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Jets: Theorist View

Final State
Radiation ..

Initial State |
Radiation

JETS: Colored partons from the
hard scatter (2= n)

e Fragmentation via gluon radiation
e Hadronization: “spray” of

»

> Beam

Beam B
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Remnants

Parton Level: Calculable with pQCD
Underlying Event: Beam remnants
- Soft Background
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'Back-to-back asymmetric jets

Large Fluctuating Underlying Event
Sevil Salur
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Unknown Medium

Photon: colorless
W, Z: colorless - Controls
high momentum transfer _’<:
high mass m
high transverse momentum p+
Q Q — Dissociation?
\
Induced
Fast quark or gluon > gluon
> radiation?
probe IN -
(known from I Energy
pp, pA+ pQCD) > Loss?

probe
OUT

Diagnosing medium: pass a QCD-sensitive internal probe

through it, then look for any modifications due to the medium.
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To learn about the medium:
* Look at elementary/smaller collision systems

— Measure an observable (e.g., in this case jet production)

Look at Heavy lon collisions

— Measure the same observable as we do in elementary/smaller

system

— Compare them, is there something new?
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hadrons ff / /
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Hadronic
rescattering
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Parton Distribution Function |

Hard-scattering cross-section

nucleon

Nuclear PDF
Hadronic rescattering
Fragmentation function

Fragmentation function
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A Simple Physics Observable:

Nuclear

Modification Yield in A+A Events
Factor:

RAAE

R 4L N, (Yield in p+p Events)
1.2+
| SR
0.8

0.6

R =

hard If no “effects”:

R <1 in regime of soft physics

R<1

T T

04 " "

. soft R =1 at high-p; where hard
‘ . . . . . . scattering dominates

0.00 1 2 3 4 5 6

Tranverse Momentum (GeV/c)

When reference measurement is not available look instead to smaller systems like
peripheral events and construct the Rcp.




Jet Ryp @ LHC

= 1.4

1.2

0.8

0.6

0.4

0.2

Jets appeared to be quenched in a collision energy independent way!
ALICE , Phys. Rev. C 101 (2020) 034911

] I | L] ]
Pb-Pb 0-10% R=04  ALICE
W ALICE s, =5.02TeV Phys.Rev.C 101 (2020) 034911
ATLAS VS_NN =5.02 TeV [PLB 790 (2019) 108-128]
ATLAS VS_NN =276 TeV [PRL 114 (2015) 072302]
CMS v_ 2.76 TeV [PRC 96 (2017) 015202]

See publications for: T , P

>4

| Correlated uncertainty
Shape uncertainty

See publications for full description of uncertainties
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Jet Ry, radius dependence @ LHC

pp 5.43 pb™ + PbPb 166 ub™ (2.76 TeV)
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No strong dependence on jet radius!

CMS, Phys. Rev. C 96 (2017) 015202



What about larger radii?

CMS VS = 5.02 TeV, PbPb 404 ub', pp 27.4 pb*
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No strong dependence on jet radius persists at high pt and large R!

CMS, arXiv:2102.13080



A very naive Toy Model

(¥4

~.2
— 2 < .
(V) -5%
= A % ak R=0.3 PF jets Er:( 0-5%, 12 GeV per jet removed
g 3 8 ° R=0.2
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The choice of AE can emulate the RAA suppression.
Same shape of spectra: No R dependence: Same RAA for the same AE




Theoretical Challenges: Rigorous calculations of jet variables
“Model building of in-medium modifications... ”

* Jewel (Jet Evolution With Energy Loss): K. Zapp et. Al. Medium recoil parton
(Parton shower with microscopic description of interactions with medium — random
process of scattering is used to modify the formation time of the radiated gluon.)

 Q-Pythia: N. Armesto et. Al.

MC implementation in Pythia of medium-induced gluon radiation through an additive term
in the vacuum splitting functions.

* Many others .... Martini (S. Jeon), YaJEM (T. Renk) mm

PYQUEN (LOkhtln, SnigrieV), . . | With four parameters | can fit an
. . . ‘ ' elephant, and with five | can make
PQM (Dainese, Loizides, Paic), : him wiggle his trunk.

HIJING (Gyulassy, Wang)... BN < e
Analytic Calculations: Vitev et. al., Borghini et al.

SCETa: Splitting function (large angle radiation) /M y o
CCNU: recoil parton + hydro dynamical evolution JETSE%EIFE 50

~190% 50 0 50 100

Not a complete list...

