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Jets in QCD matter

Parton
fragmentation

-
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-
-
-
-
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-
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P, A

\ Hadronization  Reconstruction in

P, A detectors

> Jet

« Jetsare multi-scale dynamic objects whose complex structure contains QCD information

* Hard-scattered parton - Parton fragmentation - Hadronization - Algorithmic
recombination into a jet
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Jets in QCD matter

In vacuum (e.g. p+p)

(> Jets in vacuum
* Hard-scattered parton fragments into final state
particles - Algorithmic recombination into a Jet
« Jetsin vacuum are a useful tool to study QCD

N

6 Jets in heavy-ion collisions

* Hard-scattered partons are produced at the very
early stages of collisions - Interact with QGP as
they traverse it

« Any modifications to jet observables are due to
the interaction with the QCD medium - Jet

\ quenching
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Jets in OCD matter

In vacuum (e.g. p+p)

Bullet in water
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Jets in QCD matter

In vacuum (e.g. p+p)
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Jets in QCD matter

» What questions are we trying to answer?
*  How does QGP respond to the external out-of-equilibrium probe, e.g. jets?
* How can we use jets to probe the microstructure of the QGP?
*  What is the resolution scale of the medium? How can we measure that?
*  What can we learn from the mass dependence of jet quenching?

> Jet observables

« Each jet observable is connected to one or multiple questions
— We can probe different aspects of jet quenching

*  We measure the same physics in multiple ways — Consistency
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Jets in QCD matter

What have we found so far?

» Jetenergy redistribution (loss)
* Jetsubstructure modification
 Jetdeflection
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Jets in QCD matter

What have we found so far?

« Jetenergy redistribution (loss)
e Jetsubstructure modification
 Jetdeflection
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Jets are modified by medium, and medium
is influenced by jets

Medium response is taken into account in
models differently - Recoil (weakly-coupled

approach), Hydrodynamics (Strongly-coupled
approach), Hybrid, ...
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Experimental jet results in heavy-ion collisions
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|+ Jet energy redistribution (loss) |

InClUSiVE jEt SpECtra » Jet substructure modification

« Jet deflection

» How many jets do we see at a given jet p;in heavy-ion collisions compared to pp collisions?

Jets and medium response (experiment) — Saehanseul Oh
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Inclusive jet spectra

[+ Jet energy redistribution (loss) |

 Jet substructure modification
« Jet deflection

» How many jets do we see at a given jet p;in heavy-ion collisions compared to pp collisions?

1 d2n

Nevent dpT jetdMjet

> Jet RAA =

d2o

(Tap) =————
dp jetdNjet
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> Basic measurements of jet yield suppression
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* Most models reasonably describe data — more differential measurements needed
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Inclusive jet spectra

» Jet Rcp— Comparison between central and peripheral collisions

| STAR, 0.2 TeV, PRC 102 (2020) 054913 |
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[+ Jet energy redistribution (loss) |

» Jet substructure modification
« Jet deflection
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« Similar level of suppression between 200 GeV and 2.76 TeV, although their spectrum

shapes are different
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|+ Jet energy redistribution (loss) |

InClUSiVE jEt SpECtra » Jet substructure modification

« Jet deflection

> Jet Rpp at higher jet R —Wider jets more suppressed? Quenched energy toward larger R?

[ CMS 502 Tev, JHEP 05 (2021)284 |
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* No strong dependence on jet radius persists at large R + Significanttension between models — Further constraints
(=1.0) and high prje: (1 TeV/c) on the underlyingjet quenching mechanisms
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Inclusive jet spectra

| ALICE — arXiv:2303.00592 |
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|+ Jet energy redistribution (loss) |

» Jet substructure modification

« Jet deflection

Caveat

+ Jetsreported by different
collaborations are not the same

v' Charged jet vs. full jet
v" How to deal with background
v Differentn ranges

» Machine-learning based correction for background (Haake, Loizides PRC 99, 064904 (2019))

» This enables measurements at lower jet p; for large R

Jets and medium response (experiment) — Saehanseul Oh
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Inclusive jet spectra
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|+ Jet energy redistribution (loss) |

[* Jet substructure modification |

« Jet deflection

» Comparing Ra, for different Rjets provides hints on jet
substructure modification

v’ Larger jet Ra, for wider jets — Recovery of energy?
v Smaller jet Ry, for wider jets — Jets are narrowed in QGP?

v (Larger Rjets tends to have less quark to gluon fraction)
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[+ Jet energy redistribution (loss) |

« Jet deflection

Inclusive jet spectra [ urre meestor

» Comparing Ra, for different Rjets provides hints on jet

<, Small Rjet substructure modification
v’ Larger jet Ra, for wider jets — Recovery of energy?
«_ Large Rjet v" Smaller jet Ru, for wider jets — Jets are narrowed in QGP?

v (Larger Rjets tends to have less quark to gluon fraction)

CMS 0-10% Pbe 404 ub PP 27.4 pb !

