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The whole talk in one slide

e Comparison with a large amount of data requires some modeling

e A simulator is essential !

e Need a framework to separate pure theory input from modeling

e May require advanced statistical techniques (Bayesian), to extract parameters

e Certain extracted quantities can be compared with theoretical calculations



Spectra from a Heavy-Ion collision at LHC
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Spectra from a Heavy-Ion collision at LHC
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Spectra from a Heavy-Ion collision at LHC
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The JETSCAPE event generator

A multi-stage generator for p-p and A-A collsions
Modular, customizable!

JETSGAPE Event Generator
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The JETSCAPE event generator

A multi-stage generator for p-p and A-A collsions
Modular, customizable!

JETSGAPE Event Generator

Focussing only on the bulk portion of the event generator

Initial geometry of
Nucleus-Nucleus collision
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Low viscosity matter produced at RHIC & LHC M
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Low viscosity matter produced at RHIC & LHC M
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A 17 dimensional calibration

Pb-Pb 2.76 TeV Pb-Pb 5.02 TeV

® Predictions for
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The JETSCAPE event generator

Incorporating the hard sector back in.

JETSGAPE Event Generator

Focussing only on the bulk portion of the event generator

Initial geometry of
Nucleus-Nucleus collision
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The JETSCAPE event generator

Incorporating the hard sector back in.

JETSGAPE Event Generator
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Basic Picture: extra scales in energy loss

o Jet starts in a hard scattering with a virtuality Q% < E*

¢ First few emissions are vacuum like with rare scattering/emission

e Virtuality comes down to wa g = \/ 2Eq transition to many scattering /emission

)

e Exchanges with medium lead to excitations/ medium response

8



Basic Picture: extra scales in energy loss

, 2F ,
Cg = qr and T = @ Substitute Q = Q. .4

)

Physics: DGLAP like Physics: BDMPS/AMY like
Simulator: MATTER Simulator: MARTINI, LBT



Multi-scale structure in the medium

00 7 00
,Hard exchanges k; > A, will resolve partons in the QGP [ d°k = [ dk + J d°k
0 0 U

® Incoming “resolved partons” can be modeled with %

e HTL perturbation theory
¢ or using QGP PDF (A. Kumar et al., PRC 101 (2020) 034908)
¢ Or Both (MATTER + LBT )

¢ Soft exchanges by generic (Lido, Tequila, also do hard exchanges with HTL)

¢ Outgoing “resolved partons” can be modeled with
e HTL perturbation theory

¢ Or turned into energy momentum source term (liquify)
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Structure of the interaction

e Start with low virtuality part: u* = 1/29E

~ HTL [N,=0]

~ HTL [N,=3]

® Use Debye screened potential
Cr g Tmp
Clk)) =
(27)? ki(ki + ml%)

® Running coupling gives,

A 3 2ET
g = Ca(2ET)a(mp)T" log
m3

W ® Struck partons go into medium, and excite

medium. Some get clustered into jets,

)))) M)

1 Arnold and Xiao: arXiv: 0810.1026 [hep-ph]



How this is done currently
In LBT, MARTINI, JEWEL, MATTER

Full jet carries recoil particles
sampled from a

Boltzmann distribution.

as regular jet partons, and

negative partons or holes

12



How this is done currently
In LBT, MARTINI, JEWEL, MATTER

Full jet carries recoil particles
sampled from a

Boltzmann distribution.

as regular jet partons, and

negative partons or holes

Additionally: Soft partons can be “liquified” into source terms for a subsequent hydro simulation

12



Does not seem to make much difference inside jet cone

e Simulation (JETSCAPE 0.x) includes:
(b-1) Expanding, Outward
® One run of smooth hydro
® One jet from center outward (left)
® One jet from out inward (right)
e Jet simulated for ~10fm/c: MATTER+LBT
® Jet constructed with partons (weak)
® Soft partons liquified
® Source terms developed
® Hydro re-run
® Jet reconstructed with hard partons and
unit cell momenta (strong)
® Unit cell particlized (Cooper-Frye), jet
reclustered (Strong particlized)

ST CMS [JHEP 05, 006 (2018)]

= PbPb 5.02 TeV (0-10%)

Y. Tachibana, A. M., C. Shen arXiv: 2001.08321 [nucl-th]




Fluid dynamical simulations and jets

® Fluid simulations are now extremely

accurate in determining bulk properties o= MARTINI _ McGill-AMY
=== GLV-CUJET

® Yield well calibrated medium

e Hydrodynamics assumes local thermal
equilibrium

e ¢ should be constrained by local properties

hke Ta Sa 69 I/l, ° ';/]? Z.: ° e RH;E Pb at LHC
f +Pb a . \

e Once the functional form of g as a function . 0.2 0.3 0.4
of T is given, it should not be recalibrated. 1(GeV)

g Collaboration

14



What else can g orI' = Jd3kC(k) depend upon?

