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Lecture 4
Modification of jet substructure and
medium response
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* Lecturel
Why do we study relativistic heavy ion collisions?

 Lecture 2
How do we measure jets in heavy ion collisions?

* Lecture 3
Parton energy loss and its parton flavor dependence

« Lecture 4
mm) Modification of jet substructure and medium response

« Lecture5
Open questions and future direction

I
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Jet Quenching

|s the jet substructure modified?

I
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Inclusive Jet Shape and Longitudinal Structure

Jet shape

PbPb / pp

-

Jet shape:

function of R

Jet

~

“the jet energy distribution” as a

1 Energy

R

Charged particle in cone PbPb / pp

-

Jet Fragmentation function:
how transverse momentum

~

IS

distributed inside the jet cone
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\ p(A7) or Njets P Ztrackspitlrk
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Inclusive Jet Shape and Longitudinal Structure

Jet shape PbPb /pp

4 N

Jet shape:
“the jet energy distribution” as a
function of R

1 Energy

Jet R

1 1 Z‘trac:ksé(r rb)pflfk
Ar) = — ¥ =
\ p(A7) or Njets P Ztracksp:(l{k
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Inclusive Jet Shape

Jet shape PbPb/ . . . T
P PP 5| GMSPbPY, {5y =276Tey T
| |Ldt=150 pb” |
- anti-k; jets: R=0.3 | -
o i —— |
i i ]
x
E.--"""--
| p®' > 100 GeVic
I 1 Z"trackse(r rb)pflfk ! jet
p(AT) — EN't z'*jets 5 = trk - 03 < |T| | <2 i
Jets trackspT 05 N 0_1 Onfn p-lTI-'aEk -1 GEV‘!C |
[Erey R o o1 02 03
r

Observation of energy redistribution inside the jet cone
R (Some modification at large R; ~ one more low track p+)

e The bulk of the jet structure is actually pretty similar to that in pp

I
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p(r)PhPh/p(r)pp

JEWEL+PYTHIA (0 — 10%), Pb+Pb /s = 2.76 TeV
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Different explanation of the large angle
enhancement in jet shape measurement

« SCETg: Splitting function (large angle radiation)
« JEWEL & JETSCAPE: medium recoil parton

. recoll parton + hydro dynamical evolution
« HYBRID: fully thermalized medium response
medium response + shower

Can we test our understanding of small r

y;

ex

region by varying the jet flavor?
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Yen-Jie Lee

Theoretical Interpretation of the Excess

0.6fQ — PbPb without source
: - - PbPb with source
ki i CMS data
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Photon-Tagged Jet

pp, Vs = 5.02 TeV
III|IIII|IIII|IIII

1.4_|||IIII|IIII|||||||||||||||| ]
- = heavy quark Pythia8.2
1.2— =light quark y+jet
. =gluon -

Photon 08

0.6

Event Fraction

0.4

0.2
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o}
From Kaya Tatar (MIT)

« Decrease the population of gluon jets:
>70% of the tagged jets are quark jets
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Inclusive Jet Shape

Photon -tagged Jet shape PbPb /pp

Inclusive Jet shape PbPb /pp

ISy = 5-02 TeV p > 60 GeV/c
o PbPb 404 b anti-k; jet R = o 3
pp 27.4 pb™ | p > 30 GeV/c IA¢ > — 1561 TMS bepbl, I\J Sy =2.76 TeV |
—— . -1
'CMS  Cent.0- 10% Ldt=130 ub .
% 3 B Preﬁmjnary antl-kT jets: R=0.3 .
- | & | B 1
- m Data g 7 T
~ i . . 0
_ I SCET . Chien-Vitev i o
T 27 LT © =~
0 = jet
o p, > 100 GeV/c
p -
= 1 03-==|n‘“‘|-=2 ]
o e | 0.5 prack 51 GeV/ie -
1 1 7\\1 1 | 1 | | | | | | | | IT | | 1 | | | | 1
0 0.1 0.3 0 0.1 0.2 0.3
r r
1 1 EadksclamPo - Varying the jet flavor!
p(Ar) = = —Ziets trk - Consistent with the expectation due to the
or N]ets Z'tracksp -
changed quark vs gluon ratio
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Inclusive Jet Shape and Longitudinal Structure
Charged particle in cone PbPb / pp

4 N

Jet Fragmentation function:
how transverse momentum is
distributed inside the jet cone

