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Characterizing quark-gluon plasma from jets and heavy flavors
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Pariicipants

e Energy loss from soft rad. & collisions, w ~ T.

Before collision Aftr collision

Medium-modified fragmentation and mass effects.

o Jet transport parameter g. e Non-perturbative input and models: fragmentation,

e Heavy quark momentum diffusion recombination, etc.
parameters k.



Characterizing quark-gluon plasma from jets and heavy flavors
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Pariicipants

Before collision Aftr collision

e Angular-dependent energy transport by parton shower

in the medium.

e Jet transport parameter §.
P P q e Medium excitations induced by energy loss

e Heavy quark momentum diffusion
parameters k.



e Study of HF & jet in the LIDO partonic transport approach.
e Progresses in JETSCAPE multistage jet evolution: modified DGLAP + transport.
e Jets: inferring QGP G from jet & hadron suppression at both RHIC and LHC.

e Heavy flavors: towards a consistent description of light and heavy quenching
new information from HF-tagged jets.

e Impact of future high precision data at RHIC.



Space-time evolution of on-shell hard partons in the medium

Transport equations of hard partons fy; = f(t, x, p)O(p - u > Enin),

(0 — v 0)fu(t,x,p) = O(p-u> Enin) {Confti + Ca(nr1)fr }

e Collisional processes: number of hard partons does not change n — n.
e Medium-induced radiative & semi-hard recoil processes: n — n+ 1.

e (In most studies) medium is assumed to be a locally thermal gas of massless partons:
fo.e(p) = [e”“/T +1]71. QGP flow and temperature obtained in bulk medium simulations.



LIDO: Linearized Boltzmann + Diffusion Partonic

[PRC100(2019)064911, JHEP05(2021)041]
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LIDO: Linearized Boltzmann + Diffusion Partonic Transport Model

[PRC100(2019)064911, JHEP05(2021)041]
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LIDO: Linearized Boltzmann + Diffusion Partonic Transport Model

[PRC100(2019)064911, JHEP05(2021)041]
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LIDO: Linearized Boltzmann + Diffusion Partonic Transport Model

[PRC100(2019)064911, JHEP05(2021)041]
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For jet study: a simple model for medium excitation

e Energy-momentum deposition to soft sector:
dépH d
——((& = o . Emin H—f t, x,
p (t,x) /P (pru< )p o H(t, X, p)

e An ideal-hydro response:
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Other methods: recoiled partons (JEWEL), recoiled parton + rescatteringéj(LBT), coupled
jet-hydro evolution (CoLBT, JETSCAPE), Hybrid model (next talk).



LIDO: joining partonic transport & the scale evolution

In LIDO simulations:

e Pythia generates vacuum shower down to transition scale Qp.

e LIDO for time-evolution of shower in QGP in regions T > T¢.

e Pythia8 handles vacuum shower and fragmentation when T < T..

Results depend on Qp.
e (o can be tuned to data. Note that jet and HF Ry, are less
sensitive to Qp.

e Physical expectation: Qy &~ momentum broadening.

- For example: in Bjérken medium with § = 573

Svetome Pb-Pb5 TeV  Au-Au 0.2 TeV
v 0-5%  40-50% 0-5%
5toTg [GeV?] 1.1 0.55 0.46

Qo can be a function of beam energy and centraltiy.
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JETSCAPE framework: the multistage in-medium jet evolution approach

A program envelop coupling jet shower and medium evolution + statistical inference package.
\

Strong coupling, Energy thermalization

Philosophy for the jet sector:
applying different models to different
phase space regions of parton energy E,
- virtuality @ and T.

Strong coupling,
AdS-CFT Energy thermalization

The multistage method [PRC96(2017)024909, 1903.07706]
K At low-virtuality Q@ < Qq, the time-ordered transport

At high-virtuality Q% = m > QO medium-modified
DGLAP evolution (MATTER [PRC88(2013)014909]) equation (e.g. LBT [PRC91(2015)054908])
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JETSCAPE extraction of § from hadron suppression

In this approach, § depends on E, T, and Q [JETSCAPE PRC 104 (2021) 024905]
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A Bayesian analysis is performed with inclusive hadron Raa at both RHIC and LHC.
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Model choices: MATTER (modified DGLAP) + LBT (transport), both use the higher-twist
formula for induced parton radiation.



