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Outline

d Hard probes in heavy-ion collisions
J Factorization of soft and hard scales

1 Scale dependence of Parton distribution function and Fragmentation
function

- Overview of JETSCAPE framework
- Basic review of jet energy loss in high virtuality and low virtuality

phase
J MATTER, LBT and MARTINI energy loss modules

1 Recent results based on multi-stage jet energy loss (MATTER+LBT)
approach
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Jets and leading hadron production in heavy-ion collisions

Proton-Proton Collisions Heavy-ion Collisions

Nucleus

Proton (Pb or Au)

: Leading Hadrons

: Leading Hadrons % and jets
And jets

 Initial state hard scattering — leading hadron and Jets

J Jets are collimated spray of soft and hard hadrons in a narrow cone — Proxy for the hard

parton (After scattering)
- Perturbative QCD can be used to high precision 3
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Hard probes: Evidence for strongly interacting QGP

 Nuclear modification factor R, ,

d*N*4/dydp-
d’Nrr[dydpy X (NA%)

Rys =

Leadlng hadron
* suppressed

dHadron R , is less than 1,
whereas isolated photon and

Proton Prot 0 _ _
eﬁ_o roton 7" boson R, , is unity.

1 The plasma is strongly
Leadmg interacting
hadrons
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Mueller et al., Ann. Rev. Nucl. Part. Sci. 62, 361 (2012)
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Factorization of short and long-distance physics

d Work due to Collins, Soper,
Sterman for pp collision

Pb
X, = —
A Factorization assumed for s
High p; hadron/Jet production el Ll e Pl AlE,
in Heavy-ion Collision —

?Hadron
or Jet

Hard partons (Short-distance)

2
dO.AB—>h+X or Jet+X med , 5 A 0CD
d2 D d y modzfzed(z’ Q ) + Q2
4
Total cross section is a product of probabilities %Z;wd(& 0 2)
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Scale (Q?) evolution of parton distribution function ()

Electron 4 F = Energy of photon, Q2 = Momentum transfer
sza” M= Rest mass of proton 0?
Q Jd Momentum fraction of struck parton xz = N
1 Parton distribution function for proton at
two different scale
H1 and ZEUS H1 and ZEUS
1 — 1
j Q*= 1.9 GeV? > Q? = 10 GeV?
0.8 _ —— HERAPDF1.0 0.8__ —— HERAPDF1.0
I B exp. uncert. I B exp. uncert.
model uncert. U 4 C model uncert.
Q2 o | parametrization uncert. /\ \ 06 RN || parametrization uncert. \‘
‘ O xg (x 0.05) N\
0 R xg/20
\xs\(x 0.05)
0.2 - TN
Large \
Q2 10 107 102 10! \ 1 10* ] 107 102 10! X 1

Proton structure is a scale dependent phenomenon
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Scale (Q?) evolution of Fragmentation function f(x)

JInitial State Hard scattering produces are highly virtual objects

A

<+

- The hard parton undergo radiative
splitting which leads to decrease in the

virtuality of the hard parton

- Emission process stops when the off-

shell ness becomes small (Q? ~
— In this regime perturbative description

IS no longer valid

4 Partons undergo hadronization —detailed
mechanism is unknown: Fragmentation

function, PYTHIA string fragmentation
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Kinematic variables in light-cone coordinate system

2 _ 7 |
 Minkowski coordinate i = [2q—<1—y>’ (=) ’ZL] |
SOO00000000
Four vector: ¢ = (¢', ¢, ¢°, %) n"..“ : = "uu
o 2 C
Off-shellness: 3 e b P
2 _ (02 2 2 2 2 Q i ' o
q°=(q)" —(q)" = (g")" = (g°)" — m o=t S r : N o
a _ \ | /
|

dLight-cone coordinate

Four vector: ¢ = (g*.q™.q", ¢%) Forward scattering diagram
1 2 L g~ Momentum variables
+ -9 9 2 2
gt=1"9. g = ;ql=\/(q")+(qy) .
\/5 \/5 P =yq"
k™=0-y)q~
Off-shellness: g* = 2gTq~ — qi — mg Wek';“z‘"(')" v &
) 2q=(1—y)
P = lJZ_
Example: Particle traveling in -z directon = ¢~ >q"; ¢q, =0 ! =2Z =0 P T 2y
qﬂ — ﬂ+pﬂ 12
Q= ——=
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Optical theorem

