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Introduction

Large transverse momentum hadrons

— A Linear Boltzmann Transport (LBT) approach for light and heavy flavor jet
quenching

Full jets

— Full jet energy loss, medium response, medium-modified jet shape and
groomed jet splitting function

Jet-related correlations
— Dijet, dihadron and hadron-jet back-to-back angular correlations
— Dijet asymmetry in the resummation-improved pQCD approach

Summary
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Evidence: large transverse momentum hadrons
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Evidence: jet-related correlations

e Au+Au data o p+p data + flow
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Evidence: full jets

\Sya=2.76 TeV 0-10%

5
z | ATLAS ]
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4 = Pra T P Strong modification of momentum imbalance distribution
! Py, + D, => Significant energy loss experienced by the subleading jets
Ap = ‘¢1 _ ¢2‘ Largely-unchanged angular distribution

=> medium-induced broadening is quite modest
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Evidence: jet structure
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Medium modification of jet fragment (shape) profiles

The enhancement at large r is consistent with the jet broadening

The enhancement at low z is expected from medium-induced radiation

The soft outer part of jets is easier to be modified, while the modification of the inner

hard cone is more difficult



Large Transverse Momentum Hadrons



Jet-medium interaction
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A Linearized Boltzmann Transport (LBT) approach
for heavy & light flavor jet quenching

Boltzmann equation: |

Elastic collisions:

Inelastic collisions:

Elastic + Inelastic:
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Model validation
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Realistic simulation: parton energy loss
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Heavy and light flavor jet quenching
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Extractq¢ from parton energy loss (by LBT)
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Cao, Luo, GYQ, Wang, PRC 2016; arXiv:1703.00822

Linear-Boltzmann Transport approach: 20,1 (X, p, t) = E(Ccoj [f] + Coy [f])

See talks from Shanshan Cao, Tan Luo and Wei Chen for more results from LBT



Full Jets



Full jet evolution & energy loss in medium
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Full jet evolution in medium

Solve the 3D (energy & transverse momentum) evolution for shower partons
inside the full jet

Include both collisional (the longitudinal drag and transverse diffusion) and all
radiative/splitting processes
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Full jet energy loss (radiative, collisional, broadening)
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Jet shape function: interplay of different mechanisms
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The soft outer part is easier to be modified, while the inner hard core is more difficult
The enhancement at large r is consistent with medium-induced radiation, transverse
momentum broadening

The final jet shape is the interplay of different jet-medium interaction mechanisms

N. B. Chang, GYQ, PRC2016 22 = C. 11 1 1oss 1]+ Cosrronal €] + €l f]



Medium response to jet-deposited energy/momentum
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Effect of jet-induced flow on jet energy loss and suppression
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Hydro part (the lost energy from the shower part still inside the jet cone) partially
compensates the energy loss experienced by jet shower part.

Jet-induced flow evolves with medium, diffuses, and spreads widely around jet axis,
leading to stronger jet cone size dependence.



p(r)

Effect of jet-induced flow on jet shape
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The inclusion of jet-induced medium flow does not modify jet shape at small r, but
significantly enhance jet broadening effect at large r (r > 0.2-0.25)
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Evidence of jet-induced medium flow (excitation)
in full jet shape measurements
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The contribution from the hydro part is quite flat and finally dominates over the
shower part in the region with r > 0.5.
Jet shape function for subleading jets is broader than leading jets due to more jet-
medium interaction

Y. Tachibana, N. B. Chang, GYQ, PRC 2017



Medium-Modified Jet Splitting



Jet grooming via soft drop declustering

Recluster Remove if fails Continue until
with C/A soft dri:tp branching passes Return jEt

Larkoski, Marzani, Soyez, Thaler, JHEP (2014), arXiv:1402.2657
Larkoski, Marzani, Thaler, PRD (2015), arXiv:1502.01719

Idea: recursively removes soft wide-angle radiation from a jet
Experimental implementation: re-cluster anti-k; jet with Cambridge/Aachen (C/A)
algorithm, then de-cluster the angular-ordered C/A tree by dropping soft branches

Two parameters for soft drop procedure: a soft energy threshold z_,, and an angular

exponent 3 AR P
Z > Zcuteﬂ — Zcut =
R

Additional soft drop condition: CMS also requires two subjets AR,,>0.1, with AR, the
n-¢ separation between the two subjets




Observable after jet grooming:
Momentum sharing fraction z, distribution
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z, is the momentum fraction carried by the subleading subjet in the groomed jet
One observable: 1 dN
p(zg) =

The splitting function p(z,) for soft dropped jets encodes the momentum sharing
fraction for the hardest splitting/branching



Zle
TlIT

PbPb/pp

CMS results (centrality dependence)
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CMS: more imbalanced splitting (branching) in more central PbPb collisions.



