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QCD jets meet the QGP
Radiative energy loss and coherence effects in jet quenching
Nuclear modification factor as substructure observable

Jet modification with heavy flavor



QCD jets

» Jets are collimated sprays of particles seen high energy collsions

. Jets predicted by QCD: evidence for the gluon from 3 jet events in e e

 Today: jets provide precision test for QCD and instrumental in the Higgs
discovery and BSM searches for which they constitute a large background
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QCD jets meet the QGP

predicted the phenomenon of jet quenching in high energy

hadronic collisions as a conseqgquence of elastic energy loss in the quark-
gluon plasma

Energy Loss of Energetic Partons in Quark-Gluon Plasma:
Possible Extinction of High pT Jets in Hadron-Hadron Collisions.

J. D. BJORKEN
Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

Abstract

High energy quarks and gluons propagating through quark-gluon
plasma suffer differential energy 1loss vlia elastic scattering from
quanta in the plasma. This mechanism is very similar 1n structure to
jonization 1loss of charged particles in ordinary matter. The dE/dx is

roughly proportional to the square of the plasma temperature. For



QCD jets meet the QGP

e Jets in heavy ion collisions: probes of the transport properties of the QGP
and out of equilibrium QCD dynamics
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» Substantial final state interactions: jets lose energy to the QGP
e Strong suppression of hadrons and jets observed at RHIC and LHC
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e QCD collinear soft enhancement




e QCD collinear soft enhancement
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[Dokshitzer, Mueller, Peigné, Schiff (1995-2000) Zakharov (1996)
Widemann (2000) Arnold, Moore, Yaffe (2001-2002)]



e QCD collinear soft enhancement

soft ~ T df dw

O e Transverse momentum diffusion
Y N\
O ) O J
O YO G
O "0
»'50“. Qo) hard ~ p d(k7) —
.’ X6 %0 oXo e dt
S = = « Medium-induced radiation
~ D <D
LD

multiple scattering

d/ _ | g
w — -
dwdt W

[Dokshitzer, Mueller, Peigné, Schiff (1995-2000) Zakharov (1996)
Widemann (2000) Arnold, Moore, Yaffe (2001-2002)]



Multi-scale problem:
many scales and several processes at play

T mg gL m prR Pr

} ‘ GeV
1 10 102 10°

Dissipation Turbulent parton cascade Coherent collinear cascade



Coherence effects

» Jets are extended multiple parton
system: nonlocal interactions,
interferences

- coherent scattering
during gluon radiation time

j~ ol

* Color decoherence: coherent
energy loss for 6 < 6. - if color

singlet
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Multi-parton energy loss

* Color coherence: the number of effective
color charges that lose energy to the plasma
depends on its resolution scale.

* Unresolved (sub)jets lose energy coherently
as a single Parton: energy loss Is sensitive to
jet substructure fluctuations

ki'=(@L™"* < r, =RL

MT, Salgado, Tywoniuk (2010-11)
1 lancu, Casalderrey-Solana (2011)
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Non-linear evolution of guenching weights

* The quenching weights, the suppression of a high pT parton obeys a
nonlinear evolution dynamics (at leading log)
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Nuclear modification factor: Theory vs. data

« Good description of R, 4 as function of pr, R
and centrality

0.8 F

" : 6 e
» Jet energy loss sensitive to resolution effects .| ____.-—-I'{ |
= 1
via the characteristic angle 0. 0 | -
| 0 —10%
. “y . 20 — 30%
* Small cone size R less sensitive to details of 02 o 40— 50%
dissipation and medium response < 10% N |
 Largest uncertainty pertains to the accuracy o
of the perturbative sector - requires going | :
: : : 53 !
beyond leading log approximation up to 20 ] S :
% ) 0.4
: : . . _ 10 — 20%
* Achieving precision phenomenology: N 30— 0%,
requires control of theoretical uncertainties | J5=502ATeV  ATLAS Data o |
ST T T 1000
Jet pr [GeV]

YMT, D. Pablos, K. Tywoniuk PRL (2021) 2101.01742 [hep-ph]

13



Where lost energy goes: jet thermalization

L. | | In-medium Fragmentation function
Jet evolution in the QGP is characterized by three
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Heavy flavor jets: yet another hard probe

T 1
. mass
dependence of energy loss - - SR T
Pr spectra - jet mass, etc — b
. /’
e Jet substructure: medium |

modification of jet chemistry, .
parton splitting —



Heavy flavor jets: yet another hard probe
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Gluon emissions are
suppressed in a cone
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Heavy flavor jets: yet another hard probe

 Energy loss mechanisms of heavy flavor hadrons altered by mass effects

 Due to dead-cone effect expect hierarchy of eloss as function of the mass

Dokshitzer and Kharzeev (2003) Medium-induced sp

AE, < AE, < AE,, < AE,

luon

* No experimental evidence of mass ordering
between open heavy flavor hadrons - nor HF
tagged jets

wdl/dw

* Interplay between suppression and
fragmentation Dordjevic (2013) and initial

,,,,,,,,

ectrum
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gluc

NS suppressed

spectrum, role of collisional energy loss

 Vanishing difference at high p
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AA vs. masses
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Boosted tops

 Proposal to use
control the time when interaction takes place with the medium?

High top pT

Low top pT
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Boosted tops

 (Color singlet pair does not interact

right away with the plasma (color Apolinario, Milhano, Salam, Salgado, PRL (2017)
transparency) - it must first decohere
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3 @ - ___|quenched
= E ol ___ | antenna
d — 50 = " ynquenched
4 Y4q (66‘? S wf TIME-
= F DEPENDENT
éé | QUENCHING
W 70;_ - e
Qqq gﬁ g | I I I I I
g ) 0 200 400 600 BOF(:eco Top10p0:)(Gev)
0 f t—>b+ W - qq

Armesto, MT, Ma, Salgado, Tywoniuk (2012)
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Intrajet heavy flavor production

 Medium induced cc pair production: possible enhancement in heavy ion collisions

. Testing ground for medium-modified splitting function P;“jié(z)

* Energy loss (out of con radiation) leads to opposite effect
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A lot of progress

Jet substructure: Caucal, Soto-Ontoso, Takacs 2111.14768 , 2103.06566
Energy correlators: Andres et al 2209.11236
EFT applications: Vaidya 2101.02225, 2109.11568

Splitting functions: Sievert, Vitev, Yoon 1903.06170, 1807.03799, Andres, Apolinario, Dominguez,
Gonzalez Martinez 2002.01517 , 2011.06522, Barata, MT, Soto-Ontoso, Tywoniuk 2106.07402,

2009.13667

Flow and gradient effects: Barata, Sadofyev, Salgado, Andres, Dominguez 2202.08847,
2207.07141, Sievert, Vietev, Sadofyev 2104.09513

Quantum corrections: MT, Caucal, 2209.08900, 2203.09407, 2109.12041 Ghiglieri, Weitz
2207.08842, Arnold, 2111.05348

And more
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https://arxiv.org/abs/2202.08847

Summary

Jets as multiple scale systems are unique probe of thee QGP and non-
equilibrium QCD dynamics

Many QCD processes at play that can be tested in heavy collisions: LPM
effect, color decoherence, turbulent energy transport, etc

Control over theory uncertainties in perturbative sector necessary for
precision tests

Heavy flavor provide additional handle to investigate energy loss
mechanisms by exploiting chemistry of jet substructure and color singlet
boosted topologies
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