Recent hadron & jet studies within the JETSCAPE framework
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LIDO: extract g from hadron+jet data in central Au-Au & Pb-Pb

Objective: determine “jet-medium coupling ais(ftmed) = &2(fimed)/47", then the §

~ Q2 do, do
4r(T, p) = as(tmed) Cr Tm3 In —< +/ fi(p') 4 2(N2 —1)—% + 4NN — 22 1 ©(a% — Q%)a? d’q.
mp, p’ d*qL d*qL

umsﬁg e 0.77T < fimeq < 4w T: controls in-medium g:
Hmed =
Hmed = 8T gl(ky) 4 |n—1 max{k 12 .a}
4 T Bo A2
p=10 GeV/c

e 0.5 < Qg < 2.0 GeV: separates vacuum-like and
transport evolution.

°'2T5[Ge3']5° 02 T[Goe'\‘}] L e 0.15 < Tf < 0.17 GeV, sudden transition to
confinement below T < Tr.
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LIDO Bayesian analysis of § from hadron and jet

1.0 t
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° Q&HC varies independently from Qg{HIC.
e Favors higher T than the pseudo-critical Te.
e Running of gs in medium saturates around

ki > ptmed =~ 4.2T (or 1.37T).

[Data: STAR PRC102(2020)054913; ALICE PRC101(2020)034911;
ATLAS PLB 790(2019)108-128; CMS JHEP04(2017)039,
PLB287(2018)474-496; PHENIX PRC 87(2013)034911.]
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Results: jet-medium coupling g and jet transport parameter §
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Left: maximum coupling at different temperature gs(ftmed)
Right: § at p = 10 and 100 GeV for a quark. [JHEP05(2021)041]

Compared to [JET Collab: PhysRevC.90.014909 (2014), JETSCAPE : PRC 104, 024905 (2021)] using inclusive hadrons.

e Results consistent with JET collaboration. (using inclusive hadron suppression)..

e Higher than the recent JETSCAPE Collaboration analysis (using inclusive hadron suppression).
A possible explanation could be the use of medium-modified DGLAP evolution for Q > Qp.



The cone-size dependence of jet Ry4 from LIDO

Raa

Raa
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[CMS: JHEP 05, 284(2021)]

e LHC: LIDO predicts Ran increased by 10% from R = 0.2 to R = 1.0 at p]ﬁt
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hadron trigger. [STAR: PRC 102, 054913(2020)]

=500 GeV.

e RHIC: Weak R-dependence in the unbiased region. Trigger bias understood from

simulation.
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Heavy-flavor meson suppression at large pr

LIDO: R7,”® in 0-10% Au-Au@0.2 TeV Recent progress from the JETSCAPE
B multi-stage evolution
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Figure 1: Comparison of D" meson nuclear modification factor R4 4 and azimuthal anisotropy v2{2} using
the multi-stage energy loss approach (MATTER 4 LBT) with CMS data for central Pb + P collisions
at S02TeV. (Lefty DY meson Raa. (Right) DY meson v (2}, Computed with two swilching virtuality
Qo = 2GeV and G = V2GeV.

[/\m\s EPJC78(2018)9 762; CMS PLB782(2018)474, JHEP04(2017)039;

PHENIX PRL101(2008)232301, PRC93(2016)034904 ; STAR PRC99(2019)034908.]
€

~ . . jet .
e Same § (median) as calibrated to R}, and Rf,. *Previous [PoS(HardProbes2020)067 / 2009.04946]

works [PRC98(2018)06490] only used heavy-flavor data. .
e A consistent study of both charm and

e Consistent g for g, c, b overestimates the flavor separation. .
light flavor to appear soon.

e Similar problem in a recent QCD-evolution based 5 @hadk B hmfler problem exists for the

i 2204. o i i i i . .
calculation [2204.00634]. e Need interactions in the hadronic multi-stage approach with h, D & B.

stage? A large NP contribution from g — D, B?
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What can be learned from heavy-flavor jets?

12

T T T T T T T T T T

ATLAS y @ LIDO model b-jets

Pb+Pb 2018, 1.4(1.7) nb’ = Elggtvglcdile\igmriels

gﬁt‘zl?”?_“' 2%02');‘5 U/| 21 — Daietal. mé\us\ve jets
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1.0{ &0 D jets 50 D jets
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0.8 ¢ STAR, inclusive charged Jet + ALICE, inclusive jets
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0.0
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[PoS(HardProbes2020)060 / 2008.07622 | [ATLAS 2204.13530]

HF-jet suppression in LIDO (in preparation)

e A clear mass dependence recently suggested by ATLAS measurements at 5.02 TeV.
o LIDO seem to result in too large a mass separation of R2A®" and R

e Heavy jet continued to be highly suppressed at high pr.
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More information contained in the fragmentation / HF-jet correlation

e lee2 Suppression of inclusive HF spectra is only probing the HF
100 < pift < 158 GeV/c 100 < Pt < 158 GeV/c modification near z &~ 1 (energy loss limit).
15| Dets, R=0.4 15| Brets, R=0.4 d

= ' OAA—Q N

) . pp 1

2 u . Pb-Pb, w/ IFP - dqr x /qT

N 10 1.0 { B Pb-Pb, w/o IFP E d d

2 OAA— HF TAA—Q N—1

3 = ® Dpa(z) x [ z Daa(z)dz

00 == 00 Heavy-flavor in jet fragmentation tests the full-z dependence.