Measure various jet observables that have different sensitivities!
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Confronting LHC large jets with realistic calculations: CMS arXiv:2102.13080

CMS VS = 5.02 TeV, PbPb 404 ub”', pp 27.4 pb'
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Significant tension remains in view of the large jets.

200 1000 200

Further constraints on the underlying jet quenching mechanisms.



When we don’t have precision pp reference:

2 R=0.2 R=0.3 R=0.4

o

o 0 B e meaaaaad

(@) E X T

g -

S~

S Ay et SR S — N S —

o

© | STARAwAu VS = 200 GeV t (T Teoneisisganc.

o charged jets, anti-k

ﬂf)1 o'l p;rl\iln i 5 GeV/c i shape unc. 1 !
i |11 | <1-R i i DTAA uncertamty
kl - IillllkllllllltllllllAllllllllll llllllll l llllllll |lllllldilllll llllllll l llllllllllllllll I‘
0 5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35

h
$ - (GeV/c)

No strong dependence on jet radius in low pt kinematic range |

STAR, Phys. Rev. C 102 (2020) 054913




Rcp (0-10%)/(60-80%)

When we don’t have precision pp reference:

| STAR Au+Au VSN =200 GeV
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Similar magnitude of suppression at RHIC and the LHC

STAR, Phys. Rev. C 102 (2020) 054913



A Simple Physics Observable — Nuclear Modification Factor:

é [ I T T T I T T T I T T T I T T T I T T T I ]
& - Pb-Pb, \s,, = 5.02 TeV, charged particles, | | < 0.8
1.2 = ALICE data, 8 < P, <20 GeV/c —

HG-PYTHIA, PLB 773 (2017) 408

U N B B B L1

1 | 1 1
0 20 40 60 80 100
Centrality (%)

ALICE, Phys.Lett.B 793 (2019) 420-432

High p- h* suppressed in peripheral events

Geometric biases (on initial nn impact
parameter) = Centrality selection biases.




A Simple Physics Observable — Nuclear modification Factor:
We need to be careful but there is hope!

é [ I T T T ] T T T I T T T I T T T I T T T I ]
& - Pb-Pb, \s,, = 5.02 TeV, charged particles, | | < 0.8
1.2 = ALICE data, 8 < p, < 20 GeV/c —

HG-PYTHIA, PLB 773 (2017) 408
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1 | 1 1
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Centrality (%)

ALICE, Phys.Lett.B 793 (2019) 420-432
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0.6 —— )
0550 60 <m, <120 GeV =
- IyZI<2.1 =
—~ 0.50= =
e g
;; 0.45E o —fo— E
< 0.4 o =
;0.35:— =
=’ 0aF T 0%, aMC@NLO + CT14 + EPPS16 E
0.25 Scaled HG-PYTHIA =
o 12F E
o R O RS SRS DR
Q= 5gE E
0 20 40 60 80 0-90%

Centrality (%)
CMS, arXiv:2103.14089

High p- h* suppressed in peripheral events

Geometric biases (on initial nn impact
parameter) = Centrality selection biases.

Peripheral Z boson yields are also suppressed

New data driven methods to study this bias!




Heavy Flavour Dependence

Bottom and charm tagged jets are
selected on displaced vertices.

3+ Body Secondary Vertex Tagging:

light vs ¢

Primary Vertex

corb jet

Secondary
Vertex

Xyz
Feed into template shapes

charm jet contribution extracted
Corrected Secondary Vertex Mass:

20.9 nb™ (5.02 TeV)

cvsb

Number of jets

T T T T I T T T T I T T T T I T T T T T T T T T T T T
CMS Preliminary ~8- pPb data
10° &, L
= nlab|<2'0 Elc
5 L ¢ tagged sample (SSVHP>1.68) [l udsg )
10° ¢ 55 <p,_ <80 GeV/c Primary
10t L Vertex — _
E _--
- ®
10° = h
- adron . .
- Invisible (v)
10?
10

0 1 2 3 4 5 6
Corrected secondary vertex mass (GeV/c?) Sevil Salur 17



166 ub™' (PbPb 2.76 TeV), 35 nb™' (pPb, 5.02 TeV)

CMS
—= bjetR,, (0-10%) i <2
Pythia
pA
b= Ccjet RpA mCMI <15

—*— bjetR

Nuclear Modification Factor
5132301(2014)

59 (2016

Vi

100 150 200 250 300
P, (GeV/c)

ys. Lett. B 754
CMS, arXiv:1612.08972 (2016)

Suppression of b quarks in PbPb, while
no apparent suppression in pPb collisions

Explore with future RHIC data!