300 <" <400 GeV 400 < p° ' <500 GeV

» No significant R dependence at high p+

anti-ky, n | <2 ] » Great discriminating power for models

- CMS 0-10%
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Hybrid w/ pos wake
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| Jet energy redistribution (loss) |

Inclusive jet spectra et b are modfctor

« Jet deflection

» Comparing Ra, for different Rjets provides hints on jet

<, Small Rjet substructure modification
v’ Larger jet Ra, for wider jets — Recovery of energy?
.} Large Rjet v Smaller jet Ry, for wider jets — Jets are narrowed in QGP?

v (Larger Rtends to have less quark to gluon fraction)
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Semi-inclusive jet spectra

|+ Jet energy redistribution (loss) |

» Jet substructure modification
« Jet deflection
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» Semi-inclusive jet measurements

+ Counting jets in the recoil region of high-
pr trigger particles

* Correlated vs. uncorrelated contributions
with respect to the trigger particle >
Effective removal of the latter

» Capability to access lower prjq,

Jets and medium response (experiment) — Saehanseul Oh
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. o o o |+ Jet energy redistribution (loss) |
Semi-inclusive jet spectra EpTE———
 Jet deflection
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» Semi-inclusive jet measurements

+ Counting jets in the recoil region of high-

i icl * lep, Iaa= The ratio of recoil jet yields in central to
pr trigger particles

peripheral or pp distributions

» Correlated vs. uncorrelated contributions
with respect to the trigger particle >
Effective removal of the latter

* Similar level of suppression via I to charged-
particle jet Rep at 200 GeV

- « Hint of energyrecovery at low prjets at 5.02 TeV
» Capability to access lower prjq, — Wake effect or medium response?
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Jet acoplanarity

* Jet energy redistribution (loss)

 Jet substructure modification

« Jet deflection

A@ of the jet relative to the trigger particle
-> Direct measurement of jet deflection (acoplanarity)

Jets and medium response (experiment) — Saehanseul Oh
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* Jet energy redistribution (loss)

Jet acopla narity : j:i Z:l::;:zt:re modification

A@ of the jet relative to the trigger particle
-> Direct measurement of jet deflection (acoplanarity)

e Ap~m
v' Jetangle broadening — vacuum Sudakov radiation

v' Multiple soft scatterings further broaden A

v Negative radiative correction —reduction of Ap broadening @akharov,
EPJC 81 (2021)57)

ApLT

v Large-angle deflection of hard partons (Moliere scattering)

v' Probe of weakly coupled short-distance quark and gluon
particles in the strongly coupled QGP

Jets and medium response (experiment) — Saehanseul Oh
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* Jet energy redistribution (loss)

Jet acopla narity : j: Z:?:;:j:re modification
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* Jet energy redistribution (loss)

Jet acopla narity : j: Z:?:;:j:re modification
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* A broadening at low jet pyin both RHIC and LHC energies & In-medium
hard scattering? Multiple soft scattering? Medium response?

*  Models do not show broadening effects, nor any sensitivity to Moliere
scattering (Elastic)
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* Jet energy redistribution (loss)

[* Jet substructure modification |
* Jet deflection

Jets and medium response (experiment) — Saehanseul Oh

Instead of counting number of jets, let’s look at energy distributior
within each jet as a function of distance from the jet axis

1 1

p(r)= —

or Njet jet

Ztracke(r— or/2r+ér/2) PTtrack

Pt jet
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p(r)
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* Jet energy redistribution (loss)

[* Jet substructure modification |

« Jet deflection

* Instead of counting number of jets, let's look at energy distributior
within each jet as a function of distance from the jet axis

11 ZtrackE(r—cS’r/Z,r+6r/2) Pt track
p(r) = —
or Njet jet pT,jet

CMS, {S,,=276 TeV pp, [Ldt=53pb" PbPb, [L dt =150 ub” CMS, Phys. Lett. B 730(2014)243 |
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p(Ar)Pbe/p(Ar)pp

* Jet energy redistribution (loss)

JEt Shape - b'jelt [+ Jet substructure modification |

« Jet deflection

« Different fragmentation and hadronization

* b-hadron decay kinematics

| CMS, arxiv:2210.08547 |
Sy 5 502 TeV, PP 1.69 n", pp 27.4 pb!, anti-ky et (R = 04): pi'> 120 GeV, In I <16
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15F o —+—*7
C == [
Pagmeenors g LA o Increased large angle
: : [ enhancement for b-jets
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* Jet energy redistribution (loss)