JdImaginary part of the amplitude of forward scattering diagram
Is product of the diagram obtained by cutting the internal line

~
~

q 4 q P
Amplitude Complex conjugate
Forward scattering diagram
JCut-line represents final state 1 0 — 2]
. — O —
- Propagators on the cut-line are (P92 — | P ‘2 _(p ) P

put on-shell
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Fragmentation function: Single emission diagram and virtual correction
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ﬁ_axQz)'Jdeli rdy <z> 7,(0%) Jdeli Jldy

— | —PO)D | — —D(2) | —P(y)
) 2r Jo 1B ),y y 2r ), 13 0 Y 1_|_y2
4 Splitting function: P(y) = 1
— Y
4 Soft divergence y = 1,canceled by the
do  a(0?) 0° di? L dy Z contribution from the virtual diagram
< LS| Seom (2 ear d : -
o 2t Jo B3 )y y 4 Collinear divergence /Y — () remains
and this should be included in the D(7)
Formation time : t= =2¢ /0% =2g7y(1 — y)/ lf as gluon formation happens in distant

future.
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Multiple emissions and vacuum DGLAP equation

Formulated by

0% 7712 ) 0% 712 V. Grib d L. Lipatov (1972)
dly R ©odly | ﬂ G. Arllta(:;lll?r;nd G.IIIZZr(i); (1977)
12 12 lz Yu. Dokshitzer (1977)
0 1 0 °“1 ur L
<\Absorb into bare fragmentation function
+ +
a (0% (< di? a, (0% (< di? a(I2) [ dr?
D Q%) = [1+— I ITM 100 +— I ITM + (Yo ZOL J lTu L) e *D(z, p%)
T Jp ol T ol T Jpe

La
JP(y)*D(z) =J 2P (D <5>
P Yy

dDz, Q0%  «a rdy (i Q2> DGLAP equation is integro-differential equation
y9

= —P_ (y)D _ _
dQ? 2702 ),y 7 ¢ Requires Input fragmentation function at lower scale y°
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Factorization and parton energy loss in-medium

— 2
dO'AB h+X or Jet+X med , 5 A 0CD
d2 D d y modszd(z’ Q ) + Q2
4
Total cross section is a product of probabilities Z,‘j‘é}wd(z, 0 2)
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Jet evolution in QGP a multi-

scale phenomenon Low E, Low Q phase:
(Thermal partons

Jet evolution | /

‘...
| |
| |

High E, Low Q phase:
(Scattering-dominant)

®:-...
High E, High Q phase: | Low E, Low Q phase:\
(Radiation dominant) (Thermal partons)
High temperature Low temperature
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Jet evolution in QGP a multi-

scale phenomenon Low E, Low Q phase: Relevant theoretical framework
| (Thermal partons High E, High Q:
Higher-twist approach

Jet evolution / MATTER

High E, low Q:

Qphase:  QOn-shell parton transport model
gdominant) - AMY, BDMPS approach

LBT, MARTINI

High E, Lc
(Scatteri

(Radiation dominant) (Thermal partons) Strong coupling formalism
| AdS-CFT
High temperature Low temperature

14

Amit Kumar (JETSCAPE Summer School 2022), July 29th, 2022



Jet evolution in QGP a multi-

scale phenomenon Low E, Low Q phase:
| (Thermal partons

Outstanding questions:
What is the microscopic

Jet evolution / structure of QGP ? Are there
quasi-particles?

How does jet energy thermalizes
in the plasma?

High E, Low Q phase: - _
(Scattering-dominant) Jet substructure modifications?

Modification to Quark-gluon
fractions ?