107 100 10
15 | 15

. EI E = e The shape is a mixture of Q — HF, g — HF, ¢ — HF

e Study the NP contribution from g — HF meson, e.g.,
D-meson fragmentation function from hadron-in-jet
analysis in p+p [PRD96(2017)034028].
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(Perturbative) Medium-induced charm flavor production

le—-4 le—-4
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(Perturbative) Medium-induced charm flavor production
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e Can be important for

c-jets

at high pr.
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Impact of future high-precision jet & HF measurement at RHIC
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[sSPHENIX Beam Use Proposal]

High precision HF, jet measurements with
much higher reach of jet pr.

However, the dominant uncertainty in
current Bayesian analysis is
theory/interpolation uncertainty (~ 10%).

The gain of information will be limited by
theory / model...
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Impact of future sSPHENIX heavy-flavor data

Pseudodata: R%,,vP from simulations w/ “true” parameters + current uncertainties.
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1.00 125 1.50 175 2.00 225 2.50 2.75 3.00
0.8 TITe
0.6
s Current level of uncertainties in the charm diffusion con-
stant using STAR uncertainty level.
0.2
0.0

4 6 8
pr [GeV]

4 6 8 10
pr[GeV]
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Impact of future sSPHENIX heavy-flavor data

Pseudodata: REA, v¥ from simulations w/ “true”’ parameters + projected uncertainties.

L STAR Au+Au 0-10% 10 Charm, v =0.6
RAA 14 True
12 lev, 0.8 - Current STAR, R, v5
1.0 *\‘. o6 Projected sPHENIX, RZp, V5
\ .
\
1A &
0.6 X\ 0.4 o
N §
0.4 S
S 0.2
0.2 —_—e———
0.0 0.0 2
0.25 STAR Au+Au 10-40% 10 .
D 1.00 125 1.50 175 2.00 225 2.50 2.75 3.00
0.20 v; 0.8 TIT.
0.15 N 06 Uncertainties in the charm diffusion constant using the
PN X .
¥ @ projected sPHENIX data.
v N
010 ] E ”
I
0.05 . .
/ 0.2 Note that the residue uncertainty band comes from the-
=
0.00 00 ory and interpolation uncertainty.
o 2 4 6 8 10 0 2 4 6 8 10
pr [GeV] pr[GeV]
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and outlook for HF and jet in HIC

e The pure LIDO transport approach:

e Vacuum shower + LIDO (collisional + radiative)
e § determined from hadron and jet Raa at RHIC and LHC.

The JETSCAPE multistage approach:

e Medium-modified high-virtuality shower + time-evolution of low-virtuality partons in QGP.
e Expected to further reduce model uncertainties in the future.

Heavy flavor: using same § in LIDO overestimate the flavor suppression between RZ’AD’B.

Heavy-flavor jets can provide more information:

e The full-z dependence of modified HF fragmentation
e Perturbative & NP contributions of g — HF.

e With future high-precision sSPHENIX data on HF:

e One expects the uncertainty on §, x to decrease.
e But currently limited by theory / interpolation uncertainties in statistical analysis.
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Questions?



Uncertainties of (y: advantage of using jet R,4 to calibrate §

1.0
0.8
2 0.6

o

0.4
0.2

0.0

1.0

0.0

t
t

ATLAS, jets
ALICE, jets
STAR, chg. jets

{ CMS, hadron

t cms, D |
ALICE, D

| A

—— Qp=2.0GeV
==+ Qo=1.0GeV

j Qo=0.5 GeV

t  PHENIX,

10t

102 103 10! 102

pr[GeV/c]

pr [GeV/c]

103

Experimental data:

[STAR charged jet: PRC 102, 054913(2020)]
[ALICE jet: PRC 101 034911(2020)]
[ATLAS jet: PLB 790 108-128(2019)]

[CMS D: PLB 287 474-496(2018)]

[CMS h: JHEP 04, 039(2017)]

[PHENIX 7: PRC 87, 034911(2013)]

Test the variation of g = 0.5,1.0,2.0 GeV.
e Light hadron R4 are very sensitive to Qp.

e Jet and heavy-flavor Raa at the LHC
energy are the least sensitive.
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Uncertainties: the QGP termination temperature T¢