\@et et'z =-InZ /
]et = -n
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Inclusive Jet Longitudinal Structure

Jet axis w10k 100 < p*' < 300 GeV/cy piac > 1 GeV/c, R < 0.3+
2 2 0.3 < |n* <2 =
: = :
> 1§ ]
AT e S
= - 2IPRC 90 (2014)1 = :
§ < 10| 024908
i = 10-30% 0-10% ]
‘\\ i 185:::::::::}::::{::::':::: :::::::::'[::::}::::'I::::
AW 1 6f Enhancement .
- o . .t hd ¢
\\ ! o 1.4 o |
o\ E 1.2 1fe
\‘\\u i 0;“ 17 - ._ 3 - - -t-.--. ._. o_o b —
s 0.6t  Depletion
: 0'4'-I.....l....l....I.....I.....I.. 1 | 1 1
i o 1 2 3 4 0 1 2 3 4
- ]et|2 E=1In(1/2) & =1In(1/2)
1 C]et — ] P
— Mk jet
PP
Observation of energy redistribution inside the jet cone
R (Some modification at large R; ~ one more low track p+)
e ~ The bulk of the jet structure is actually pretty similar to that in pp
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Jet Longitudinal Structure

0.6

Jet axis @ RD(z) = PbPDb/ pp ATLAS-CONF-2017-005

T I | I I T l I ] I I ] L
i ATLA? 4| ATLAS Preiiminary ly  I<2.1 N
_______ :r______ ~ i @ 126 < p"f‘ < 158 GeV ]
SN -: —————— D i jet -
\ o I - ¢ 200 < p” < 251 GeV .
) : 1.2 . LY q—
\ . L : : i 316 ° < 398 GeV i
\ | Projection to jet axis - # 316 < pr <396 Ge LT :

\ N |

\\ : 1_ ]
N\ . ? | _
g pTTk cos Ar i i__ .*. po
W\ L = Tet _+ |
\\\ \ pT 0.8_ ]
= | Pb+Pb, {5, = 5.02 TeV, 0.49 nb™, 0-10% ]
- ' TeV

e - gl

pp , \s =5.02 TeV, 25 pb’ PbPb 5.02

| | IIIIII]

Ar = /An? + A2 10"
* Fragmentation functions Ratio Ry, between PbPb and pp collisions at 5 TeV 4

« Enhancement at large z (high p; particles in jet): smaller gluon/quark ratio in PbPb

« Weak or no dependence on the jet p; See discussions in Frank Ma, thesis (2013)
arXiv:1504.05169 Martin Spousta, Brian Cole

— If switch to y-tagged jet (mainly quarks), will this enhancement go away?

—

I
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Photon-Tagged Fragmentation Function

From Kaya Tatar Sy = 5.02 TeV p* > 1 GeV/c, anti-k _jet R =0.3

14 T | TTTT | ITTT | TTTT ‘ TTTT | TTTT | T Iplpl'l li}_s\l=| I5\.IOI2| -\I—Iel\{ Pbpb 4D4 p'b-1 pj‘?l = 3[} Gev;c’ |TTF1| < 1‘6

— heavy quark Pythia 8.2 pp 27.4 pb" pi > 60 GeVlc, n'| < 1.44, Aq:h > %

12— E=light quark jet I s S S B B B R S
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- Decrease the population of gluon jets: £ 121
>70% of the tagged jets are quark jets & 08t

0.6f i
. Observation of modified jet fragmentation  g.gtoe oo oo e, |
function in PbPb with respect to 1t 2 3 4/1 2 3 4

. CMS-PAS-HIN-14-014
High z

* No significant high z (or small ¢=In(1/z) ) enhancement observed
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Photon-Tagged Fragmentation Function

ratio of D(z)

ATLAS: Select on jet p; > %2 Photon p-

1.6- v-tagged jets 5.02 TeV - _ = 1.6 s v-tagged jets 5.02 TeV
I % inclusive jets 2.76 .g I \ % inclusive jets 2.76 TeV |
1.4 (30-40%) | © 14p v (0-10%) R
I N I
1.2 1.2 %
: : \
T 1—%’}}% R rosesnasaseess e
: : | \55'5«*‘*\\*\' \
I ATLAS Préliminary | ATLAS Preliminary
0.61 30-80% Pb+Pb / pp- 0.61 0-30% Pb+Pb / pp ]
107 10-1 1 107 10-1 1
z z

