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Jets to probe the quark—gluon plasma

* Jet quenching: jets are modified in the quark-
gluon plasma created in ultra-relativistic heavy-ion
collisions

Jet

https://www.int.washington.edu/node/
776
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Jets to probe the quark—gluon plasma

* Jet quenching: jets are modified in the quark-
gluon plasma created in ultra-relativistic heavy-ion
collisions

* How does a color charge lose energy? ek

* What (angular) length scales can the QGP
resolve?
When do partons interact coherently?

* Signature of point-like scattering?
Is there an emergent structure such as quasi-
particles in the plasma?
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Jets to probe the quark—gluon plasma

* Jet quenching: jets are modified in the quark-
gluon plasma created in ultra-relativistic heavy-ion
collisions

* How does a color charge lose energy? ek

* What (angular) length scales can the QGP
resolve?
When do partons interact coherently?

* Signature of point-like scattering?
Is there an emergent structure such as quasi-
particles in the plasma?

* Systematic study with jets and their substructure
=> constrain models for QGP dynamics
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Large-R jets (CMS)

Zimanyi School 2023
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Large-R jets (CMS)
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Jet grooming

* Grooming: access to the hard parton structure of a jet [, = g

P’l’.leuding + p'l'.wuhleuding

v/ Ay? + Ag?

R

- Remove large-angle soft radiation: mitigate
influence from underlying event, hadronization

— Direct interface with QCD calculations

Zimanyi School 2023 R. Vértesi - Jet substructure measurements in heavy-ion collisions 7



Jet grooming
* Grooming: access to the hard parton structure of a jet s —iesiein

v/ Ay? + Ag?

R

- Remove large-angle soft radiation: mitigate
influence from underlying event, hadronization

— Direct interface with QCD calculations

* Soft-drop grooming

Larkoski et al., JHEP 05 (2014) 146
- Recluster a jet with

Cambridge-Aachen algorithm
(angular ordered)

- lteratively remove soft
branches not fulfilling SD
condition z > 2.y 0°

I 5 _ AR
P PTS RoR T
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Jet grooming
* Grooming: access to the hard parton structure of a jet fym

v/ Ay? + Ag?

R

- Remove large-angle soft radiation: mitigate
influence from underlying event, hadronization

— Direct interface with QCD calculations

* Soft-drop grooming * Dynamical grooming
Larkoski et al., JHEP 05 (2014) 146 Mehtar-Tani et al., PRD 101.034004

- Recluster a jet with - Recluster the jet with the Cambridge-Aachen
Cambridge-Aachen algorithm algorithm

I dered
(angular ordered) - Look for the hardest splitting

- lteratively remove soft 1 A%
K@ = — max Zi | =~ )Py R

branches not fulfilling SD pr ieC/A'seq
condition z > zcthB

I 5 _ AR
P PTS RoR T

* a=0.5 more symmetrical, narrow splitting
* a=1 splitting with largest kr ~ kVpr
* a=2 shortest formation time splitting, #' ~ k@pr
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Hardest-kr splitting (ALICE)

* High-kr emissions

can be a signature —(\)m
of point-like scattering

- First measurement with dynamical
grooming in Pb+Pb collisions

- Soft-drop grooming with zy: = 0.2

- Grooming methods converge
toward high-k+

=0.b

Method

DyG a

o (GeV/c) !

1/Niets dN /dkr

10° : ; .
ALICE Preliminary
-I-+ Pb-Pb A/SNN — 5.02 TeV
—-— Anti-kt ch-particle jets
R=0.2, |pe| < 0.7
— 60 < prpjer < 80 GeV/c
101 =
30-
50%
-+ (E)yG a=10.5 —
<+ DyGa=1.0
<4 DyGa=20 i
107%F 4 SD 2 = 0.2
1.5.,,.:,.,.:,.,,;.,.,:.,..:.,,.:,_
" s
1.0 e —» ”
0.5
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Hardest-kr splitting (ALICE)

- . - 100 — : : — : ———————
° ngh'kT emissions ——— ALICE Preliminary
. _( B - pp. Pb—Pb /suy = 5.02 TeV
can be a signature \)kT Lo = Arg.kloc;ﬁamr@ et
of point-like scattering 3 T cpan< Ve
. . ] 10" —-—_ﬁ_ _
- First measurement with dynamical £ )
grooming in Pb+Pb collisions B —e—
' ' — = + pp
- Soft-drop grooming with ze: = 0.2 102 [ P oo .
- Grooming methods converge ot diop 2 =02
toward high-kr -~
° I ' orid w/ M
NO Clear enhancement at hlgh-kT 0.57 :ilbr]dl w wate'- MoliereJ:JETSIC'.APEv}S AA22 .
. . . 0 1 2 3 4 5 6
* Model without Moliere scattering kr g (GeV/c) Q)
describes data better /A }
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SD-groomed radius (ATLAS)