Sevil Salur
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L e B e B B R i
L "y 172 i - p+p collisions, LHC s =2.76 TeV
1 Central Pb+Pb collisions, LHC s "=2.76 TeV - IyI <05 b-jet anti-kT R=03
' — usual b-jet
i IS effects, radiative E-loss and } - R ~- biet witJh b-quark leading
0.8 collisional parton shower energy dissipation — 2 0.6 “
[ = or o Y —
2 | o, | & s
‘; 06 4 9 T R amumereaets =
= % o
) = 04 S —
o A~ 2
04} o -
i — b-jet, R=0.2 | 02
02F — light jet, R=0.2 7 )
0 | I | I I I | I I I I 0 1 | 1 I 1 | 1 I 1 | 1
0 50 100 150 200 250 300 0 50 100 150 200 250 30
[GeV] p; [GeV]

Huang, Kang, Vitev et T
Rguon:fraction of g->b
R, :fraction of b->b

Roiher:fraction of g->b

At high pt region, mass
effect can be neglected

Explore multi tags such as ¢/b jet with D/B and v.
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Jet Morphology: Angular and Momentum Structures

A Pythia Jet

0.4 At small angles: Most of the p; and
4/ carried with high p; constituents

°
ﬂc}_’_ 0.3 32 GeV < prpartticle

~
@
[
=
-

o 0.2 |

W 16 < prParticle < 32 GeV

At large angles: Small fraction of p;

0.1 and carried with softer constituents
(100 GeV Pythia jets)
0‘ -

B> 32 GeV/c
[]16-32 GeV/c
[8-16 GeV/c .
[]4-8 GeV/c Radius r
[J2-4 GeV/c

[(]1-2 GeV/c

Jets are quenched! How? Need to explore jet inner-workings.

T VIT T OUTuUT =



Many Jet Shape Observables:

e Jet Mass M = \/E2 _ p% _ p%. Measures how spread out the
~constituents of the jet are.
. Measures 2" moment of the
M.omen-tum D pD — \/Z p I,i constituent p, distribution in the jet
* dispersion p;°: r Z DT.i and is connected to how hard or soft
(Energy Sharing) the jet fragmentation is
e Radial moment Measures 15t radial moment or
_ — Pr,i | AR | angularity and is sensitive to
* —girth(g): g DT jet collimation / broadening of a jet
’L Y
 LeSub:
lead sublead
LeSub = PT track — PT,track
* Fragmentation
* function (FF): 1 dN
FF(z)=
* Differential
. , k
* jet shape: (Ar) = l 1 | Ztracksé(ra,rb)p:cl{
P _ 5;, Z\]iets jets jets

 Jet Charge:

T3

16]et

Pr

Not an inclusive list but examples of jet substructure measurements that are currently being used
as tools to disentangle different kinds of jets and study the effects of QGP.



Jet I\/Iass @ RHIC

S [T A e e aa
© 045 P+P fs = 200 GeV k5, __ (a) 3
(S\D 0.4f anti-k;jets,ln I<1-R % "' HERWIG-7 Fonn PYTHIA-8 F
[$) - 1 ¥ :
50_35;_ 20<p <25 GeV/c 1 _ 25<p”e‘<30 GeV/c __ 30<p”e‘<40 GeV/c _
"23 0.3F [x|sTAR

Do2sE S KN 1\ —PYTHIAG

< o2 O\ + N

e

0.15F

0.05E

MC / data

L I Ly

M [G;V/cz] M [GeV/c?] M [GeV/cz]

Baseline for measurements in heavy-ion collisions at RHIC

Well-described by the RHIC-tuned PYTHIA-6 Perugia 2012,
others fail providing crucial input for further RHIC tunes.

STAR, arXiv:2103.13286,



Jet Mass @ LHC
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~ 0.2 ]
kS i ALICE @ 0-10% Pb—Pb ys, = 2.76 TeV JEWEL + PYTHIA 0-10% Pb—Pb .
T PYTHIA Perugia 2011 Recoil on
¥ =
% §° == QPYTHA 1 Recoil off .
o K :
‘_l £0.1f 2
< I
ol

Lt
20
Mch jet (GeV/CZ) Mch jet (GeV/CZ) Mch jet (GeV/CZ)

Well-described by the LHC-tuned PYTHIA-6 Perugia 2011,

Tension between data & quenching models!