What can we learn about jet

High E, High Q phase: Low E, Low Q phase: transport coefficients?
(Radiation dominant) (Thermal partons)
High temperature Low temperature

15
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JETSCAPE: Framework to simulate all aspects of heavy-ion collisions

J Modular, extensible and task-based event generator + JETSCAPE framework (arXiv:1903.07706)
d Framework is modular to “multi-stage”, “energy-loss” JETSCAPE pp19 tune (arXiv:1910.05481)
JETSCAPE AA (arXiv:2204.01163)

O GitHub JETSCAPE is available on GitHub: github.com/JETSCAPE

)

>

Hard Particle
Production

Hard & Semi-hard
Hadoronization

2 9V 5

Energy-momentum Deposition

Initial geometry of

Nucleus-Nucleus collision
Hadronic Cascade
Store Full Event Record into
Disk

Viscous Fluid Dynamics for
Medium

>

Cooper-Frye
Sampling

Diagram by: _ _ ] ] ]
Y. Tachibana In this session, we focus on multi-stage jet energy loss formalism
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JETSCAPE: Framework to simulate all aspects of heavy-ion collisions

d Modular, extensible and task-based event generator + JETSCAPE framework (arXiv:1903.07706)
J Framework is modular to “multi-stage”, “energy-loss” JETSCAPE pp19 tune (arXiv:1910.05481)
JETSCAPE AA (arXiv:2204.01163)
() GitHub JETSCAPE is available on GitHub: github.com/JETSCAPE
Large-O( > Q) Small-Q( < ()
MATTER LBT MARTINI AdS/CFT
Radiation Dominated Scattering Dominated Diffusion
Virtuality ordered On-shell parton into medium
splitting transport
Higher-twist Higher-twist AMY N=4 2
formalism formalism formalism Yang-Mills
Diagram by: _ _ ]
Y. Tachibana In this session, we focus on parton energy loss for light-flavors 17
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http://github.com/JETSCAPE
https://arxiv.org/pdf/1910.05481.pdf
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Jet evolution in QGP a multi-

scale phenomenon Low E, Low Q phase:
(Thermal partons

Jet evolution

High E, Low Q phase:
(LBT:-MARTINI)
High E, High Q phase: | Low E, Low Q phase:
(MATTER) (Thermal partons)
High temperature Low temperature
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Heavy quark energy loss:
Talk by Wenkai Fan

Medium response to jets:
Talk by Ismail Saudi
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High virtuality phase

19
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Jet energy loss transport coefficients

- = N\
4 Factorized approach to jet evolution < Transport coefficient g:
Average transverse momentum squared

per unit length

(k) )
E 470 = —== < (MIF}(y~,y JF () | M)
J Transport coefficient e:
. (k,)
e(r,t) = Z < (M|0"A™(y~,y,)A™(0) | M)
Nucleon
d Transport coefficient e,
Higher-twist formalism: (collinear expansion) S = <k12 ) +—(yy— +—
9 ' P e,(r,t) = 3 < (M|F™(y",y )FT(0) | M)
dN a, P,(y) h _
=S 1 d+K+,+,,+,2;
hdi - 2n [ +Lo+ ETK(ET,6,5Y,4 ™5 1)
) 1 §+_§0+ i~ A e A é5 A
KE'E,y,q",p°) = v — 2 + 2 {2—2cos< 5 X {ngq+nge+ngez}

20
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MATTER jet energy loss

< Modular All Twist Transverse-scattering Elastic-drag and Radiation
- Based on in-medium DGLAP evolution equation

In lmit: < ka_ >~ qgr << ljz_ ~ Q2 Formation time: 7 ~ q_/Q2

0 log O? 2

2 o PR
wd LAY asldy P, (y)D<£,Q2,§-‘) +
_ y

Vacuum term

G +1~ .
P(y) 2y, _q(¢) B (C‘—é‘)
+ <y(1—y))+D<y’Q G+ T >x l d¢ 0’ {2 2cos -

£

Medium term

Phys. Rev. C 88, 014909 (2013)
Phys. Rev. C 96, 024909 (2017) Virtuality ordered emission approximation

Vacuum contribution are dominant, and medium-induced radiations are treated as correction
21
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Low virtuality phase

22
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LBT jet energy loss model

JBased on linear Boltzmann transport equation
t-channel u-channel

/

Evolution of phase-space distribution

Pi- af;(x9p) — I‘el + I‘inel

Elastic scattering: LO 2 < 2 proccess

Inelastic scattering: Single gluon emission
rate using Higher Twist (depends on ¢)
s-channel

J Elastic scattering kernel /
d3p2 d3p3 d3p4
r = — /1[4 (py + p, —py —py) | M12 — 34| T