Strong modification of photon-tagged jet FF in both centrality intervals.
Larger modification in the central collisions than that in inclusive jets
Corrected for jet resolution smearing

Hint of enhancement in PbPb/pp ratio at the high z region

I
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Jet FF with photon pT as reference

CMS-PAS-HIN-14-014
PbPb 404 ub', pp 27.4 pb’! p’ > 60 GeV/c, " | <1.44,00 >ZF 7“

4{¢iuié"'éé.{ti'56li66°}o"'"""blah't.'s'o'-'édo}o}{'""' Cent.10-30%% @ Cent.0-10%
* Preliminary 1 1
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_S' ; 1 ¥ mmdE/dx o T? ‘
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05} ¥ i
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e Y e Y
= = 5 5

« Almost no modification in 50-100%, significant modification in central events
« Strong modification in central events, compared to HYBRID (“Parton level”) and CoLBT

72
. 1 |PT ‘ HYBRID Parton Level CoLBT-Hydro calculation
gT n T trk .Y J. Casalderrey-Solana et al. W. Chen, S. Cao, T. Luo, L.-G. Pang, X.-N. Wang
Pt PT JHEP 1603 (2016) 053 arXiv:1704.03648

I
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Jet Quenching

Where does the quenched energy go?
t+ Do we see medium response”?

-7
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Jet Quenching

Where does the quenched energy go?
t+ Do we see medium response”?

-7
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Measurement of the Quenched Energy Flow

Subleading jet

Jet 1, pt: 70.0 GeV

Jet 0, pt: 205.1 GeV|

\ Difficulty: Large PbPb

underlying event (UE)

Leading jet
\‘df, ldea: Use all charged particles (p+>0.5 GeV/c)

-_—

) Study the transverse momentum balance (uncorrelated UE cancels)

N
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What is the multiplicity and
prspectra of the particles that
balance the lost p;?

Charged particle
azimuthal angle

” —Z p cos (471 PDijet )

Dijet axis
l () . .. .
Qhijet ¥ . Projection to dijet axis
V2(@y + (TT-9,))
o i
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Missing p!l vs. A,

More energy flow
In the subleading jet direction

arXiv 1509.09029

0-10% PbPb

-60
More energy flow
In the leading jet direction

IIII>

.....—._.___:jL_:.:.__Iﬂ.:__
Syy =276Tev A
01020304 07020304
AJ AJ

p, >120, p_>50 GeVic

The momentum imbalance inside the jet cone is restored m/.n,<0.50,4¢, >5m6
If we consider all particles in the event
(in both pp and PbPb collisions)

Yen-Jie Lee

Jetting through the Quark Soup

anti-k, Calo R=0.3
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Missing p;llvs. A,

More energy flow

arXiv 1509.09029

In the subleading jet direction PP 0-10% PbPb

CMSpp | [PoFbO0%

= 4% --Gen. PYTHIA .]

p™ (GeVic): o 20f —— . .
[J0.5-1.0J2.0-4.0 (,2, '

[ ]1.0-20M4.0-8.0 ,

¢ >0.5 [l8.0-300 \%:20 ”
-40p =PP <P > y =276 TeV

More energy flov\;GO ) 0 1 0 2 0 3 O 4 ..... 0 1 0 2 0 3 0 4 ”
in the leading jet direction AJ AJ

» Missing p; from high p; particles increases as a function of A,
* In pp — Balanced by 2-8 GeV/c particles
* In 0-10% PbPb — Balanced by particles with p; <4 GeV/c

I
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Missing p/lvs. A

What is the angular distribution of
these particles with respect to the
dijet system?

Calculate the missing p; for charged
particles that fall in slices of A

i

!4 = (Z —P’r cos (¢ — ‘fybdi]'et)) |Raown< A <Rup

A — \/A(P%rk,jet + An%rk,jet

H N
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Missing p/lvs. A

What is the angular distribution of
these particles with respect to the
dijet system?

Calculate the missing p; for charged
particles that fall in slices of A

i

!4 = (Z —P’r cos (¢ — ‘fybdi]'et)) |Raown< A <Rup

A — \/A(P%rk,jet + An%rk,jet
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Missing p/lvs. A

What is the angular distribution of
these particles with respect to the
dijet system?