Phys. Lett B Vol. 776, (2018) 249-264



An example in pp: Quark-gluon discrimination

u,dors jet

gluon jet

Compared to gluon jets,

quark jets in vacuum have:

1. Fewer constituents

2. Narrower shape

3. Harder fragmentation function
and less symmetric energy sharing
among constituents

http://cds.cern.ch/record/1599732/files/JME-13-002-pas.pdf

1. Multiplicity: Total, Charged, Neutral 2>
Particle-Flow in CMS
2. Width Variables

¢

obtained by diagonalizing

1 2 (Ag:)*  (ApiAn;)
> Pt zi:pT’i ( (AnAgs)  (An,)?

— ]2 2
0O =1\/07] + 05

3. Energy Sharing Variable: p;D

\/ D i p%,z'
ZipT,i

p:D=1 single jet constituent
p:D=0 == number of jet constituents.

»n

prD =

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsIME13002

Sevil Salur

24




Quark-gluon discrimination:

CMS Preliminary, L = 18.3 fb'at (s=8TeV
e R B REman

—

3 1000 sp<i0cey zoan Likelihood based discriminator obtained by combining 3 variables:
& 1600~ E . ..
B 1400 o * Total multiplicity

[ ] Unmatched+PU |

] * Minor axis
= ° pTD http://cds.cern.ch/record/1599732/files/JME-13-002-pas.pdf
E https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13002

12001
1000 ;
800;
600;
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200f

0 L
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CMS Preliminary, L=18.3fb" at (s =8 TeV
& 1800 T T T T T T T T T T
8 [ 80<p <100GeV Zlets
> 16001 20 <Pr E
e [ mi<2 e Data ]
= C ]
@ 14001 [ quark 7
[= r ]
d>) 12001~ I Gluon 3
w r [ ] unmatched+PU

00 0.02 0.04 0.06 0.08 0.1 0.12 0.14

O,

CMS Preliminary, L=18.3 fb™ at {s =8 TeV
Q2000 T T T T T
o E ]
9',1800} 80<pT<100 GeV  Z+ldets E
~ P <2 ¢ Data 3
*2 1600 7 Quark E
€ 1400+ I Gluon B
L ]
12001~ [ unmatched+Pu |
1000~ =
8001 =
600 7
400F 7

200F
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Quark-gluon discrimination:

CMS Preliminary, L = 18..
T T T T T T T T

3fb'at (s=8TeV

—

‘\; 1800}~ 80<p,<100GeV  Z+lets

E 1600F
i 14000

12000

10005
800F
6000
400F
200F

L <2

78

5 10 15

e Data
7] Quark
I Giuon

[ ] Unmatched+PU

20 25

30 35 40

Number of Constituents

CMS Prelimi
T

y,L=18.3fb"at (s=8TeV

& 1800
F 80 <p_ <100 GeV
[ m<2

I I
Z+Jets
e Data
[ quark
I Gluon

l:l Unmatched+PU

0.02 0.04 0.06 0.08 0.1 0.12 0.14

O,

CMS Prelimi

S 1800
9 1600
2 F

T
80<pT<1OOGeV

Fomi<2

y,L=18.3fb"at (s=8TeV
——

Z+Jets

e Data
7 Quark
I Gluon

] Unmatche-dy

v

Likelihood based discriminator obtained by combining 3 variables:
* Total multiplicity
* Minor axis

*p:D

o
o

0.18
0.16
N 0.14
0.12

zed To Unity

Normal
o

http://cds.cern.ch/record/1599732/files/JME-13-002-pas.pdf

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJIME13002

CMS Simulation Preliminary, {s = 8 TeV

T[T rrrrrrprrryprros

T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
Il <2 40<pT<50 GeV

|| Quark Jets
Gluon Jets

1 A Y P T A

o IR R o o

RS

02 04 06 ; 08 ; !
Quark-Gluon Likelihood Discriminant

Quark Jet Efficiency

CMS Simulation Preliminary, (s = 8 TeV

T T O‘ T T T ‘ T T T ‘ T T T ‘ T T T
i o |
I %o, |
°q
0.8~ -
0.6~ T
L O ,
o)

i o A

- O -
0.47 O
[ Quark-Gluon LD i

L Inl <2, 40<pT<50 GeV i
0.2 o mi<2, 80 <p_ <100 GeV n
L 3<nl <4.7, 40<pT<50GeV 4
ol v L1 J
0 0.2 0.4 0.6 0.8 1

quark/gluon discrimination is difficult,

Gluon Jet Rejection

but not impossible in pp

Might not be directly applicable to AA
but combine it with other taggers.