JTotal elastic scattering rate and probability
Phys. Rev. C 91, 054908 (2015)
fotal 2 o el " total Phys. Rev. C 94, 014909 (2016)
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LBT jet energy loss model

JdlInelastic scattering: Single gluon emission

Inelastic scattering: Single gluon emission . (Gfﬁsi (666666

rate using Higher Twist (depends on §) § N
L Iy
J Medium-induced gluon radiation: i‘ A
(N,) = At | dxdk? e
= Al |dx
8 J * dxdk?dt

J Multiple scattering (7) during each time step
dN, ~ 2a,C GPOkY (t _ ti) are allowed (F()R;S;’lon distribution):
g

— S1I
dxdk?dt w(k} + x2m?2)4 P(n) = — e~ Ne)
n.

d Inelastic probability for medium-induced
gluon radiation

— 1 _ ,—V,)
P inel — 1 € s
Phys. Rev. C 91, 054908 (2015)
Amit Kumar (JETSCAPE Summer School 2022), July 29th, 2022 Phys. Rev. C 94, 014909 (2016)

2Tf
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MARTINI jet energy loss model

d Modular Algorithm for Relativistic Treatment of heavy IoN Interactions
Phys. Rev. C 80:054913 (2009)

Momentum distribution of the hard parton is given by
The following Fokker-Planck type rate equations

dP(p) [ AT +kk) dT(p,k)
P - Lo dk (P(p B )

5 0 0 8

— — i~ i~ —_
5 K

= (X))

JBased on Arnold-Moore-Yafffe (AMY) formalism
In limit of high temperature so QCD coupling is weak g < < 1

JHEP 01, 030 (2003)
JHEP 06, 030 (2002)

J Landau-Pomeranchuk-Migal (LPM) effect:
Scattering centers act coherently during formation time when 7, > AviEp

Coherent scatterings leads to the suppression of emissions
In AMY formalism LPM effect is calculated by resuming infinite ladder

diagrams

25
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MARTINI jet energy loss model

JTransition rate for process 1->2 is given by

1+ (1 -x)>

x3(1 —x)2 9= 95

dI ngz 1 1 x2+ (1 —x)? _

—(p,k,T) = Nf g — qq
dk 16zp7 1 + e~ KT 1 £ e—p—IT x*(1 —x)? P -
e b bes C
1+x*+ 1 -x)* c Lo -
d*h Sa-xnp 888

The function F (&, p, k) is the solution of the integral equation that depends on Collision kernel

C@)) m"D , _ &1 2N. + N,)
— , Mp =
1 3@ +m3)’ " 6 ¢ty

- Elastic scattering rates are same as LBT
JQuark-gluon conversion channel is also included

26
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Recoll-hole: Medium response

d It is a weakly coupled approach to medium Leading

response parton a

JdSampled medium parton (Holes)

Medium partons kicked out the jet parton
Propagates as a parton shower in jet shower

» % Sampled medium
¢»  Parton

JRecoil Parton

Sampled from the thermal distribution dp* dp* dp"*
Subtracted from the total signal —

dnddp dndg dnddp

jet shower picked—up signal

Jet parton and recoil are hadronized together to form total signal
Holes partons are hadronized separately and used to determine the correlated background to jet

27
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JETSCAPE pp19 tune

Bl Optimized value of parameters: pp19 tune (arXiv:1910.05481)