CMS results (jet energy dependence)
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CMS: stronger modification for decreasing jet energy




1/N dN/dz,

STAR result (jet energy dependence)

= > o . ecoi
= Trigger Jet, p| * = 20-30 GeV/c N s Recoil Jet, p7***" = 10-20 GeV/c
- * % Au+Au HT 0-20% % U % Au+Au HT 0-20%
;_ = pp ® Au+Au MB 0-20% E 6;_ = pp ©® Au+Au MB 0-20%
:_ E A 5:_ E
= STAR Preliminary 4_ + STAR Preliminary
3 == 3 - "
2 - 25 —-
= - =i=—I—:Q: 1 s 5
ob | | I B - ob | N P R R B
0.1 0.2 0.3 0.4 0.5 0.€ 0.1 0.2 0.3 0.4 0.5 0.6
Zg Zg

STAR: no significant modification of groomed jet splitting function (z, distribution
for soft dropped jet) in Au+Au collisions as compared to pp collisions

Not expected from the CMS result: strong modification for z, distribution at the
LHC (and stronger modification for lower jet energy)



Soft dropped jet splitting function in vacuum
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Soft dropped jet splitting function in vacuum
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Soft dropped jet splitting function p(z,) in vacuum is the same for quark & gluon
jets, and is a little steeper for lower energy jets



Soft dropped jet splitting function in medium
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Here we take higher-twist jet energy loss formalism:

me 2C A Svac t
proed(p (%) = e —— P, (a )'/dz‘qz( t) sin? (2”)

Soft dropped jet splitting p(z,) in medium is expected to be steeper than in vacuum

Incorporate the out-of-cone energy loss of the jet as follows:

Z / d> X d*pr dcﬂ(f,pTJr&EiJ
PS A2 X d?pr

CI-III::

(z ,PT)

pi(pr + AE;, z,)

gt ot "Ll



Soft dropped jet splitting function @LHC
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interaction, steeper splitting function for soft dropped jet
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CMS: smaller jet energy, large nuclear modification on soft dropped jet splitting function



Jet energy dependence of jet splitting function @RHIC
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RHIC: smaller jet energies, less nuclear modification
CMS: smaller jet energies, more nuclear modification
Non-monotonic jet energy dependence is observed for p(z,)



Non-monotonic jet energy dependence for p(z )
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With smaller jet energies, the medium-induced contribution is increasing, but the
medium-induced part of the splitting function is flatter



Jet energy dependence for p(z,) @ LHC
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Jet-related correlations



Jet-related correlations
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High p; jet-related back-to-back correlations: both the per-trigger yield and the shape
of the angular distribution are modified by the QGP medium



Dijet correlations
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=> medium-induced broadening is quite modest



Nuclear modification of per-trigger yield

Most theoretical studies on
related correlations in AA
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Nuclear modification of dijet (& y-jet) asymmetry
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Dijet angular correlations in pp collisions
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pQCD expansion (échematic):
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Chen, GYQ, Wei, Xiao, Zhang, arXiv:1612.04202 Sudakov resummation

Based on: Nagy, PRL88 (2002), PRD68 (2003); Sun, Yuan, Yuan, PRL113 (2014), PRD92 (2015)



Sudakov resummation in medium
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Dijet angular correlations in AA
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LHC: vacuum Sudakov effect overwhelms medium-induced broadening effect

=> Very small angular decorrelation
RHIC: medium-induced broadening effect comparable to vacuum Sudakov effect

=> Sizable angular decorrelation

Mueller, Wu, Xiao, Yuan, PLB763 (2016)
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Dihadron angular correlations (pp baseline)
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First benchmark calculation of back-to-back dihadron angular correlations in pp collisions
Baseline for studying angular decorrelation from medium-induced effects in AA collisions
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ihadron back-to-back angular decorrelations
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Angular decorrelations: a new & more direct method to probe medium broadening (g"at)

L. Chen, GYQ, S.Y. Wei, B.W. Xiao, H.Z. Zhang, arXiv:1607.01932



Hadron-jet back-to-back angular decorrelations
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Angular decorrelations: a new & more direct method to probe medium broadening (g"at)

L. Chen, GYQ, S.Y. Wei, B.W. Xiao, H.Z. Zhang, arXiv:1607.01932



Sensitivity to medium-induced effect:
dijet relative g, distribution (in pp)