Calculate the missing p; for charged
particles that fall in slices of A

!4 = (Z —P’r cos (¢ — ‘fybdi]'et)) |Raown< A <Rup

i

A — \/A(P%rk,jet + An%rk,jet

I
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Missing p-/l vs. Ain pp

Subleading jet direction Contribution from third jet P, >120, p >50 GeVic
m,l.m,|<0.50,A¢, >5n/6

T r 1| rr 1o 11 11 I- anti'kT Calo R=03
CMS pp <24
O O O 1 O u lD_D: p™ (GeVi/c):
- 0 0.5-300 GeV/c

/ -20 - PP <pT | | Integrated curve
j : . pp <pT>[O,A] from 0-AR
0.5 1 1.5
A A . \/ A(P%rk,jet + A']%rk,jet

arXiv 1509.09029

Leading jet direction

Asymmetry inside the jet cone
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Missing p+!' vs. Ain pp
Contribution from third jet P, >120, p_,>50 GeVic
m,.m,|<0.50, A¢, ,>5n/6
"7 7] antik, Calo R=0.3

Subleading jet direction
1 1 I 1 1 1 1 1 1 1 1 I 1
| I, J<2.4

trk
= p‘Trk (GeVic):
"] IH0.5-1.02.0-4.0

4 [J1.0-2.04.0-8.0
0>05 [8.0-300.0

Integrated curve
from 0 to A

A = \/A(P%rk,jet + A"‘]%rk,jet

Leading jet direction
arXiv 1509.09029
N
N U [T

Asymmetry inside the jet cone

Jetting through the Quark Soup
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I\/Ilssmg pT” vs. A

Subleading jet direction —— —
A Pbe O 30%

Leading jet direction

p,>120, p_>50 GeV/c
n,l.n,|<0.50, A, >5n/6
anti-k; Calo R=0.3

-4080

|ntrk| <2.4

arXiv 1509.09029 A = \/ A(P%rk,jet + A"l%rk,jet
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I\/Ilssmg pT” vs. A

Subleading jet direction

| 'Pbe 0- 30%

Py, [GeV] L L —

Open circles:
Integrated over
| particle p;

Leading jet direction

p,>120, p_>50 GeV/c
i .n,|<0.50, A¢, >5n/6

anti-k, Calo R=0.3 2.0-4.0
B 4.0-8.0
I 8.0-300.0

n <24

trk
arXiv 1509.09029 A

A = \/A(P%rk,jet + A’7%rk,jet

H N
Yen-Jie Lee Jetting through the Quark Soup 29 I I I I I



Subleading jet direction

I\/Ilssmg pT” vs. A

| 'Pbe 0- 30%

i 0.5 1 1.5 51 (PbPb 0-30%) Fpp t small A

1 P, [GeV] |

Leading jet direction ! e —
0.5-1.0 =
p, >120, p, ,>50 GeVic

1.0-2.0
n,l.n,|<0.50, A, >5n/6
anti-k, Calo R=0.3 2.0-4.0

B 4.0-8.0

n |<24

trk

arXiv 1509.09029

A - \/A¢%rk,jet + Aq%rk,jet
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I\/Ilssmg pT” vs. A

Subleading jet direction

3

- mm—am_ ¥ .
-
-
> .-
- -
D --
-
-
-
-
o -
-
el i
-
! -
/ -
/ ”
»
f ’
rd
|

| 'Pbe 0- 30%

Al 1 ><-10

) 0.5 1 1.5 51 (PbPb 0-30%) - pr t small A

Leading jet direction i ma Sy —
0.5-1.0
pT'1>120, pT'2>50 GeVlic 1 0_20
,n.1<0.50, Ad >5m/6
InJ.n, <0.50, A6, >5r 50.40

anti-k; Calo R=0.3

B 4.0-8.0

n |<24

trk

arXiv 1509.09029
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Where does the Quenched Energy Go?

Jet 0, pt: 205.1 GeV

Leading jet
Quenched energy carried by

low momentum particles!
Average momentum of those
particles are higher than that
from medium debris

— Not Completely Thermalized? Ml <24

Jet 1, pt: 70.0 GeV

Subleading jet

JHEP 01 (2016) 006

Jet axis

- -

_____

taaT el

@), [GOV]

0.5-1.0
1.0-2.0

/

For instance the discussion in JHEP 1703 (2017) 135

from J. Casalderrey-Solana et al.