e 2 -2 scattering depends on s, t, u

® In general, will depend on T, E, Q

2ET
Thermal recoil requires: g = CGS(ZET)OCS(WD)T3 log ( 5 )
Mp

® [1Hc ~ 1.25 TRHIC

® Er e 2 10Egy; ¢

® Oruc 2 100nyc

15



Virtuality dependence/Coherence

e Coherence arguments: §(Q* > \/ 2gE) — 0

e Can be calculated directly in the Higher Twist formalism.

7 9 cos ([, — kl)zév_
ng a, Ak i 2g=y(1 —y)
= —P(y)J [a’é B
dydzlj_ 271' (271')2 (lJ_ — kJ_)z

— .
% Id(éé’_)dzé’le iqu£5§_+ikl.é'l

x (P| A%t (5— + 52_ ) At (g— - 55_) | P)

150

A. Kumar, A.M., C. Shen, PRC 101 (2020) 034908 16



Virtuality dependence/Coherence

e How does the thermal distribution produce a hard gluon with k, > T,
e By fluctuation (evolution)

e Reduces the effective g, as only sensitive to k; ~ [

)

A0S

5000000

A. Kumar, A.M., C. Shen, PRC 101 (2020) 034908 17



Transition from MATTER to LBT at O, = Q..

e TRENTO initial state

® Pre Calibrated 2+1D MUSIC gives background

e PYTHIA hard scattering

e High virtuality phase using MATTER

e [ower virtuality phase using LBT

® Both have the same recoil setup

® Evolution starts at Q ~ E and goes down to 1 GeV
® Hadronization applied in vacuum

® Holes subtracted

18



: A\
One more constraint before we start RFfEET:

Any decent event generator should reproduce p-p collisions

JETILAPE , ' JETSLAPE
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Leading hadrons and jets JE\I/ISEW'\in;E

At all energies and centralities

; 2ET 2
= Ca2ET)a(my)T" log — | XAQ7)

mp

10 20 30 40 350

1.6 lPl|)Pb (0-10%), +/Snn = 5.02 TGVM ' ® | ATLAS [PLB 790, 108 (2019)] ' ® ALICE [PRC 101, 034911 (2020)]
nl < 1.0 d/

fix __
B CMS [JHEP 05, 284 (2021)], |njet|<2.0 sk T o =025

® CMS [JHEP 1704, 039 (2017)] JETSLCAPE — afi* = 0.25

— ol =0.25

PbPb (0—10%), A/ SNN = 5.02 TeV ) PbPb (0—10%), v/ SNN — 5.02 TeV

s 1" %ufs I ey
M anti-kt, R = 0.4, |y;et| < 2.8 M anti-kr, R = 0.4, [nje| < 0.3
q = q?}a"l"Lf(Qz) ' d/ 2\ JS(MATTER+LBT) - d/ 2E\% JS(MATTER+LBT)

JS(MATTER -+ LBT) JETSCAFE G=G72 £(Q?), Quw=2 GeV JETSCAFE  G=¢7" £(Q?), Quu=2 Ge&V

duyTL
102

pr (GeV)

A. Kumar et al., 2204.01163 [hep-ph] 20



Nt

Centrality JETSCAPE
Parameters set in central Pb-Pb at 5 TeV

PbPb (30-50%), /snn = 5.02 TeV PbPb (20-30%), /58~ = 5.02 TeV PbPb (40-50%), +/sn~ = 5.02 TeV
[Mjet| < 1.0 anti-k;, R=0.4 anti-k;, R=0.4
Qsw = 2 GeV, of* = 0.3 ] | Yjet| < 2.8 . |Yjet| < 2.8

Qsw = 2 GeV, af* = 0.3 Quw = 2 GeV, of* = 0.3

M ® CMS [JHEP 1704 039 (2017)] y M ® ATLAS [PLB 790, 108 (2019)] . M ® ATLAS [PLB 790, 108 (2019)]
&

— 4 =q x £(Q?), JS (MATTER + LBT) JETIERPE — 4= &t x £(Q%), JS (MATTER + LBT) JEVICRPE — a = &t x £(Q?), JS (MATTER + LBT)

JETILAPE

102 _
PT (GGV) ngt (GeV)

Note: Quenching stops at 160MeV, no quenching in the hadronic phase,
Expect: low pr to be less quenched in both jets and leading hadrons