Charged hadron yield
* Lambda QCD: AQCD = 200MeV _ — T T T T T T
D en
4 Initial virtuality (off-shell f th fter hard scattering: 0., = - oS 2 P, (52200 Gev Mot ™
nitial virtuality (off-shellness) of the parton after hard scattering: O, = 2! . N\
2 | | i |y|<0.35-, (J'E +7T )/2 JETSCARFE
S
~
Inclusive jet cross section Jet shape Jet Mass %
<
103 | ! | ! | ! | ! | - 14 | ' | ' | ' | ' I ' T | T I T I T I T I T I T | T E
ata  JETSCAPE 1.0 = L ~ : |
10 'ths — (276 TeV, R=0.7,y|<0.5) — L pp, Vs=2.76 TeV, anti-k, Inl<0.5 N 102 L | ;
CMS — eV, R=0.7, |y|<0. — . A LB 722, 262-272 (201 = =
. 10i RATLAS = TV, Robe pletd) x10 ~ | ZitscarbioCoomatad) . Poog, - ; 3 2 _%— PHENIX [PRD 76, 051106 (2007)]
E . 4-ATLAS  —  (7TeV, R=0.4,y[<0.3) x 10> § 1|~ — - JETSCAPE 1.0 (Colorless Had))  JETSCAPE — \glm = - . JETSCAPE 1.0 (Colored Had.) -
B — N 7 e PYTHIA 8.230 T g
< 10 3 & b DD (NNLOSLL,) NP | 100 L JETSE HFE i = == == JETSCAPE 1.0 (Colorless Had.)
£ 1075 — 2 0.8 — DDSS (NNLO,) NP - = = - = -1  ----. PYTHIA 8.230 =
2 Oy, ' — S DDSS (NLO) NP | v i ] o
Nb % 10—7 . " L@ — — ?l L B g 1 | 1 | 1 | 1 II
| 5 o 3 = = 0.6 s 102k - 0 5 10 15 20
= 10—9 M — @) . - [ - =
11 \b G B 04+ — ) [ 7 pT (GEV)
10 AETSCAFE L | £ I
N I = o2l o 1 v ] 210tk pes=TTe 4 Charged hadron yield
100 200 300 400 500 600 20 40 60 80 100 3 F antik, R—07 : — T T T T
Jet GeV jet o P TETTY
— pT (GeV) pT (GeV) g 0 ] p.’]I‘,tlead > 60 GeV , pgrfsub > 30 GeV : Z‘Tg: — PpP, \/E =2.76 TeV M -
= 1 r 1 T T T ' 1 = 10 I T T T T b P E - “ £€\4
1 Data JETSCAPE 1.0 — s E [Ymax| <0.5 3 ch |7|1<1.0 JETSCRPE
— @CMS — (7TeV, R=0.7, 2<[y|<2.5) — /\I/\/n:,,él\w\_ —— 1.5 —
102 = 4 ATLAS — (7 TeV, Rf0.6, 1.2<[y|<2.1) x 102__ JAETSLCAPE CMS [PRD 87, no.11, 112002 (2013)] —e— )
,; K 4-ATLAS — (7 TeV, R=0.4,1.2<|y|<2.1) x 10 Z e 10—8 'E_ JETSCAPE 1.0 (Colored Had.) — g
S 10 N = B JETSCAPE 1.0 (Colorless Had.) - - o8 - 3 { {
ié A _ 2 [op 5=7Tev  wem e < 8 } s F——- o
— 61— — Q[ anti-k, R=06 —10 — P ke Y | —
s 10 i B 101 80 GeV<p™ <110 GeV 1077 E 1 ;I—-!I-‘m L]
o T 10¢E - E 1103 S 15E -
_éx B n = —@— ATLAS [PRD 83, 052003 (2011)] (\! ) o Q_‘ L % CMS [EPJ C72.1945 (2012)] _
= K - JETSCAPE 1.0 (Colored Had.) ® - o ’
10—10 — M — 102 = == JETSCAPE 1.0 (Colorless Had.) o < 1 c- N —— JETSCAPE 1.0 (Colored Had.)
—  JETSCAFE _ é --------- PYTHIA 8.230 - - - o
o2k - c PRI B 2Z o5k £ 0.5 — = JETSCAPE 10 (Colorless Had.) —
=sill R R I J 15 = ~F )
100 200 300 400 500 600 I oo I T gz N N N N N = R . PYTHIA 8]230 | | |
p_]et (GeV) .% = | I 1 1 1 1 J
T Sz 0.50 n - . - " 3 0 500 1000 1500 2000 2500 3000 3500 4000 0 20 40 60 30 100
. . . . . . my; [GeV]
r p. (GeV)
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https://arxiv.org/pdf/1910.05481.pdf

