: 20% '
C . ~. 0 s PbPb: 31%
Pb Pb 0.3 -m-_ - <o,3~% +
- - + C 4 .
&--8 02 = 3| 2oz \9 =
0.1; é [\ R | ——
- Open marker: f_., calc. with p_-extrapolated pp reference . C PLB 803 (2020] 135328
07 ! I 1 1 ‘ 1 ] I 1 | ] I 7 07 I IR
10 20 68 10 12 14 16 18 20
GeV/
p_ (GeV/c) Py (GeVic)

ALI-PREL-321702
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https://arxiv.org/abs/1906.03322

AY /DO ratio in Pb-Pb collisions at 1/syy = 5.02 TeV

N
o
o
+ oy
. . + O . o 1_ T T T ‘ T T T T T ] Ac DO %
e Hint of higher A7 /D" ratio at o ot ALl - . s
] ¢ i ~ 09 CE Preliminary = >
intermediate pt in Pb-Pb wUE VSu = 5.02TeV, ly| < 0.5 . @ﬂ} 5
. . 0.8F 3
collisions than in pp - - -
E = PbPb 44 ub”, pp 38 nb”' (5.02 TeV)
0.7¢ —e— 0-10% Pb—Pb ] T oS
. . 9 0.6F —=— 30-50% Pb—Pb 3 0.6 # Data
« Radial-flow push in Pb-Pb? -6 - Byl <1 & PYTHIAB
. . . . C o PP ] s~ [ PbPb ;2;33;2?251%?348
* Modification of hadronization? 0.5 |- = [Q0.5 w Data: Cont 0-100% . pL5 705 (2019) 117
C - + L
- ] < Global uncertain
0.4¢ IH E S04rm 2
C ] —_ T Trtees PbPb: 31%
Pb Pb 0.3} $- 3 Doag % + -
= 0.2 o — <02k : 1a =
- - ~ T \ ' S
OO 3_ T T T I T T T T ] 0.1} . { 0 1? b N b _8
- r AL|CE pre"minary 7 E Open marker: ... calc. with p_(-exlrapolaied pp reference E E PLB 803 (2020] 135328 DCE
£2.5:— 0-10% Pb-Pb, \|s,,, = 5.02 TeV _i 0 | I I I ‘ I I L I l I I 04 I ‘él | Ié‘ I I1bl I ‘1‘2I I ‘1‘4‘ I I1‘6‘ I I‘1‘8I I éO =
VS 10 20 v =
2_—‘ 5 —e— data J pT ( ) —g
C | Catania, fragm.+coal. - ALI-PREL-321702 =
C % eeeeeees Catania, coal. 7] B’
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E 2. models implementing the heavy-quark hadronization e
R T : via fragmentation + coalescence =
p, (GeVic) e A pure coalescence picture fails
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https://arxiv.org/abs/1906.03322

LHCb: CHIN. PHYS. C44 (2020) 022001

Summar LHCb: PRL 124, 082002 (2020)
CMS: arXiv:2001.06533 [hep-ex]

e Standard picture for the heavy flavour production in
pp collisions based on the factorization approach,
assuming universal fragmentation functions
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* Recentresults from LHC show that this assumption is
no more valid in hadronic collisions at LHC

More on C. Terrevoli's talk:
“Experimental results on open heavy

 New mechanisms in place?
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* Hidden relationship among collision systems? » flavour vs. multiplicity” E
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* Further inputs on hadron structure from multi-HF production and spectroscopy measurements

—
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* Joint effort between theory and experiments to investigate the baryon enhancement is necessary!



https://agenda.infn.it/event/21267/contributions/143177/
https://iopscience.iop.org/article/10.1088/1674-1137/44/2/022001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.082002
https://arxiv.org/abs/2001.06533

Thank you very
much for your
attention!
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(PYTHIA 8) Belle, ete™ /s = 10.52 GeV

_ 2 N
Th l f + Z 0,+,++ m(ud)o = 579 MeV/c (Phys. Rev. D 97, 072005) S
e role or AA c dll C m(ud), = 771 MeV/c? 3
g
f(m) = agexp(a;m) - o :
ek b g 102 ° &
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* In conventional fragmentation: At
C

» charm picks up a spin-0 (ud), diquark - Af (I = 0)
» charm picks up a spin-1 (ud), diquark - XX (I =1)

SPIN 0

* | (ud); mass much larger than (ud),
= production of X, states expected to be suppressed compared to A{
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« X -state production suppressed by ~3-4 times that of excited A} states in e*e™ collisions at+/s = 10.52 GeV
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072005

Heavier charmed baryons: =
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. "0 " /D shows clear pp dependence and is larger than e*e™
. Slgnlflcantly underestimated by models

o Something anomalous with strange quarks?
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oI Df/(D° + D*) compatible with expectations from e*e”

— baryons are ‘strange’

« (atania (fragm. + coal.) works better
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CC cross section in pp collisions
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e ccC production cross section at midrapidity in pp
collisions at+/s = 5.02 TeV measured as sum
of ground state hadron cross sections

(do“c/dy)|y<o5 = 1165 + 44(stat.)”

134
101

(syst.) ub

* Results previously published at+/s = 2.76 and 7
TeV from D mesons updated with fragmentation
fractions from /s = 5.02 TeV analysis

— 409% increase

* Higher values driven by the observed baryon

enhancement in pp collisions

* Results on upper edge of FONLL and NNLO
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FONLL: JHEP 1210 (2012) 137

NNLO: PRL 118 (2017) 122001, JHEP 03 (2021) 029
PHENIX: Phys. Rev. C 84 (2011) 044905

STAR: Phys. Rev. D 86 (2012) 072013
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https://arxiv.org/abs/2105.06335
https://link.springer.com/article/10.1007/JHEP10(2012)137
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.122001
https://link.springer.com/article/10.1007/JHEP03(2021)029
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.84.044905
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.072013