Sevil Salur
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o> [ oppis=7Tev ALICE ]

%5 30 Anti-k; charged jets, R =0.2 -

T [ 40<p™ <60GeVic

%) | T.jet

.‘iz 25 W ALICE data -

= L ® PYTHIA Perugia 2011 ]
20— PYTHIA 8 Tune4C

r f - ]

15_— - + -
10 + ¥ -

1/N*® dN““/dp_D

F pp (s=7TeV

ALICE
[ Anti-k; charged jets, R =0.2
- 40< p;“im <60 GeV/c

o B ALICE data

PYTHIA 8 Tune 4C

L Sy

t
.

® PYTHIA Perugia 2011 -

1

T ] I 0 1 T W W

l

sealeny

1/N"®* dN***/dLeSub (c/GeV)

Data/MC

o
8

Can we learn something about Quark vs Gluon jets through
observables alone?

e
Cpp Vs=7TeV

——

[ Anti-k; charged jets, R =0.2 ]
40 < p;“im <60 GeV/c =

W ALICE data

® PYTHIA Perugia 2011
2 PYTHIA 8 Tune 4C

30

20 25
LeSub (GeVic)

pp distributions are well represented by Pythia!

JHEP10(2018)139



Can we learn something about Quark vs Gluon jets through
observables alone?

R T e e L B Q T e . S ——
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Discrepancies between PbPb distributions and Pythia!
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Can we learn something about Quark vs Gluon jets through
observables alone?

Q L I L I | PO ) [ T T I LI ] | B ) | | N W Q 9: IIIIIIII l IIIIIIIIIIII [ IIIIIIIIIIII IIIII ’>\0,16L IIIIIIIIIIII I IIIIIIII I | B3P I_
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"2 [40<p" <60 GeV/c o> 7B E )
T4 e - 2 f ] 012 -
a [ ® ALICE data < + ALICE data 3 2 ¢ ¥ ALICE data
© L T ] O i ]
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Fragmentation resembles that of quark jets in vacuum.
A useful bias to investigate at RHIC energies.

JHEP10(2018)139



Jet Charge: Another approach for Quark/Gluon-like jets

K parameter adjusts sensitivity of jet-charge to

o = .l Z 4'(Pi % high/low prtracks
( et);( = INCT K = 0.5 — most sensitive to parton charge
L) J initiating jet! [according to theory]

CcMmsS anti-k, R = 0.4 jets, p‘f‘ >120 GeV, In_| <1.5 Kk = 0.5, track p_>1 GeV pp 27.4 pb™”, PbPb 404 ub™ (5.02 TeV)
TP e L 50-100% PbPb 30-50% PbPb | 10-30%PbPb | 0-10% PbPb
E [ B Data [l Up quark [ [

J 15F Down quark
g [ = Other flavors
'c :

= F

z |

~ 0.5

&5

o

S os}

quark/gluon jet fractions extracted with template-fitting method
*Use PYTHIA and PYTHIA+HYDJET for pp/PbPb model
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Quark/Gluon-like Jet Fractions

pp 27.4 pb™, PbPb 404 ub™ (5.02 TeV)

CMS anti-k, R = 0.4 jets, pjft >120GeV, Iy I<15
c T T T T 1 ] 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 I I I
S | pp #patarackp, >1cev)]  50-100% PbPb 30-50% PbPb 10-30% PbPb 0-10% PbPb
% 0.8 5S¢ Data (track p,>2GeV)T T T T
= - - PYTHIA6 -
B | ¥ 4
00 RPN SRS T SN O | SURU [ ¢ SO L
o) {f’l" {;:’1" ] 4’:’]" ¥
S 0.4 T .
=
(D 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.3 04 0.5 0.6 0.7 0.3 04 05 06 0.7 0.3 04 05 0.6 0.7 0.3 04 05 06 0.7 0.3 04 05 06 0.7
K K K K K

1 .
Q= — q:(p1)"-
(P]T )" iz-]"zf !

No significant modification of quark/gluon jet fraction in PbPb
Contradicts expectations of some jet quenching models
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Jet Shapes @ LHC:

CMS, |5y =276 1

MRy 2nang v T T

anti- "‘(119‘5 R=6plp 730 (2014) 243
o Pi>100GeV: ‘
10f 0.3 < ™| 4 1

—~o- p"“" >1 Ge: —»— :

pir

1 1 Z“tracksE (a,r) P Efrk
p(AT) — = —Z'ets e s’
or Z\]jets ] p]Tt

Averaged over many jets

Jet Shapes: Structure of reconstructed
jets modified towards an excess of
particles far from the jet axis
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Change in Jet Morphology as seen with CMS @ LHC:

CMS, |5y, =2.76 T

M e S L s B e

" anti- kT jets:R =

> 100 GeV!

