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Introduction



Deconfinement and QGP

It would be interesting to explore
new phenomena by distributing
high energy or high nuclear density
over a relatively large volume.

Lattice QCD predicts phase of
thermal QCD matter with sharp rise

in number of degrees of freedom
near T;=170MeV.
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Signatures: Hard Probes

= We need signatures to tell whether a new kind of matter is
produced in heavy-ion collision: dilepton production, J/psi
suppress, HBT effect, strangeness enhancement, collective
flow...

= From SPS to RHIC, and to LHC, the colliding energy is
larger and larger, hard probes will become more and more
important.

= Applications of hard probes depend on the asymptotic
freedom and the factorization of pQCD.




Signatures: Hard Probes
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Signatures: Hard Probes
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Jet quenching

Parton energy has been proposed as an excellent
probe of the hot/dense matter created at HIC.

Single Hadron Tomography
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Jet quenching as a hard probe

Jet quenching has been proposed as an excellent
probe of the hot/dense matter created at HIC.

Single Hadron Tomography Di-Hadron Tomography
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Xin-Nian Wang, M. Gyulassy, PRL68(1992)1480



Jet quenching at the RHIC
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Finding of the jet quenching effect in A+A collisions has been

regarded as one of the most important discoveries made at RHIC.

Xin-Nian Wang, Nucl. Phys. A 750,98(2005).



et quenching at the LHC
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Fingerprints of jet quenching
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Leading hadron production

X O 0 omom

do"’

M—K%Idx dxbf (xa’Q )ﬁ(xb,Q ) A (ab_)cd) h/cc

Parton distribution function Matrix Fragmentation
element function

measured in DIS
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Observables related to leading
particle productions

= Leading hadron productions: pion, kaon, eta, ...
= Ratios of particles at large pT

= Di-hadron correlation

= Direction photon

= Gauge boson + hadron

= Heavy flavor hadrons: D, B, J/psi

= Flow of these particles



Full jets
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Full jets
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World inside a jet

!
peal
o

Diagram by: Y. Tachibana




Observables related to full jets

inclusive jets; jet shape; sphericity;
di-jets; jet FF; thrust;
gamma + jet; angularity; broadening;
Z/W + jet; splitting scale; Fox-Wolfram
heavy flavor jets; groomed jets; moment;



Bjorken’s calculation
FERMILAB-p:Z;E: fg]gg

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 loss via elastic scattering from
quanta in the plasma. This mechanism is very similar in structure to
ionization 1loss of charged particles in ordinary matter. The dE/dx is

roughly proportional to the square of the plasma temperature. For

this effect. An interesting signature may be events in which the hard

collision occurs near the edge of the overlap region, with one jet

escaping without absorption and the other fully absorbed.



Stopping power of ordinary matter
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Basic quantities

= Consider a thermal static QCD medium “brick”
with temperature T, the length L

1
= The mean free path: = s 1/T?
b
= The opacity: N =L/\
= The Debye mass:

[t characterizes the typical momentum transfer in a scattering.

= The transport coefficient: § = p /A

Gives the “scattering power” of the medium through the average transverse

momentum squared (to the propagating particle) per unit path-length



Numerical estimates

= Consider an equilibrated gluon plasma at temperature
T =0. 4 GeV, with the length L

= The strong coupling: o, ~ 0.5
= The particle density: g, [ 4mp?
Po = (2m)3 /0 /T — 1%

=16/7%¢(3) - T® ~ 15 fm ™3

where g, = 2(N2? — 1) is the degeneracy factor for gluon.

s The energy density: _ 90 [T _4mp°

er/T — 1

= 87%/15 - T* =~ 17 GeV/ fm?

100 times denser than normal nuclear matter(p = 0.15 fm=3)




Numerical estimates

= The Debye mass: mp = (4ra,)/?T ~ 1 GeV

[t characterizes the typical momentum transfer in a scattering.

= The gluon-gluon cross section: [ARSEKZReHCESESE

= The mean free path: REESVICRCIERICTLCCIH Suug=gVr LN

= The transport coefficient: §~m2/\, ~22GeV2/fm

Gives the “scattering power” of the medium through the average transverse

momentum squared (to the propagating particle) per unit path-length
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Bethe-Heitler (BH) brems.