* Jets with wider opening angle lose o Phys. Rev. C 107 (2023) 054909
ignifi 2 L ATLAS [t 1ssGev

significantly more energy o« b ATAS, (15" T

- E]158<pT <200 GeV

- Jets with large ry are 1.2f %200<p{;:<3159ev _:

approximately twice as R e R

suppressed than at small ry o.sﬁ
=> Narrowing of jets gl | \SEEE\

Zimanyi School 2023

R. Vértesi -

(T T}
l

B E
0.4_— -

CJan %]
vH_ 3l

0-2—_ [ ] JETSCAPE (MATTER+LBT) E;
[ pp5.02 TeV, 260 pb anti-k, R=0.4jets, ly| <21
o Pb+Pb502TeV 172nb z, =02, ﬁ 0 7
i 7

0003 0.01 0.0 O 1 02 03

f

Jet substructure measurements in heavy-ion collisions



SD-groomed radius (ATLAS)

* Jets with wider opening angle lose e e RevCHOTE0ZO0S
I ifi < [ [Ce] Inclusive ATLAS |
significantly more energy S AT
- [#10.00<rg<0.02 i
- Jets with large ry are 12 ot e Bl JETSGAPE S

0.26 < ry < 0.40

approximately twice as \
suppressed than at small ry o

‘_-‘*4
C |

* The suppresion does not depend . %
strongly on pr, regardless of r; “osrd B H
0.2 -
- pr-dependence of inclusive jets |zl o avin-oeeian
from change of ry distribution 200 300 400 500 600
P [GeV]

- qualitatively consistent with jet
quenching from coherence
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Jet reclustering

* Small-radius (R=0.2) jets are reconstructed with
the anti-kr algorithm

* A pr>35 GeV/c threshold is applied
* The remaining jets are reconstructed into large-
radius (R=1.0) jets

* The small-R jets are reclustered using the kr
algorithm to determine angular separation and
splitting parameter

ARz = \JAY, + A¢,

Vdip = min(pry, pT2) X AR12 ~k7
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Reclustered large-radius jets (ATLAS)

* Reclustered R=1 jets are slightly
more suppressed than smaller-radii _

Phys. Rev. Lett. 131 (2023) 172301

iﬂClUSive jetS o - éﬂ'ﬁqbstm nb, pp 257 pb', 5.02 TeV

10y '2&'—'c§d§t'ér'ég' '2':':'. g' ih'c'l[;l'si\ié éetst((tms éh'e\'lliléi"s'); """"""" 7

- £ e-clustere =1. smg‘e su -je_‘etSIStaigala?;ISSis m
 Significant difference in the BRI S W

quenching of large-radius jets [ RECEI 1 '

. . . hress s e

having single sub-jet and those o5, gaatde .
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B Eﬂﬂ\ 'i':f\s/\;:z:;(:‘sritsa:rz PLB 790 (2019) 108 lumi. uncer. |0y1|3§/°0 y l

700 200 300 400 500 600 700 '[263]

p; 1€
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Reclustered large-radius jets (ATLAS)

Phys. Rev. Lett. 131 (2023) 172301

* Reclustered R=1 jets are slightly < 151 —— .
.. o ATLAS IIIMI(T >;’=lnd Iuml uncer |
more suppressed than smaller-radi L FE D 172 nb", pp 257 Py, 5.02 TeV
Inclusive jets 80 _
1.0 | #5080 e, .+_
* Significant difference in the H -
= . . L %
quenching of large-radius jets | ++ t |
having single sub-jet and those TR i |
= 0.5 i B : -
with more complex substructure T i
\. e o |
* No pronunced dependence on | [yI<20 200<p, <251 GeV
. i | Re- cIustered R 1 .0 Jets
Vdi~kr separation I Iﬁéol |
“ d., [GeV]
* => supports decoherence beyond < A
a critical splitting angle <D ‘%
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Jet axis differences

* Standard axis: formed by the sum of
pseudo-jet four-momenta in the

,,,,,,,,,,, clusterization with E-scheme
groomed-away ..+ ‘Q soft & :
radiati?‘rj;,'-",' . radiation : : sD
gaEl m S o —— 5 * Soft-Drop groomed jet axis: sum of

5 T T >
E R Sy a . S d d .
Ry i AN four-momenta of constituents accepted

___________ P by the SD grooming

_Laxis

",
v
1]
o,
“y
»

WTA

o
v,
v, .
e
.
.
*

* Winner-takes-all axis: recluster with
CA algorithm, always combine prongs in
direction of the stronger one
=> insensitive to soft radiation