0.3 < ™| 4
_..pludt -1 Ge

' pl
jppmT

pir)

I

LA BN N e e  Sa e

PLB 730 (2014) 243

1.5

/p(rf™

PP,

pir)

Jet Shapes: Structure of reconstructed
jets modified towards an excess of
particles far from the jet axis

_ CMS
E PbPb /syy = 2.76 TeV
[ 150 pb ™"

50-100%

+ p;'ack > GeV/c R<03 2

track

Pr

10
pirack (GeV/c)

Fragmentation Functions: Structure of

reconstructed jets is modified towards an
excess of particles at low p+.
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CMS, {5,y =276 T

Jet Shapes @ LHC:

anti- 'l'c‘T 1:*;0'?3;\:' PLB 730 (2014) 243
p >
10F 7T g3.c i 4 :
=z | -O-p"“" =1 Ge oo ‘
ot - | .
1 - | e 1
i - | |
A . _
Joik 70-100% L 0-10% ]
15 |
&
1&:--
L —
=

“Ratio

Jet Shapes: Structure of reconstructed
jets modified towards an excess of
particles far from the jet axis

VSyy = 5.02 TeV

pl > 60 GeV/ic, 'l < 1.44, p™ > 1 GeVic

anti-k. jet R = 0.3, p° > 30 GeVic, || < 1.6, A0 >3-

PbPb 404 ub pp 27.4 pb

' CMS  Cent.50-100%f  Cent.0-10%]
Z e PbPb ] |
10 po . PP +9 E
= o S PYTH|A8 ® !
< 1-9-, I @ ’
h: e ] =
' gt o
s Rev. Lett}122, ‘5abo1 @oio) | 5
2.5F 1 =
: = PbPb/pp 1 T
2F  JEIPYTHIA8/pp T E
1.5}
o5 ot
0 0.1 0.2
r
Jet Shapes of y + jet: Structure of
reconstructed mostly quark-jets is modified
towards an excess of particles from the jet axis.
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Jet Shapes @ RHIC:

Event plane dependence is studied with low kinematic range jets.

9

Reaction
plane

\\\\\\

\m-of-plane

mid-plane

inplane

" In-plane Mid-plane Out-of-plane
1
—
BT
=%
102 Anti-k; full jets, R=0.4
20-50% Centrality P iht::: jet — Leam Ao Aty
10°° o e ’ STAR Preliminar
O"F AusAu: |5, = 200 GeV pShc, E5>2.0 GeV minar :
) ] ) ] ; l | L | ! | L ] L ] ] -]
0 0.1 0.2 03 0 0.1 0.2 03 0 0.1 0.2 0.3
Ar Ar Ar

- Hints of low-p; tracks pushed toward farther distances in out-of-plane relative to

in-plane

- Above 2 GeV/c, results are consistent with each other

Less steep than @ LHC energies

Sevil Salur




Flavored Jet Shapes @ LHC:

CMS (s=5.02Tev, f Ldt=27.4pb",  antik,jet(R=0.4),  p*'>120 GeV, m 1<16

Inclusive jets

(=] pi>1Gev K
p+p Bl <> 12 GeV )
B 8 < pik <12 GeV

Bl 4 < pic <8 GeV
B 3 < pik < 4 GeV
] [ ]2<pic<3GeV
1 |:|1<p‘T”‘<2GeV

PRI (U T T T SN TR T NN TN SO S S W T 3 PRI TN (U TR T NN SN SN O [N TR T W T
0O 02 04 06 0.8 1 0O 02 04 06 0.8
Ar Ar

‘,_.&) Important reference for the future studies of

flavor effects for parton interactions with QGP.