Jets and Leading hadron suppression at \/E - 5.02 TeV

1+ ¢;In%(Q2,) + ¢, In*(02)
1+ ¢;In2(Q?) + ¢, In¥(Q?) °

Effective jet-quenching strength — §y1y - (0% f(Q@% =

where f(Qz) — 1 in low virtuality phase

| I 1 1 1 1 1 1 1 1 I 1 I 1 1 1 1 1 11 I 1 1 1
| ® ATLAS [PLB 790, 108 (2019)] | 1.6PbPb (0-10% syy = 5.02 TeV —
LOF '@ cus [JHEP 05, 284 (2021)], |9;et|<2.0 il < 1(.0 )s v M _
- — MATTER+LBT (w/ coherence effect) ) 1.4 N -
0.8+ =~ MATTER+4LBT (w/o coherence effect) [ — 1 9 __ ® CMS [JHEP 1704, 039 (2017)] JETILAFE __
i * | =~ MATTER+LBT (w/ coherence effect) _
<06k - 1.0 =~ MATTER+LBT (w/o coherence effect) + —
S< 0o®¢ ¢ + gfﬂ - + _
au - - X 0.8 -
‘ = -—
0.4 B - 0.6 —
PbPb (0—10%), v/ SNN — 5.02 TeV i -1 |
M anti-kt, R = 0.4, |yjet| < 2.8 0.4 _
0.2} d/ - _ _
I 2€ )% Running Coupling 0.2 Qsw = 2 GeV _
JEVSLAPE Q=2 GIeV ' Running Coupling _

| ' ' ' ' 1 ! ! I N N N B ! ! !

0.0 102 103 0.0 101 102
jet
pr (GeV) pr (GeV)

Strong coherence effects are observed for high-p, hadrons
29
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Collision energy dependence of Jet and Hadron R, ,

Particle Rax

Pr

© Pb+PDb at 2.76 TeV

ch
RAA

1.4~ PbPb (0-5%), /SNy = 2.76 TeV n
19 [ anti-kpr, R = 0.4, |"7jet| < 2 \v er\él ]
L [® cMS [PRC 96, 015202 (2017)] JEFSEAPE
1.0 — MATTER+LBT (w/ coherence effect) m
i af* = 0.3, Q., = 2 GeV i
0.8} s @ ~
0.6 ) ®
0.4 B ®0 o ® —
0.2 —
0 I [N N NN N NN TN TR TN SR NN TN NN MNNN NN ANNN TR NN SNNN NN NN NN BN AN A | ]
'qéO 100 150 200 250 300
I (GeV)

1.6 1 1 I 1 1 1 I || || || I || || || I || || || I ||
" PbPb (0-5%), /SNy = 2.76 TeV M -
L4 Il < 1.0 N\l ’
1.2} [®] CMS [EPJ C72, 1945 (2012)] JEVILAFE _
1 0__ —— MATTER+LBT (w/ coherence effect) i
- af* = 0.3, Qs = 2 GeV -
0.8 —
0.6 ¢ ' i
i $ + ]
0.4F —
0.2 —

b e oy gy 1

0.0 20 40 60 80 100

pr (GeV)
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© Au+Au at 200 GeV

]_oO || I || || || || I || || || || I || || || || I || || || || I
| AuAu (0-10%), /SNy = 200 GeV M 1
0.8 | anti-kt, R = 0.4 i
. |77jet| < 0°67 p'lIG‘}ad’Ch > 5GeV JE]—EEHFE
0.6L | ® STAR,unbiased [PRC 102, 054913 (2020)] i
S. STAR, biased [PRC 102, 054913 (2020)]
S [ —— MATTER + LBT (w/ coherence effect) i
A
04F -
o
_ _ _ . . i
i 1 ] ‘-
0.2E -
i af* = 0.3, Qsw = 2 GeV -
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Jet Fragmentation function

Shows sensitivity to coherence effects
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JdFactorization of soft and hard scales

Parton distribution function and Fragmentation function

- Vacuum DGLAP equation and medium modified DGLAP
equation

- Basic review of jet energy loss in high virtuality and low
virtuality phase

- MATTER, LBT and MARTINI energy loss module

Next talks In jet session:

JWenkai Fan : Overview of heavy quark energy loss

 Ismail Soudi: Weakly-coupled and strongly-coupled approach of
medium response

Amit Kumar (JETSCAPE Summer School 2022), July 29th, 2022
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Thanks to all TA’s and Chairs

Amit Kumar (JETSCAPE Summer School 2022), July 29th, 2022
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