JEt Shape - b'jelt [+ Jet substructure modification |

« Jet deflection

« Different fragmentation and hadronization

* b-hadron decay kinematics

Depletion at small radial distance
both in pp and Pb+Pb collisions
- Dead-cone effect

\(_ 5.02 TeV, PbPb 1.69 nb’* , PP 27.4 pb anti-ky jet [ ?.1.29.039\/. <16
of 5] b (PbPb)/incl.(PbPb) |
_  E=2 b (pp)incl.(pp)
£ | pi>1GeV I ne
~—" . i + > # + .’.
,\i’ L " :Szzt = e | & "D_g_—m_n_:*:
. - - * : .
g 1-_____@?? ______________ + ____ e g Dead cone effect— Suppression
o - e of gluon emission within a cone of
[ r [ angular size 8 < m,/E,
0_5...|...|...|...|......l...l...l...l......I...I...l...l...
0O 02 04 06 08 1 02 04 06 08 1 02 04 06 08 1

Ar Ar Ar 30



Jet-axis differences

________ Standard > Jets have multiple axes
K P, v' Standard axis — From anti-k; algorithm

Jets and medium response (experiment) — Saehanseul Oh

* Jet energy redistribution (loss)

|* Jet substructure modification

« Jet deflection

51



Jet-axis differences

Jets and medium response (experiment) — Saehanseul Oh

> Jets have multiple axes

v Standard axis — From anti-k; algorithm

* Jet energy redistribution (loss)

[* Jet substructure modification |
* Jet deflection

v" Groomed axis — Soft large angle radiation contributions removed

(groomed) via SoftDrop algorithm

32



Jet-axis differences

Jets and medium response (experiment) — Saehanseul Oh

v
v

* Jet energy redistribution (loss)

|* Jet substructure modification

« Jet deflection

> Jets have multiple axes

Standard axis — From anti-k; algorithm
Groomed axis — Soft large angle radiation contributions removed
(groomed) via SoftDrop algorithm

Winner-Take-All (WTA) axis — Recluster jet with CA algorithm, then
the direction of harder prong (- Insensitive to soft radiation)

33



Jet-axis differences

v
v

* Jet energy redistribution (loss)

|* Jet substructure modification

« Jet deflection

> Jets have multiple axes

Standard axis — From anti-k; algorithm
Groomed axis — Soft large angle radiation contributions removed
(groomed) via SoftDrop algorithm

Winner-Take-All (WTA) axis — Recluster jet with CA algorithm, then
the direction of harder prong (= Insensitive to soft radiation)

» Distance AR between axes are sensitive to

Jets and medium response (experiment) — Saehanseul Oh

v
v
v

How coherent energy loss is in QGP
g/g jet fraction in AA

Interplay between competing effects in QGP, e.g. medium-induced
gluon radiation vs. multiple scattering-like p; broadening

34



Jet-axis differences

Sl
ST 40
)

o 30
20

10

| ALICE, arXiv:2303.13347 |
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Jets and medium response (experiment) — Saehanseul Oh

* Jet energy redistribution (loss)

[* Jet substructure modification |
* Jet deflection

Narrower distribution in Pb+Pb collisions for
WTA-Standard axes distance

Insensitivity to grooming - WTA-SD results are

more or less the same with WTA-Standard results
(Not shown)

Model with “Modified g/g fraction” + “pr
broadening due to incoherent multiple
scattering with the medium parton”
disagrees with the data (PLB 808 (2020) 135634)

\

Yy
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Jet-axis differences

N\

L &

/ /

Jets and medium response (experiment) — Saehanseul Oh

N

Do these jets quench differently in QCD medium?
- It depends on medium resolution length, L

36



Jet-axis differences
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Do these jets quench differently in QCD medium?
- It depends on medium resolution length, L
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Jet-axis differences

| ALICE, arXiv:2303.13347 |
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* Jet energy redistribution (loss)

[* Jet substructure modification |
* Jet deflection

Narrower distribution in Pb+Pb collisions for
WTA-Standard axes distance

Insensitivity to grooming - WTA-SD results are
more or less the same with WTA-Standard results
(Not shown)

Data favors incoherent energy loss picture in
the hybrid model (L. =

0)
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Summary

> Jets provide unique tools to study hot dense QCD medium
*  Broad kinematic reach: probe the medium over a wide range in scale

+  Complex structure: many complementary observables that probe similar physics — require consistent picture

*  (Some) Observables are challengingto measure experimentally due to large background in heavy-ion collisions

> Experimental jet results reveal various aspects of QGP, such as resolution scale, microstructure
of the medium, transport properties

> Further results expected to be presented at QM 2023, and more data coming with LHC Run 3,
and RHIC 2023-2025 run with advanced detectors
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