Primary Vertex

nyz Secondary
Vertex

Sevil Salur JHEP 05 (2021) 054



Flavored Jet Shapes @ LHC

CMS ys-=5.02TeV, J.L dt = 27.4 pb™, anti-k; jet (R=0.4), pijt > 120 GeV, m <16, p™>1 GeV
1T "'I"'I"'I"'I"']- TrTrrrr I
10E] Inclusive jets E p+p b-to-inclusive
[ @ Data @ Data S 2-_ @ Data _
[ —— PYTHIA 6 —— PYTHIA 6 < —— PYTHIA 6
1_ == :PYTHIA 8 3 == 'PYTHIA8 ‘ 1\ == PYTHIA 8
? —— HERWIG++ ] —— HERWIG++ ﬂ —— HERWIG++
d S
Q. 4 o
107'F E 1 3
""""" — — = <
10_25' E E |
0.5

0 02 04 06 08 1
Ar

0 02 04 06 08 |

Ar

0 02 04 06 08 1
Ar

Simulations show different jet shape predictions at large angular distances, where
nonperturbative contributions are likely to dominate.

Sevil Salur
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Flavored Jet Shapes @ LHC

The radial distributions of the total charged-particle yields:

CMS (s=5.02Tev, jL dt=27.4pb",  antik,jet (R=0.4),  p’>120GeV, | <18,

Y(Ar)

Inclusive jets

®  Data
PYTHIA 6
== PYTHIA8
—— HERWIG++

0 02 04 06 08
Ar

1

Y(Ar)

b jets

®  Data
PYTHIA 6
== ' PYTHIA8
—— HERWIG++

20

10

0 02 04 06 08
Ar

E

incl

Y (Ar)b-Y (Ar)

p‘T"‘ >1GeV
——
b jets —inclusive jets
®  Data
i PYTHIA 6
== PYTHIA 8
St —— HERWIG++
0 i
|

Ar

Larger radial distances are only well-estimated by HERWIG++

Constraints on pQCD calculations for flavor dependencies in parton

Sevil Salur
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DO Radial distributions @ LHC

250 27.4pb™ (5.02 TeV pp) 27.4 pb™ (5.02 TeV pp) + 404 ub ™' (5.02 TeV PbPb)
— L B AL DL R AL RELENL LR
F CMS -o-D'ata . CMS 4<p$<20 GeV/ic |
G C y0 <2 Signal D" + jet |Yje1<
° o50F pP' > 60 GeV/c === Combinatorial |pT | > 60 GeV/c |
% T A K-n swapped M <1.6 .
s <16 0.05<r<0.1 ' ]
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1508 5[ -
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£ 100} 13 g
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07 176 182 188 194 2 + PYTHIA : :SS?QHERPA)
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5| 15 F ' # PYTHIA -
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2l N E
8l %5 F '« SHERPA E
0 0.7 0z 03 0.4 0.5
Hint of a diffusion of charm quarks in the
Phys. Rev. Lett. 125 (2020) 102001 medium created in heavy ion collision
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D° Radial distributions @ RHIC o P
Access to lower pr $ oooof .
_ = 6000 ‘.
DO meson angular correlation as the proxy. 3 s000F X
D°-hadron (D°— wfK ™) ° 2000;_..",‘“ . .
0 f' .’m.'o’“.o’. ..“”"’“’00“00'0

16 165 17 175 18 185 19 195 2 205 21

Invariant Mass [GeV/c?]

i © E
pd 1 8; —— di-Hadron, <p >= 5.7 GeV/c o) . —e— di-Hadron, Priig® = 5.7 GeVic
. S liiet > | — diHadron, <p__>= 2.56 GeVlec
B {.gf —* diHadron, <p,  >= 2.56 GeV/c 2 Sl
|+ PYTHIA D', <p__> =3 GeVic o PYTHAD'Y, <, »=30sVe . |
1.4} “ © —e— D°+h* AuAu 200 GeV <p >=3CGeVic__ 3 |
—— D"+h* AuAu 200 GeV P 3 GeV/c Q 10
1.2F = F - |
B 7] —— |
1k < £
0.8] o —F— 21 :
0.6] oy - 'L ——
0.4F = —— : ——*—I .
0.2 ~ .
ot | | | i l I :
BElY, 5000 el (_)'20 o/ i PYTHIA 50-80% 20-50%  0-20%
Centrality (%) Centrality (%)

Similar width and yield to light-flavor correlations

Charm-quark interaction with the medium is similar to light-

flavor interaction with the medium.
STAR, Phys. Rev. C 102 (2020) 14905



J/yin a jet @ LHC & RHIC

HIN-19-007
1.6 PbPb 1.6 nb™, pp 302 pb™ (5.02 TeV)
R
o o : .
- CMS Preliminary
1.4
- Prompt JAy = 0-20%
- pTJ/Ip >6.5 GeV
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More suppression at low z:

J/Y produced with a large degree of
surrounding jet activity are more highly

suppressed than those produced in isolation
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L p+p, Vs =500 GeV, L _ =22.1pb’
Charged jets, anti-k , R=0.4, [""|<0.6

P> 10 GeVie, p. ¥ > 5 GeVie

—e— STAR Data
| Pythia8: inclusive J/y

$$$%I

STAR Preliminary
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4 05 06 07 08 09 1 ‘1”‘; ‘1.2
1=
z (p, /p)

More J/¢ in jets in data

J/Y populate lower values of z than predicted by PYTHIA at LHC &
RHIC—> Further tunning of models/calculations.