Yen-Jie Lee Jetting through the Quark Soup

2.0-4.0

Bl 4.0-8.0
B 8.0-300.0

L L B
(PbPb 0-30%)

|

-pp ]




Jet Transverse Structure

Jet shapes in pp and PbPb at 5.02 TeV
C_'f_\"‘s POPb Cent. 0-10% B

Jet axis

pp reference
CMS Preliminary pp

Anti-k; R=0.4

L

[ 0.7<p* <1 Gev

[ 1 <pi™<2GeVv g

D 5 - p:ssoc.< 3 GeV a 2.5

- 3 < p-aI—SSOC,< 4 Gev “6’-

B 6 <pUsGeV g s R
.elt-ssoc. L 15

B 5 <0< 12 GeV &1 =

B 2< < 16GeV = S D

Jssoc —d s\ﬁ
B 16 < P < 20 GeV g =

A

CMS-PAS-HIN-16-020

. B 20 < 0°< 300 GeV 0.5
AT — \/AT} —I_ Ang B Tot:ll 07 <<p:‘_55°°'< 300 GeV

: 2 a2 bl a2 32 a0 1l
N <24 0=="02 04

"I R
I’O'G 0.8

track

« Jet shapes and fragmentation functions in pp and PbPb collisions at 5 TeV
« Sensitive to the possible medium response to hard probes and induced radiation
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Focus on the hardest substructure

Does the magnitude of quenching depend on the structure of parton shower?
One could remove the soft radiation (isolate the hard jet core)

N
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Groomed Jets

Jet grooming removes soft divergences and uncorrelated background
Common technique in HEP

This analysis is the first one using jet grooming in heavy ion collisions

Recluster Remove if fails
Measured with C/A soft drop
anti-k; jet
Continue until
branching passes Return jet
> —_—
Schematic sketch from A. Larkoski .
LPC Workshop JetMET Jan. 2014 Soft Dropped jet
Soft drop condition min(p71, pr2)
in this analysis n > 0.1 Andrew Larkoski, Jesse Thaler (CTP)
PT1 T PT2 JHEP 1405 (2014) 1465
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Jet grooming with Soft Drop

Anti-k- jet is re-clustered with Cambridge/Aachen (CA)
Then decluster the angular-ordered CA tree
Drop soft branches

Dropped branch

To minimize the smearing effect from PbPb underlying event, AR;>; > 0.1 is applied

Measurement of momentum sharing between leading and subleading subjets

Andrew Larkoski, Jesse Thaler (CTP)
JHEP 1405 (2014) 1465
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]

o

min(p1, p2) o (AR

P1 + P2

[=]

TIT T [P T[T T T[T T T[T T [ TTrrT ||||||||1||||||[||||

eshold

o
(=)
T N

gg thr

&)
O N R

“Default” _

— (0.1, 0.0)

—(0.5, 1.5)

Groomed Jet Substructure with Soft Drop
 CMS: used two grooming settings with AR>0.1 cut

o
-\-q

eshold

o
(=)
T T 1T

E,g thr

(4]
TT T[T 1T

“Jet Core”

—(0.1, 0.0)

— (0.5, 1.5)

From Yi Chen

Yen-Jie Lee

0 005 0.1 015 02 025 03 035 04 045 05

AR

0 005 0.1 015 02 025 03 035 04 045 05

AR
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(ZeB) = (0.1,0.0)  AR>0.1 (ZoysB) = (0.5,1.5) AR>0.1 F e
CMS Preliminary

Groomed Jet Mass

CMS Preliminary

- 30¢ >
: 140<ijet<160 GeV : 140<ijet<160GeV
12F = PbPb 25¢ = PbPb
"“‘% 10F N Smeared pp "‘E 20 _ | W Smeared pp
Q.

zl2 g E_“Default”
'O -

A\
~_ O N\ S~ 15E % “Jet Core”
N

" 6 \ ~— L
© [ O o
-z 4f A -z 0P8 0-10%
2f SR W
of Obt o T
2 4 g
2r
g% 58 7 ~+
oo 2 Lo 1F*=eeeot g0
0 0||1||
0 OIV'I1 / 0.2
Mg / pT,jet CMS-PAS-HIN-16-024 9 pT,iet
« Enhancement of large mass when looking * Results with a “more aggressive grooming”
at a less aggressive grooming setting * No significant modification of the “jet core”
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Momentum Sharing of Subjets

One hard subjet Two hard subjets
e
2
Zg _ PT,2 5
Pr1 T Pr,2 o
o
* Quark and gluon Z, distributions are very similar in pp
* Jets with two hard subjets (large Z,) “relatively” more
suppressed than jets with a single core (small Z)