A. Kumar et al., 2204.01163 [hep-ph] 21



Energy dependence at LHC 2.76 and RHIC 0.2

¢ Jet and leading hadron R Y WY
2} [®1 cMs [EPJ C72, 1945 (2012)] HEVILAFE
RAA show remarkable

— 4 = ¢34, £(Q?), IS(MATTER + LBT)
. al* = 0.3, Qs = 2 GeV

agreement with

experimental data

® Across most centralities and

. AuAu (0-10%), /sSny = 200 GeV
all energies AuAu (010%), /o JAWR
' JETILAFE
® PHENIX [PRC 87, 034911 (2013)], =°
. « (4 0.6 — 4 = ¢7», £(Q?), JS(MATTER + LBT)
® No re-tuning or refitting of 2L e 205 Q=2 Gev, (o)

g, C(k) or recoil systematics 0-4 .

0.2

1A RIN: ¥ A Kumaretal, 2204.01163 [hep-ph] 22

1.4 PbPb (0—5%), A~/ SNN = 2.76 TeV
anti—kT, R = 0.4, |'rljet| < 2 M

® CMS [PRC 96, 015202 (2017)] JEVILAFE

— ¢ = ¢ £(Q%), JS(MATTER + LBT)
al* = 0.3, Qsw = 2 GeV

250

—}:— STAR [PRC 102, 054913 (2020)]

q=q(Q?) type 5, 0f*=0.30 JS(MATTER+LBT)

s |

(s=200 GeV, AuAu (0-10%)
anti-k, R=0.3
In 1<0.7, p. ">5GeV




W\ Intrajet
JETSCRPE

The dependence on E and y not completely settled

This will probably get done in an upcoming Bayesian analysis

Y. Tachibana et al., to appear 23

5.02 TeV
anti-k;, R=0.4, |yjet] <0.3

126 < p* <158 GeV

pp [ATLAS, PRC 98 (2018)]
B PbPb 0-10% [ATLAS, PRC 98 (2018)]
== MATTER (vacuum)
—— MATTERALBT (virtuality dependent-q)

I\t

AEVILAPE




Need for quenching in high Q stage JETSLAFE

126< ply’ <158 GeV | 158< pr <200 GeV - 200< P <251 GeV - 251< py <316 GeV

MATTER+LBT \I ATTER(vacuum)+LBT

c— . — | "l/'(-t‘ < 0.3 | . O (AT
c1 =10,¢c3 =0, af* = 0.3 e1 = 0,3 =10, af* = .35 | anti-k, R = 0.4 . sviteh = 2 eV
MALTLBRA-LBL || ATLAS | Pk > 1.0GeV | fo= 040 A

c1 = 10,¢0 = 100, 0™ = 0.3 | ¢ PRC 98, n0.2, 024908 | )()1_¥ I'

23 d ! S

P])P])( /) )T(\ N 2 2 2 43 2 2 2 2 2 4 2 a2 2 s 2 a2l 2 2 2 U T RN 1 M 2 " 2 a2 a3 a2l M 2
¢ 2 1= 1 4 L O jet ‘ A 4

126< [}T <158 (1(\ ; l)b< [}T <> (1(\ - 200< plrt <2.;)1 Ge\ - 251< p‘T‘ <316 GeV
MATTER+LBT ’ |

S — t.

‘l/(t‘ < ()v; | RS 1. \7

no running o, = 0.25 e, ] A Qewiteh = 2 GeV
» : anti-k;, R = 0.4 : T — 0.16 MeV

\[ ATTER+LBT W) o recoils 1)}11_‘k > 1.0 GeV ¢c = V.10

no running uf — () 25

—-—

i Pl)Pl). 10%), 5.02 TeV 1 1 1
109 1()1 : 10*

pt (GeV) T (GeV) pr (GeV)

0.

Y. Tachibana et al., to appear



{4 Groomed: no soft modes! M

/(,(;‘ “ﬁ? ”m AEVILAFE

pp: MATTER (vacuum)
PbPb: MATTER+LBT running-ag, Q*dependent
= 0.3, 0, = 2 GeV, g-paramerization: 5