AR,y = \/ (Vo — J’1)2 + (¢, — (P1)2
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Jet axis difference (ALICE)

arXiv:2303.13347

* Narrowing in heavy-ion collisions o £ [ ALcE ° pp :
ST 400 sy =5.02TeV W Pb-Pb0-10% ]
compared to the vacuum J L Chparticle jets, antik,  Syst. uncertainy
o s0° g WTA-Standard
o _ _ 20F v i s 40 < p™'™* < 60 GeV/c
* Sensitivity to medium resolution length: o g (=02 Inl<07
. . 10 ;3 e g
comparison to the Hybrid model ° =S
J. Casalderrey-Solana, JHEP 10 (2014) 019 = o MATTERZLBT — —— JEWEL. recoils off -
x o . \ ------ Eegirg;ﬂdgﬁng JEWEL, recoils on
o . . T

- Measurement favors incoherent
energy loss

. . o s 2 — Hybrid (L =0)
* Intra-jet pr broadening model does not  iE 158 :igrig e 2_3@_.
. . = § yori res =
describe data trend e N
05" L .
0 002 004 006 008 B
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Generalized jet angularities and jet mass

* Angularities: class of observables that depend on both

the longitudinal and angular properties of jet splittings
K __ ate’ S T des AR; et
Aq = Z % 0, o PT jet s R
1€)et

* IRC-safe observables fork =1, a >0
=> Theoretically accessible in the vacuum case

* Generalization of existing jet properties with continously
tunable parameters

- Jetgirth )]
- Jet thrust A3
2
- Jet mass: related to jet thrust \j = (ﬂ) +O[(A\3)?]

Kang et al., JHEP 1804 (2018) 110 Rpr
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Generalized jet angularities (ALICE)

groomed

A=) 2707

1€jet

* Groomed and ungroomed
generalized jet angularities
reveal effect of soft radiation

* Shift toward lower
angularities
=> Narrowing of jets for
both the groomed and
ungroomed case

Zimanyi School 2023
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Jet mass (ALICE)

+ Jet mass related to thrust .. groomed - ungroomed

%% F ‘¢ ALIGE 0-10% Pb-Pb data ALICE Prehmmary p b-go‘/:— ®  ALICE 0-10% Po-Pod ALICE Prehmmary
m- P~ Zez —| 8086 Pb-Ph sysl. uncert \'S_ 5.02 TeV — B : Pb-Pb syst. uncert \’S_ 5.02TeV ]
Jet ‘C [ @ ALICE pp ata Ch partc\e anti-k; jets | ‘b 06 (b ALCE podaa Ch panc\e anti-k; jets
Fo 40 < i <60 GeVic | cE 40 < i < 60 GeVic 1
Sh.f d I 0_57 pp syst. uncert \g ‘ 07 R_02 8 F pp syst. uncert ‘] ‘ 07 R_02
. Ift towards lower masses hroag-s 1 0% ]
—_— H H T e ]
=> Narrowing of jets N
il felohme
L7
0 . ]
o)
. 021 e 7
- Several models describe | "29.,
. . ot * s B
jet quenching [ e ¥ S
e [

JETSCAPE (MA

160 4
[ Hybrid medel (no

* Grooming enhances
sensitivity to modification of - ¥
jet fragmentation

0.6

- Modification of oaf o~ N
the jet core? e, (G m, Gevicy
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Jet shapes

* Jets clustered with anti-kt using the E-scheme
* Axis calculated using WTA algorithm
* Jet shapes defined as

h
1T 1 Zjets Ztracksé(ra,rb) P%‘

Y ch
or NJetS Zjets Ztracks€r§1 PT

p(Ar) =

* Complementary information to groomed
substructure measurements

* Sensitive to soft radiation, background needs CMS, JHEP 06 (2012) 160
to be under control
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jet shapes (CMS)

* Back-to-back dijet shapes

h

p(AI’) o 1T 1 Zjets Ztraekse(ra,rb) pCT
TS h
or Njets Zjets Ztraeks€r§1 pCT

* in terms of momentum

imbalance

___subleading , leading
=Sl /Py

* Leading jets:
- redistribution of energy from

small angles w.r.t. the jet axis
to larger angles

- Stronger for balanced jets
=> path length dependence

JHEP 05 (2021) 116

CMS Supplementary JHEP 05 (2021) 116

PbPb 1.7 nb™ (5.02 TeV) pp 320 pb™ (5.02 TeV)

" Anti-k, jets, R=0.4 | <16
| plad> 120 GeV, pj“b >50GeV  A¢ >

Cent: 0-10%

— — Leading jets —+—
T® 00<x<06 +

+0.8<X].<1.0

51

1 1 | | 1 1 | | 1 1 | | 1 1 1 l 1 1 1

0

0.2 0.4 0.6 0.8 1
Ar

Zimanyi School 2023 R. Vértesi - Jet substructure measurements in heavy-ion collisions

r<<f) W@

23



b-jet shapes (CMS)

* First study of jet shapes in HI collisions

h

p(Ar) o 1 1 Zjets Ztrackse(ra,rb) p%‘
Yy h

or Njets Zjets Ztracks€r§1 ch

* Low-Ar depletion of b-jets
* => consistent with a dead-cone

* High-Ar enhancement of b-jet shapes
compared to inclusive jets, stronger in Hi
than in pp collisions

* =>increased medium response to the
propagation of a heavier quark

Zimanyi School 2023

r)b/p(Ar)incl.