Utilize tools developed for pp - Jet Grooming:
the systematic removal of a subset of the jet constituents
—2remove soft and wide-angle radiation from the jet

X at rest

-7 jet2

//\

\\ single
/ fat jet

/

Grooming systematically removes jet constituents in order to reduce contamination from
initial-state radiation (ISR), underlying event (UE), and multiple parton-parton/proton- proton

collisions (MPI/pileup).

'_lll" "VIIII'Y ‘vlll" | Y"I'l"

ATLAS Simulation
3 Pythia Z' — i, t - Wb

W — qq

JHEP09(2013)076
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Vacuum jets p(zg)
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N
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o

Utilizing Jet Grooming

large-angle soft radiation
—t and bkg removed by
grooming!

ryrrrr o1y rrrrreyrrrrrrprrrrprrrrprrrrprrrrTprrTTopd
[ [ I I [ I [ [ I

* STAR, ZOGeV<pT<25GeV

. 1 ALICE, 60GeV<pT<BOGeV
m ALICE, 100GeV<pT<1ZOGeV
e CMS, 160GeV<pT<180GeV

I
11

min(pr 1, pr.2)
PT,1 T+ PT,2

Rg —

R=0.4, AR=0.1

...... ZOGeV<pT<25GeV
— — 60GeV<p_<80GeV

1 60GeV<pT<1 80GeV

Compiled by N.-B. Chang et al. / Physics Letters B 781 (2018) 423-432

lllllllllllllllllllllllllllllllllllllllll

01 015 02 025 03 035 04 045 0.5
Zq

- Splitting functions appear to be universal.
- Calculation shows weak dependence on the jet of the vacuum jet splitting function
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Utilizing Jet Grooming @ LHC

—1 large-angle soft radiation and bkg removed by grooming!

One hard subjet Two hard subjets
ﬁ 502TeV pp274pb1

T[T T rrrrrrrrrrrrr T
10F CMS Centrallty 50- 80% 3 Centrahty 0- 10% -
8 = PbPb ] )
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"| 5 | 1 . ]
= 4 [ il T e ]
) [ o 1 il ]
g = P
1.8F '. ! ! ! |__|||||_
16E anti-k; R=0.4, h‘jetl <13 E E
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- Jet ¥ 4
o 12F i ] Z,=small
o 1.2F . P ] g
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A eyttt I e s :
€ o “eeei  _ min(pri pr))
i : ] 8
04£B=0, 7,,=0.1, AR,,>0.1F 3 P1i + P1,
0.2F + 3
G:...I....I....I....I.... |::,..|....|....|....|....I:
01 02 03 04 05 01 02 03 04 05

Two hard subjets (large Zq) moZFe suppressed than the ones with a single core (small Zg)
(Or small Zg is enhanced)

Momentum sharing between two leading subjets

Modification of splitting of inclusive jet measurements !
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Utilizing Jet Grooming @ RHIC
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Good agreement between data and RHIC-tuned PYTHIA 6

STAR Phys. Lett. B 811 (2020) 135846



Utilizing Jet Grooming @ RHIC

1/N dN/dz,

8 Recoil Jet, p™*=*" = 10-20 GeV/c large-angle soft radiation
7;— 4 Au+Au HT 0-20% i and bkg removed by
6 5 pp © Au+Au MB 0-20% grooming!
4
aE STAR Preliminar )
E +:E:=!= V L — mln(pT,lapT,Q)
2= - g
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No significant splitting modification on near-or away-side at RHIC
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Conclusions

Jet Tomography has been explored with multiple jet substructure &
constituent observables at various kinematic ranges @ RHIC & LHC.

Need to characterize medium parton interactions in detail with
experiments and theory simultaneously!

Requires continuous interaction between Experiment & Theory

With four parameters | can fit an 100
elephant, and with five | can make
him wiggle his trunk.

— John ven \feumann — 50
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