3 PbPb: 0-10% | PbPb: 0-10%
: : : 6r 5.02 TeV ti-k R—Og'_ ti-k R—oi
L 5.02 TeV PbPb: 0-10% PbPb: 0-10% | PbPb: 30-50% | anti-hy, =02} anti-ky, R=0.
5; ' anti-k;, R=0.2 anti-k;, R=0.4 anti-k;, R=0.4 51 Ch(;eltlal"ged Jjets p N ChjghargedJets
p— Charged jets [ _ L Charged jets fmmbem. Charged jets : 60 <pp ™" <80 GeV ok 80<pp™ <100 GeV
TR 60 <p$ <80 GeV o 80 < pt <100 Gev [ T 60 <p<% <80 GeV | e jot | <OTE | | [enjet| <0.5
ol & | “;' [Men et | < 0.7} : [Tenjet| < 0.5 1 =T [Nen jet| <0.5 : == MATTER (vacuum)t || TTE pp [ALICE-PUBLIC-2020-006]
@"‘ié 3T = =K - _ y "] s | S 3f — MATTER+LBT ' ¥ PbPb [ALICE-PUBLIC-2020-006]
A e =L Y i=p=s [ | o
<o : : - [i®
L | I - -
: : : Z [ L] Soft Drop, zcut =0.2, 5=0
1} == MATTER (vacuum) ! pp [ALICE-PUBLIC-2020-006] : | r :- -
- — MATTER+LBT - W PbPb [ALICE-PUBLIC-2020-006] | Soft Drop, 2oy —0.2, B=0 ; SR - o
| i [ Ob———t e e L e e e e
O- L PR TR S [N T T S SRS R T L L i L L L L 1 L L L L 1 L L L L i L L L L 1 L L L L 1 L L L L 15 | +
- - - D (| W
19k _ _ oF i '|‘|
S | | L & | iy
= 1ol . g L & | - 4 £ 10 ﬁ'*‘ *#
Q—q . __' + | [ 1 | ) = : | +
~ [ N i T T [ " a - -
0.8 71 ] ] 05 5 ! .
T T Y T T T Y T Y Y 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0

e Soft drop: getting rid of the soft response and looking at the prong structure

Y. Tachibana et al., to appear 25




R, 4 as a function of
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Groomed Jet angularities

1 1 I I I 1 Ll 1 I I I I T Ll ] 1 1 1 I I 1 1 1 1

® ALICE0-10%Pb-Podata  ALICE Preliminary
Pb-Pb syst. uncert. \(S—NN =5.02 TeV
Ch.-particle anti-k+ jets
40 < p"** < 60 GeV/c
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Groomed
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groomed observables
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Azimuthal anisotropy

Note: we haven’t played with
start and stop times
(observation by C. Andres et
al, start time important for v» )

(s=5.02 TeV

In the JETSCAPE simulations, [l r3:
hydrodynamics starts around | |
1fm/c. (Free streaming prior)

PbPb (30-40%)

Also with new IP-Glasma,

. . . —}:— ATLAS [EPJ C78 997 (2018)]
medlum has pI' 1MMOor dlal V2 . 14" both a™=0.25, JS(MATTER+LBT), EP me

Dy
|: 1 g= =q(Q°) type 5, ax=(.3, EP method

q—q(Q ) type 5, oc X=(.3, SP method

Jet modification in the
hadronic medium still not
known

28

EP: Event plane angle method
SP: Scalar product method

s=5.02 TeV
Inl<2.5

PbPb (40-50%)

—§- ATLAS [EPJ C78 997 (2018)]
'&‘;‘IL both a=0.25, JS(MATTER+LBT), EP métHog
E] g=¢(Q?) type 5, of*=0.3, EP method

. Q—II(Q ) type 5, af*=0.3, SP method




® Results from MATTER+LBT runs use for ratio of difference of
triggered jet distribution per trigger.

Coincidence with hadrons

-
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Photon Trigger

e Higher statistics runs with the exact same parameters as for jets.

r ~ + ' . 1 T r
JETSCAPE Preliminary

R=03

1/2
s =2.

® p+p: CMS (HIN-13-006)
== p+p: JETSCAPE

== D+p: Pythia

50 GeV <p',. <60 GeV?

76 TeV -

C. Sirimanna, to appear.

JETSCAPE Preliminary 1
e PbPb- ATLAS (PLB 789 (2019) 167)

== PbPb - JETSCAPE

79.6 GeV > p'.. > 63.1 GeV -
s =5.02TeV

R=04

-Ii

Xy
AEVILAFE

JETSCAPE Preliminary

m p+p: CMS (HIN-13-006)
— p+p: JETSCAPE 3.0

== p+p: Pythia

p' >80 GeV

51/2 =2.76 TeV




JIN N

Heavy-quarks JETSCAPE

e D meson R, , with identical parameters

1.4
L4 | e MATTER + LBT

| e MATTER + LBT ;
L | ) o/
L _+_ CMS, DD, 0_100/0 1 2_ + AL'CE, D , 30 50 Yo

- ’ - 0
1.2} ALICE. D 0-10% | ALICE, D, 30-50%

1.0F 1.0F

W. Fan, et al. e-Print: 2208.00983 [nucl-th] 31



Jet Shape: more dependence on soft modes M

AEVILAFE

® Requires 2-stage hydro simulations (hydro+jet+hydro) [ se————
for response outside jet. ontiky, R =04, pf' > 120 GeV, [} < 1.6

— MATTER+LBT (virtuality dependent-q)

MATTER + LBT w/o Recoils
(virtuality dependent-q)

¢ CMS [JHEP 1805, 006 (2018)] +

trk
trke(rxor/2) Pr

Y. Tachibana et al., to appear 32
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A complete change of paradigm in the last 6 years!