<

S

= B

Phys. Lett. B 844 (2023) 137849

7] b (PbPb)/incl.(PbPb)

[ ] b (pp)/incl.(pp)

0.5

1.5

I

r 0-10%
pfrk >1GeV

. CMS

R N TR T T NN TR SR T N T ST TR R N
0O 02 04 06 0.8 1
Ar
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Summary

* Jet substructure in heavy-ion collisions:
a rapidly evolving area with lots of new measurements

Jet

https://www.int.washington.edu/node/776




Summary

* Jet substructure in heavy-ion collisions:
a rapidly evolving area with lots of new measurements

* Atiny selection of the new results was shown

- No clear evidence for point-like scattering centers

- Jet suppression strongly dependent on jet substructure

- General narrowing of the jet core

https://www.int.washington.edu/node/776

- Pathlength-dependent modification patterns

- Increased medium response to a heavier quark
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Summary

* Jet substructure in heavy-ion collisions:
a rapidly evolving area with lots of new measurements

* Atiny selection of the new results was shown

No clear evidence for point-like scattering centers

Jet suppression strongly dependent on jet substructure

General narrowing of the jet core

https://www.int.washington.edu/node/776

Pathlength-dependent modification patterns

Increased medium response to a heavier quark

* Increased sensitivity and new observables with the advent of Run 3

Energy-energy correlators, photon-tagged systems, v, with substructure etc...

Extended heavy-flavor measurements
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Lund planes

=
mMDT/SoftDrop (B=0) 2 SoftDrop (B>0)

log{z )
log{z@)

SoftDrop (p<0)

* Soft drop grooming

o pr.2 0 — AR5 o et
pPT,1 + PT,2 R loo(176) " oal170) log(1/0)
 Dynamical grooming T

A declustering

In(k )[GeVic]

1 0\
) P, .
oo = - e [0 -2 (3)']

In{1/AR) In{1/AR) In(1/AR)



Reclustered large-radius jets (ATLAS)

arXiv:2301.05606

* Reclustered R=1 jets are slightly S —
more suppressed than smaller-radii T [ PosPb1.72n0", pp 257 pb, 502 TeV
inclusive jets 8 Toaos, M T aniumiuncer

L % 30-50% i
o . . 10RE5080% e i -

* Significant difference in the =8 J _
quenching of large-radius jets o | | t :
having single sub-jet and those Bl 1 B ¢ .

. 0.5 0 ; | —
with more complex substructure il e . .
. : . .

L [ | < <p.<
No pronunceq dependence on _ | H;l c?ugtei%”ﬁpﬁ gi;tsGeV
AR, separation 02 04 06 08

AR12

* => supports decoherence beyond ‘

a critical splitting angle
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Generalized jet angularities a=2 (ALICE)
A=) 2707

1€jet

* Groomed and ungroomed
generalized jet angularities °
reveal effect of soft radiation ’

* Shift toward lower j:

angularities

=> Narrowing of jets for
both the groomed and
ungroomed case

Zimanyi School 2023
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Dijet shapes (CMS)

* Back-to-back dijet shapes

h
1 1 Zjets EtraCkSE(ra,rb) PT

. ch
or NJetS Zjets Ztracks€r§1 pT

* in terms of momentum imbalance

Xj — stubIeading / pTIeading

* Subleading jets

p(ar)

- redistribution of energy from small
angles w.r.t. the jet axis to larger
angles

- In unbalanced jets, fragmentation
pattern consistent with a third jet

Zimanyi School 2023

PAN),, o/P(AT)

CMS Supplementary JHEP 05 (2021) 116
PbPb 1.7 nb™ (5.02 TeV) pp 320 pb™ (5.02 TeV)

| Antik, jets, R=0.4

Cent: 0-10%

Il <16

- P> 120 GeV, p™°> 50 GeV A > %"
2 -
_._
- -
—
hd —. .
. Gﬂf}g_o_o_—o—
_O_
1 E 0_._1—-—"‘ —®—_ o o
____________ PP yer-r-r— SN
e
B e — — Subleading jets

—— 0.0<X].<O.6

+O.8<Xj<1.0

0 0.2 0.4
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