D.QUIIIIlIIII|IIIIIIIIIIIII_

HH |5, 10]4[5, 10]

B RHIC
B —— - HJ [9, 30]4[12, 18]) ||
U IH B | HJ [@, 30]4[18, 48]) |7
ES N ! . , ; |
J B L - —— HH [5,10]4[3, 5 |
. ol
. B e HH [12, 20]4[2, 5]
£l =
== 0.10 F LHC |
—| _r —--—- HJ [9, 30]4+[18, 48]
P —-—-- HJ |20, 50]4[60,00] ||

— HH [5, 10]4[5, 10]

2hEaleded sl ]

-
L
—_
-
- _\_ f.'l _'
= =t -I .Il
o _.-’
)
-
)
[



Extraction of p; broadening & ¢ @ RHIC

* Using CERN MINUIT package, our y? analysis at RHIC gives:
(P*) ~ 13%GeV’

1

* To directly compare to JET result:
— Use OSU (2+1)D viscous hydrodynamics code to simulate the medium evolution
— Use the double-log resummed expression for transverse broadening:

h [2\/_0?5|n(%22—)] Y
2 A 0 —_ S C .
(p])=4L s = —— Liou, Mueller, Wu, NPA 916 (2013)
()] o
0

~ 3
— Relate the leading-order g"™*toTas: (¢ OC

~—~

e Realistic simulation at RHIC gives: g, ~ 3. gfngeW/fm

 JETresultatRHIC: g, = 1.2 £ 0.3GeV*/fm



Dijet asymmetry A, (x,)

Previous theoretical studies have compared
to the uncorrected data which contain
detector artifacts
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Fully corrected dijet asymmetry data have
become available, and reduce large
ambiguities in theory-to-experiment
comparison in studying jet energy loss effect

We use the resummation-improved pQCD
approach to describe the fully corrected
data in pp collisions and to study the
medium effect in AA collisions
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Dijet asymmetry in pQCD expansion

Perturbative QCD expansion in « (2->2, 2-
>3, 2->4, ...)

PQCD expansion has an interesting upper
(lower) bound for A, (x,) distribution

— Assuming energy/momentum
conservation & perfect detector with 4r Pr2
coverage
— For n-jet final state (2->n), >
_ _ T1
b, =B, +...+ DB, <o, +...+p, <(n-1p, SREEEESEAH N
X2—>n — Pra Z 1 AZ—)H 2 n-2 1':'1% o __.F-___.____f 'E'
7 pr n-1 J n 1ok Lt 1
PQCD expansion in a, fails at x,->1, which 2 :' A
is similar to dijet, dihadron, hadron-jet 218 10 | ‘[-Lo@2os) || A
angular correlations at Ap~m due tothe ~l= - t|-—NLO (2—4) ||} ]
appearance of large logarithms 1072 ; -
r ~ ~ L - !.‘ E !! ]
A, 1Og2(q_§) qy = |\Dry t Dry| << Dpyps Dry 10 E ; E ' 3
T D—d. |Ia!||||||||'r:||I||||I||||I||||I|!:|I_
Chen, GYQ, Wei, Xiao, Zhang, arXiv:1612.04202 % 04 0506 07 08 091 1

Based on: Nagy, PRL88 (2002), PRD68 (2003) TJ



Sudakov-improved pQCD approach

1 do
G'd:lj

1 donLo

NLO pQCD provides very good result at
small X, region

Sudakov resummation resums the
alternating-sign series of large
logarithms at x,->1 region

1

1 _do
o dAod

Essentially no free parameter in this
approach (weak dependence on ¢ )

Chen, GYQ, Wei, Xiao, Zhang, arXiv:1612.04202
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Based on: Nagy, PRL88 (2002), PRD68 (2003); Sun, Yuan, Yuan, PRL113 (2014), PRD92 (2015)



Dijet asymmetry in pp collisions
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Dijet asymmetry in PbPb collisions @ LHC

Using BDMPS jet energy loss
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Summary

* Large transverse momentum hadrons
— Light and heavy flavor jet quenching on the same footing in LBT

* Full jets

— Full jet in-medium evolution and energy loss: interplay of different
mechanisms

— Jet shape: evidence of jet-induced medium excitation at large r

— Medium-modified groomed jet splitting function: non-monotonic
dependence on jet energy for the nuclear modification of p(z,) distribution

e Jet-related correlations

— Back-to-back angular correlations provide a new and more direct method
to extract medium induced broadening and ghat

— Developed the resummation improved pQCD approach to describe the
fully corrected dijet asymmetry data