How jets interact with the medium and evolve depends on

» Temperature of the medium

* Energy of the jet

» scale of the parton in the jet (E, u?)

o other scale of the medium (g7)

Different approaches to E-loss are valid in different epochs of the jet

A complete description requires all of these approaches

Discussion moves to boundaries between approaches
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Bayesian analysis with g(7, E, u)

e We parametrize with

q(E.T)|,5cp
T3

c3)

= 42C,

Nt

AEVILAFE

A lln (%) — IH(B)l C lln (%) — IH(D)] Additive approximation

JU

(5)

e Compare with single hadrons at
RHIC 0.2 + LHC 2.76 + LHC 5

AuAu

Data from PHENIX

== 0-10% Centrality
B8 40-50% Centrality
- -Median

® Central + semi-Central

e MATTER & LBT applied
separately

P, (GeV/c)

AuAu 200 GeV Posterior
Data from PHENIX
& 0-10% Centrality

B 40-50% Centrality
- =Median

® it improves!

e MATTER and LBT select
ditferent parts of formula

10 12 14 16
pT(GeV/c)

S. Cao et al. Phys.Rev.C 104 (2021) 2, 024905

n(5)]

200 GeV Posterior

10 12 14 16 18

PbPb 2.76 TeV Posterior
Data from ATLAS

== 0-5% Centrality
B8 30-40% Centrality
- -Median

10 20 30 40 50 60
P, (GeV/c)

70 80

PbPb 2.76 TeV Posterior
Data from ATLAS

& 0-5% Centrality
B 30-40% Centrality

18 10 20 30 40 50 60

o (GeV/c)

70 80

34

No coherence

()]

PbPb 5.02 TeV Posteric
Data from CMS . JETSCRAPE
== 0-10% Centrality

B8 30-50% Centrality

--- MATTER
- = Median

10 20 30 40 50 60 70 80 90
P, (GeV/c)

PbPb 5.02 TeV Posteric d/

Data fr

& 0-10% Centrality
8 30-50% Centrality

=%
om CMS JETSCAFE

10 20 30 40 50 60 70 80 90 o0 05 1 15 0 5 10
pT(GeV/c)

150051150510
A B

C D

15 20



Preliminary Bayesian analysis with JETSCAPE 3.4

Hadron

PHENIX 200 Hadron _0Tol0

107 1.2 x 104 x116 XA Bk 10°
pr

ATLAS 2760 Hadron 0To5

10~

STAR 200 _JetR02_0Tol0

1.25 x119% 162 BN A &1 0*

p-

STAR_200_JetR04_0To10

1.25x119% 162 B2 e WA &1 0

[‘n.
ALICE 2760 JetR02 0TolQ

CMS_2760 JetR02_0To5

10° 2x10° 3x10°
C\-

CMS_2760 _JetR02_5To10

10¢ 2 x 10~
Dy

CMS 2760 JetR0O3 0To5

—
10~
Dy

CMS_2760 JetR03_5To10

CMS_2760 JetR04_0ToS

g

10° 25002 3 xW0°

Pr

cMs 2760 JetR04\s7010

L..lc n‘ ‘\.r

~n
[ -

U

~
)

7 x 18'x 19k 1010
Pr

ATLAS 5020 JetR04 0To10

10¢ 2 x 18°x 30¢ 16°x 103
C--
CMS_5020_JetR02_0To10

4x10°5x106x10Fx 10
r-.

CMS 5020 JetR03 0Tol10

5x106x10Fx 10’
L-.

CMS_5020 JetR04 0Tol0

Posterior distributions
from STAT WG in JETSCAPE

Remarkable improvement from JETSCAPE 0.x
Coherence + Qswitch as described before

Calculations do not contain nuclear shadowing



This is where we are now

We added one more parameter (J,, transition between high and low
virtuality.