(Or small Z; is enhanced)

Yen-Jie Lee
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\HSNN =5.02 TeV, arXiv:1708.09429
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CMS Groomed Jet Splitting Function

arXiv:1708.09429
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1.6k CMS Centrality: 0-10% - ¥ -
N - 140<p <160GeV I 3 ]
1.4 : T jet —+ 1 250 < ijet <300 GeV ]
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O 08f I ’
0.6: i JEWEL _:' SCET s :
. Coherent antenna BDMPS™2” I BRign.vitey  HT § = 4 GeV/fm® i
0.4_— —q— 1 GeV/fn, L = 5fm i g=18 == Coherent _'
C = om q 2 GeV/fm |_ 5 fm |:: ||||||Ig 2.2 : |I"ICCihE}I'E}I'It : | ]
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Zq %

+ JEWEL: enhancement of low Z, jets (due to medium recoil)
. modification due to medium induced splitting function
& Coherent antenna BDMPS: Data prefer coherent energy loss
* Measurement of ry and groomed R,, would help to separate models
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Lecture 5
Future direction and open questions
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SPHENIX Physics at RHIC

Spectra  “x+Jet” » Jetting through lower temperature

| 1000
o Jete| | Difets 1 Quark Soup from Gold+Gold
o | collisions at 200 GeV

3 | vl  Direct comparison with CMS datal

3 yHets

H SPHENIX detector
" i -zo+jets 1100 Outer HCal j { { i ‘ ‘ { /

; ’ : " Superconducting Magnet .
3 ’ 5. | Inner HCal ~|I==

: EMCal :

Vertex and Tracker

RHIC tomorrow—{ 10
LHC tomorrow

1:| RHIC today

Pf [GeV]
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RHIC / LHC Timeline

High Statistics LHC Jet Data

1 Month lon Running 1 Month lon Running
11/2015, 11/2016, 6/2018 11/2020, 11/2021, 12/2022
End of
LHC Long Shutdown 1 Long Shutdown 2
7/18-12/19
2015 l 2020 >2025
1 1
Stochastic e-Cooling  LS2 SPHENIX
Chiral Magnetic Installation
Effect Confirmation Shutdown 2021 Electron-lon Collider
/ Install LEReC (Notional BNL Plan)
RHIC 20142017 2019-2020 2022-2025
Heavy Flavor Beam Energy Precision jets
Probes of QGP Scan ll and quarkonia
Origin of Proton
S in n n n
b High Statistics RHIC Jet Data
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Summary: Quark Gluon Plasma at the LHC

Fm: s R AN RN LR RN AR T
2500 —————T T T 2 [ ¢ daa CMS PbPb |5, =2.76 TeV | 22 .
| @ CMS276TeVPb+Pb 0-5% 1 Emoz_— Pbthﬁt Cent. 0-100%, |y < 2.4 < 3. The StOpplng power
5000[. —*— PHOBOS 0.2 TeV Au+Au 0-6% ,: 5600?;; :';::‘;‘:9 Lip = 150 E T |S Very Stl’Ong
i 000, .0%% ] ‘%500_— E O(lOGeV/fm)
— 1500 — - s F
= - ] 400f
= L i C
© 1000 . 300F
L Lottt aeatety, i 200
500~ V 4 ., . c
C * '-... E 1oo:
O gy
n Mass(u*l) [GeV/c?]
. 4. 1t flows like
1. >10x denser than 2. 1 Trillion Degree!!! -
: - - perfect fluid!
the proton or nuclei = 1 million million
1,000,000,000,000 °C : .
( ) Signal in pPb
collisions?
0°C 10°C >100°C

Ice Water Steam Quark Gluon Plasma
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Jetting through the Quark Soup

Particle Multiplicity Azimuthal Anisotropy
« Collision impact parameter « Early thermalization <1 fm/c
« Energy density * Shear viscosity
’ « [nitial-state geometry fluctuation

"

4 |

Colorless Probes Jet Substructure and Hadrons
« Initial state tagging « Jet medium interaction

« Parton distributions  Medium gluon density, structure
 Number of hard scatterings  Medium scattering power

« Temperature
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Backup slides
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Charged jets in PbPb are more Quark-like! (Gluon jets suppressed)
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Hadron-Jet Angular Correlation
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____________________________ g QGP probed looks smooth
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