1.25
t  ATLAS, jets { CMS, hadron
1.001 | ALCE jets 1 .
}  STAR, chg. jets Experimental data:
0.75 1 1
3 [STAR charged jet: PRC 102, 054913(2020)]
B0 [ALICE jet: PRC 101 034911(2020)]
0.25 1 [ATLAS jet: PLB 790 108-128(2019)]
0.0 , . : , [CMS D: PLB 287 474-496(2018)]
{ CMS,D | — T¢=0.15GeV
1.00 1 { ALICE,D | ==- Tf=0.16 GeV [CMS h: JHEP 04, 039(2017)]
075 | || o= Tr=0.17 GeV [PHENIX 7: PRC 87, 034911(2013)]
: t PHENIX, 1
o<
0-501 ] Change Tr = 0.15,0.16,0.17 GeV. < effectly
0.251 1 change color density near T..
0.00 ‘ : ; :
10t 102 103 10! 102 103
pr[GeV/c] pr [GeV/c]
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Uncertainties: fi.q or gs(max

amd t  ATLAS, jets | t CMS, hadron
: ALICE, jets
0.8 | t STAR, chg. jets q]
S0.6
0.4 ‘;H'
0.2 .
0.0 : : :
104 t CMS,D | — Umea=2.0T
) ALICE, D | ==+ Limeq=4.0T
1o Hmed = 8.0T
|+ PHENIX, m
0.0 ‘ . . ;
10t 102 10° 10! 107
pr[GeV/c] pr [GeV/c]

103

Experimental data:

[STAR charged jet: PRC 102, 054913(2020)]
[ALICE jet: PRC 101 034911(2020)]
[ATLAS jet: PLB 790 108-128(2019)]

[CMS D: PLB 287 474-496(2018)]

[CMS h: JHEP 04, 039(2017)]

[PHENIX 7: PRC 87, 034911(2013)]

Changing the coupling strength by
varying fimed = 27T,4T,8T GeV
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e Calculations that treats everything with partonic dynamics well describes the

Test the transport of ener

Daa(2)/Dpp(2)

126 < plft < 158 GeV/c

fragmentation function

316 < plft <398 GeV/c

Use exclusively

3.0 ~ 7 parton dynamics
Turn on collective
2.5 excitation
- }  ATLAS
209 ~

15 \Eﬁgﬁ %

Use exclusively
parton dynamics

Turn on collective

excitation
\o b ATLAS

ta
dlf0) qfemmmmmemmy b= bi;;#g"”

oS OR
0.5
1072 1071 1072 1071 10°
Z=Zjet Z = Zjet

[ATLAS: PRC 98, 024908(2018)]

fragmentation at zp

e Use collective excitations to redistribution soft particles improves at pr < 2 GeV.

T

Jet > 2 GeV (red bands).
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Test the transport of energy: a detailed look at low-p+ particles

2.5 4 CMSpr>0.7 GeV/c

b CMS pr>2 GeV/c

2.0 b CMS pr>4Ge
TTTE

< Jet shape with different minimum hadron pr

g 15 e Energy is shifted to particles at lower pt and larger r.
i 1.0 e e Discrepancy appears wihtin the cone for pr c,r = 4 GeV
N " PP, = e = e Can this be fixed by fine-tuning of parameters?
e Suggest missing physics? Such as coalescence shifting
%%0 02 04 o0s o8 10 intermediate-p7 hadrons to higher pr.

[CMS: JHEPO5, 006(2018)]
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Dynamics of HF & jet from intermediate to high pr

Intermediate to high-p;r HF production

5.02 TaV p (274 pr') + PEPD (5901404368 ')

1.6/ CMS sunpismentsy gy
Light b ) i
14F e * 1B<iic24
Charm <
128 Bfoi b
1l
<
P T
T oaf +. [ +
C8 o [ .a- 3
" | ¥
o4 ¥ el
P e
0.2 Cant. 0-100%
- - el
1 10 1
Py (GeVic)

Probe modification/eloss of large-z partons

e Energy loss from soft rad. & collisions, w ~ T.

e Medium-modified fragmentation and mass effects.

e Non-perturbative input and models:
fragmentation, recombination, etc.

Jet modifications

54 ATLAS™ “antl-k, R =0.4jets, (5= 5.02 TeV. ||
*
b e _%
‘ m" - 'n:y:
L e
ﬂ Noine Jr
05
lyl<28 0-10%
2015 data: Pb+Pb 0.49 nb”, pp 25 pb™" [ % N gg:j:
BRENI (T, and luminosity uncer. B o - 0%
40 60 100 200 300 500 900
p [GeV]

Also sensitive to energy redistribution

e Collisions, induced radiations.

e Collective excitations.

Useful for studying the modified HF fragmentation.
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