Multi-stage set up seems to able to explain almost all the data
The Bayesian calibration is being conducted as we speak

Will rigorously test picture of 2-stage energy loss, with HTL based kernel
at u < Q,, and gradual weakening for u > Q,

A portion of the quenching will always be non-perturbative and subject to
modeling!
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Summary

e All simulations carried out on a calibrated fluid profile
e All simulations reproduce p-p on removal of medium
e All simulations have a consistent recoil and § incorporation
® The multi-stage (or scale dependent jet modification) seems to be able to describe
e Jet and leading hadrons simultaneously
e Centrality dependence
e Collision energy dependence
® Intra jet observables
e Coincidence with hadrons and photons
e Heavy quarks
e Azimuthal anisotropy
e R dependence of R, 4 (sort of)

e Minor effects still being studied in jet anisotropy, jet shapes etc.

e [s the medium made of quasi-particles or not? We are getting closer to answering this question.
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Next Steps

e [JETSCAPE is moving towards p-A, low energy A-A and e-A
e See talk by I. Soudi (Sat. 3:50pm)

p+p 5.02 TeV

p+Pb 5.02 TeV

/ /\
f
N\l W\

JAEVSLAPE .lF'I.‘iFﬂPF
Preliminary Preliminary

minimum bias — ) minimum bias —
subtracted hard momenta ' subtracted hard momenta

pr € {1000, 1100|GeV pr € (1000, 1100|GeV
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THANK YOU FOR YOUR
ATTENTION



Multi-stage is based on factorization

® Processes at hard scales do not interfere
with processes at softer scales

e PYTHIA (parton shower + hadronization),
a multi-stage process

e In vacuum the only scale is Ay p

e In FS/IS there are two stages

e Factorize hard scattering from ISR/FSR
using the p, scale.
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Other dependencies

e Corrections due to radiation (Mehtar-Tani & Blaizot; lancu; Liou, Mueller and Wu)

a.C 2
QRen.(//tz)zq l1+ > Alogz(ﬂ )]a With //tSE

27 gt

e See also similar formula gp,, = ¢ + Ag from Arnold, Gorda and Igbal.
® This is the case in the low virtuality limit.

e Corrections to the basic g formula can be additive or multiplicative corrections
involving u and/or E.

® Can a data driven approach help resolve this?
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Bayesian analysis with g(7, E, u) M

AEVILAFE

e No real improvement in using the models together, and forcing
them to use an additive ¢ formula

e Tried a formula with virtuality directly (where g increases with Q):

0 0%
) A ln<—>—l ( ) Cln( ) ln(D)
q (Q’ E, T) ‘QO,A,C,D £3) : - \A A - \T
T T 9
ln g ln E
A A2
® Need a reduction at large
AuAu 200 GeV Posterior PbPb 2.76 TeV Posterior PbPb 5.02 TeV Posteric
E or Q ""[  Data from PHENIX Data from ATLAS Data from CMS Jﬂsfﬁlﬁt

= 0-10% Centrality = 0-5% Centrality = 0-10% Centrality
B8 40-50% Centrality B8 30-40% Centrality - 30-50% Centrality
- - Median - - Median

o Try the multiplicative
approximation

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 90
p. (GeV/c) p. (GeV/c)

S. Cao et al. Phys.Rev.C 104 (2021) 2, 024905 43



If you would like to learn how to use JETSCAPE

Please attend our online School July 25th to Aug 5th

2 \% :
JETSCAPE JETSCAPE Online Summer School 2022

https:/ /indico.cern.ch /event /1162218 / Summer School 2022

July 25, 2022 to August 5, 2022

US/Eastern timezone

3 hours a day for 2 weeks

The JETSCAPE collaboration is an NSF-funded multi-institutional project to create new event generators el

to simulate the physics of ultra-relativistic heavy-ion collisions. The JETSCAPE collaboration includes Registration
theoretical and experimental physicists, computer scientists, and statisticians, and has associate

: _ Code of Conduct
members in both theory and experiment.

Grad student, postdoc, faculty, even senior faculty! Orsaidng Comites

This is the third edition of the JETSCAPE Online School, and it will take place from July 25 - Aug. 5, 2022.
JETSCAPE Summer

The School is aimed at PhD students and postdocs, in both theory and experiment. The focus of the School 2021
School is on the implementation of jet quenching and bulk calculations in the JETSCAPE framework, JETSCAPE Summer

The neXt generation Of ]ETSCAPE Will dO pA and and its application to experimental data, including statistical analysis. The School will consist of lectures School 2020

on theoretical and experimental aspects of jets, jet quenching, and bulk dynamics, together with

. extensive hands-on practical sessions working with the JETSCAPE code. Support
BES, and eA physics

The registration for the school is now open. The deadline for registration is July 11th, 2022. B4 abhijit majumder@wayn
B cnattras@utk.edu

™ chunshen@wayne.edu

Starts Jul 25, 2022, 9:00 AM
Ends Aug 5, 2022, 12:40 PM

Abhijit Majumder
Christine Nattrass
Chun Shen

& Application
Application for this event is currently open.

Help | Contact | Terms and conditions | URL Shortener
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https://indico.cern.ch/event/1162218/

Jet radiation structure: when does it transition?

e i

Estlmate from formation time arguments: 7 = @ —> Q (1) = —

(Modulo energy loss effects from emitting gluons).

® The maximum virtuality built up from scattering

. 2F 2E
at time 1 1S med — qu 7 —> [~ 7

® Highest energy partons (jet core) reach the BDMPS/ AMY stage last,

e Smaller the g, longer it takes to reach the BDMPS/ AMY stage: longer DGLAP stage
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Time spent by leading parton and scattering in each phase

oo

= DGLAP a;=0.15

= = DGLAP a;=0.30

-« ‘Jransport as =0.15
= Transport as =0.30

= DGLAP as=0.15
= = DGLAP a;=0.30
- = ‘Transport as; =0.15

- Transport a; =0.30

JETSCAPE 0.x 46 S. Cao, C. Sirimanna, A.M. 2101.03681 [hep-ph]
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Time spent by leading parton and scattering in each phase

oo

= DGLAP a;=0.15

= = DGLAP a;=0.30

-« ‘Jransport as =0.15
= Transport as =0.30

= DGLAP a;=0.15
= == DGLAP a;=0.30
=« Jransport a; =0.15

- Transport a; =0.30

JETSCAPE 0.x 46 S. Cao, C. Sirimanna, A.M. 2101.03681 [hep-ph]



Other methods

Constant __?’“-PE : M
Broadening: LIDO, I — :
Tequila, MATTER

\‘\
AdS/CFT drag: Hybrid

All of these depend on the underlying medium



Independent scattering

® We assume: Multiple scatterings are not correlated.

FEEEEEREEE IR

e Grey blob: scattering off field, for k 2 1GeV, parton distribution.

® Jet parton coupling is always assumed perturbative (except in AdS/CFT)

o Scattering measures the single collision kernel of the system C(k) =

d3k
o Can take moments g = Id3k kf Ck) e= Jd3k |?\ C(k)

e My personal experience: leading hadrons sensitive to mostly g, e. Jets require full C(k)
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What does it look like in p_T7

100 GeV gluon Vacuum

MATTER+LBT No broadening

¢

T
=
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d p /dndo[GeV]
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What does it look like in soft yield?

100GeV Gluon Vacuum, P..< 3GeV MATTER+LBT No broadening, P, < 3GeV
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In general, 2 kinds of transport coetficients

Type 1: which quantify how the medium changes the jet

Type 2: which quantify the space-time structure of the
deposited energy momentum at the hydro scale
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Jets are complicated,
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Jets are complicated,

e
\\T»
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Jets are complicated,

Virtuality, off-shellness, scale Q drops —>

52





















Everything other than
leading hadrons includes
medium response.




Transport coetficients
for partons in a dense medium

pt ~pl/2p”

2
ransverse momentum
<p > L T
L diffusion rate

K>

<AE > L Elastic energy loss rate

L also diffusion rate e»

O

By definition, describe how the medium modifies the jet parton!
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What do we know about g (circa 2010)?

® An intrinsic property of the medium
e Dimensionally Scales as E- or T°

e Should have a transition between confined
and deconfined phase

e Will need to be scaled with some intrinsic
quantity in a realistic simulation.
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Calculating in Perturbation Theory

~ HTL [N,=0]

. HTL [N,=3]

Hard Thermal Loop (HTL) theory

52 PGB ey ( 6E2T)

/s mp
4o (u? N,
ml% p— ;(//t )T2 (NC | 2f>

E=100GeV : 22T < u < 4nT
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[s Perturbation theory valid at these temperatures?

. HTL [N,=0] Sept. 2013

- HTL [N,=3]

v T decays (N3LO)

Lattice QCD (NNLO)

a DIS jets (NLO)
Heavy Quarkonia (NLO)
e'e” jets & shapes (res. NNLO)
Z. pole fit (N3LO)

v pp —> jets (NLO)

Plotis 27T S u < 4nT

At T =250MeV, 22T = 1.5 GeV

a, =0.4-0.5

Can try to get g using jet/leading hadron phenomenology
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Leading hadron nuclear modification factor R, ,
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Leading hadron nuclear modification factor R, ,
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Leading hadron nuclear modification factor R, ,

dN 44 (Dy, byp)

Nbinary(bLa bH) d‘/’/pp
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Leading hadron nuclear modification factor R, ,

dN 44 (Dy, byp)

R, ~=—— - - "~
A Nbinary(bLa bH) d‘/’/pp

E %= | ||
N ) bL
g

e X dP,(py, r)dPg(p,, 1)
% X 014253+4

X dP(AE)D,_,,
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Leading hadron nuclear modification factor R, ,

dN 44 (Dy, byp)

R, ~=—— - - "~
A Nbinary(bLa bH) d‘/’/pp

P = | e[
2 bL
g
‘ JJ X dP,(py, )APg(p,, 1)
% X 014253+4
X dgj3(AE)D3—>h

dP(AE) x §(T/s)
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Leading hadron nuclear modification factor R, ,

dN 4 (by, by)

R, ~=—— - - "~
A Nbinary(bLa bH) d‘/’/pp

P = | e[
2 bL
g
‘ JJ X dP,(py, )APg(p,, 1)
% X 014253+4
X dgj3(AE)D3—>h

dP(AE) x §(T/s)

This depends on the space time profile of the Fluid dynamical simulation
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Leading hadron nuclear modification factor R, ,

dﬂ/ AA (b o b H) No Modification

R, ~=—— - - "~
A Nbinary(bLa bH) d‘/’/pp

3 - J = J d%[ e
2 bL
3
& X dP,(py, )APg(p,, 1)
% X 014253+4
X dt@3(AE)D3—>h

dP(AE) x §(T/s)

This depends on the space time profile of the Fluid dynamical simulation
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Leading hadron nuclear modification factor R, ,

R _ M No Modification
. Nbinary(bLa bH) adN Dp

bh
AN, = J dzbjdzrjdpldpz
by

X dP,(p, r)dPg(p,, 1) B
X 0142344

0

X dP(AE)D,_,, i

dP(AE) x §(T/s)

This depends on the space time profile of the Fluid dynamical simulation
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A first serious attempt to extract g
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Formula for g truncated
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Adding to our plot! Circa (2014)

~ HTL [N,=0]
- HTL [N,=3
— JET
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Adding to our plot! Circa (2014)

6

“ HTL [N, =0]
This point is the normalization at RHIC energies : . HTL [N,=3

= JET
This point is the normalization at LHC energies

max max
TLHC ~ 1.2 TRHIC

max _ max
Prac = dPrHIC
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Adding to our plot! Circa (2014)

~ HTL [N,=0]
- HTL [N,=3
— JET
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Adding to our plot! Circa (2014)

Non-Monotonic behavior

~ HTL [N,=0]
- HTL [N,=3
— JET

what many thought this meant!

T

[f this is true, must effect the centrality dependence of Raa,
vp, and its centrality dependence at a given collision energy
but no such evidence is seen
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J NN

Transition scale and new §/7° range AN

MATTER+LBT2 . = HTL [N =0]
M '_ | | _‘ ) -~ HTL [N ,=3]
'_ | | _‘ = JET —

__ - JETSCAPE _

100.511.500.511.50510151
A C D




Calculating g in Lattice QCD

A. Kumar, A.M., J. Weber, arXiv:2010.14463

0 3
_ 49 —(q
q- = — o
\V/2
/" HILLO [N, =0}
qo + q3 . HILLO [N =3]
q T — —_ O +  Antonov ef al{Nf=0]
\/5 X Panero etal[N,=2]
+ JETSCAPE
0 JET
2 — 712 2 _,
N, (27)
e PEn
- —>
X Z (n|F 1 O, Yy F 1 O Lattice Estimate[n =6, (2+1)-flavor]
n Z Lattice [Pure SU(3)]

Fully non-perturbative calculation of g
All calculations for a 100 GeV quark,
Lattice Calculations show weak dependence on E
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The need for an event generator framework
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The need for an event generator framework

* An event generator is a computer simulation that produces experiment like events

» An E. G. framework allows a user to design/modify modular elements in a simulator.
* Carrying out a systematic analysis requires a systematic framework

* You have to work with several correlated input parameters, in correlated modules.

» Every time you change an input, compare with all the data simultaneously

62



Overview

® Scale dependence and Asymptotic freedom of QCD
® Factorization and multi-scale approaches in QCD

® Jets and substructure

® Scale dependence in the evolution of jets

® The hard, intermediate and soft regions of a jet

® Observables that depend on all 3 regions

® Observables that depend on 2 regions

e Understanding the soft region of jet quenching
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About that Jet Shape

5.02 TeV

PbPb: 0-10%

Partton Jet, anti-k;, R=0.4
pr >120 GeV, |niet]| < 1.6

e With correlated broadening up
to the Mach angle from viscous o
hYdI’O. 3 ® PbPb 0-10% [CMS]

== MATTER (vacuum)

MATTER+LBT
" [double droadening, E, = 8T, E,; = 3.2T]
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