= BH bremsstrahlung: when L<A; or when L> A and the
successive gluon emissions are 1ndependent

pf’B,

k,b
10000000

, a

Bethe, Heitler, PRD (1982)
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LPM effect

Even though the qq g vertex in QCD is local, the emission process is truly non-

local, as it takes some time for the emitted gluon to lose coherence w.r.t. its
parent quark. Namely, when the gluon starts being emitted, its wavefunction is
still overlapping with that of the quark, so the two quanta cannot be
distinguished from each other. But with increasing time, the gluon separates
from the quark and their quantum coherence gets progressively lost.

The transverse separation: i
The transverse Compton wavelength PSSV IENEVIAL)

Gluon formation time N 1

T wh?

l Landau—Ii?nzer_einc_huk—Migdal (LPM) effect r
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Theories of jet quenching

M. Gyulassy, X.-N.Wang(1994): GW model
Baier, et al: BDMPS / Zakharov
Gyulassy, Levai, Vitev: GLV
Arnold, Moore, Yaffe: AMY
Higher twist approach

X.-N. Wang, X. Guo, E. Wang, BWZ, Majumder, Qin,...
Kovner, Salgado,Wiedemann
AdS/CFT with Strong coupled QGP
Color coherence: Tywoniuk, Mehtar-Tani,
SCET

Many others......
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Formalisms to jet quenching

Fast parton Fast parton Fast parton
weakly weakly strongly
coupled to a coupled to coupled to a
weakly an arbitrary strongly
coupled medium coupled
medium medium
AMY Higher Twist

BDMPS-Z-ASW

GLV...




Monte Carlo codes on jet quenching

= PYQUEN (Lokhtin, Snigirev): BDMPS 1+1D Bjorken
expansion

= QQ-Pythia (Armesto, Salgado) : BDMPS modified splitting
= YaJEM (Renk): increases virtuality of partons during
evolution

= JEWEL (Zapp): BDMPS modified parton showering

= POM (Dainese, Loizides, Paic): BDMPS quenching weights


http://lokhtin.web.cern.ch/lokhtin/pyquen/
https://igfae.usc.es/qatmc/
https://wiki.bnl.gov/TECHQM/index.php/YaJEM
https://jewel.hepforge.org/

Monte Carlo codes on jet quenching

= MATTER (Majumder): higher-twist in-medium showering
s CUJET (Jiechen Xu, Gyulassy): GLV 2+1D viscos hydro

= Martini (Schenke, Gale, Jeon) : AMY 2+1D viscos hydro

o Hybrid (Chesler, Rajagopal): Ads/CFT strongly coupled plasma
s LBT (X.N.Wang, Zhu, Luo, Cao...): higher-twist 3+1D hydro

5 JETSCAPE
TR BN BEE BE BEN BE BENE BE B



Higher Twist
Approach



Factorization

= Long distance physics VS short distance physics

s Factorization:

systematically separate the long distance physics from
the short distance physics

aw 5L
dzp,

=3 [ i 2 @HD (., 0 Doosn(en)




Evolution




DGLAP Evolution Equations
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Wlodiried Fragmentation

d Ghadron

- Modified fragmentation
functions




Quark-Gluon Scattering
in Nuclei:
Light Quark Energy Loss
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J. Qiu, G. Sterman, NPB 353(1991)105; NPB 353(1991)137.
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BWZ, X. N. Wang, NPA 720(2003) 429.



= Twist-4 parton correlation function is in principle
not calculable.
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= Light quark energy loss has a quadratical

dependence on nuclear size because of LPM
interference effect.

= Light quark energy loss due to quark-gluon

double scattering is proportional to gluon
density.



Quark-Gluon Scattering

in Nuclei :
Heavy Quark Energy Loss

I-I._l‘-llx_ I| IIl-l.-I_IIA-I. II.-I._I.‘Ill-IA II-l\-I_IIA_ I. II._I.-



_D _
HI,C(yi 7kT:$7p7 7, m, Z

fd%" (1+22)5+ (0 -2)'m q,
(1-2) (& + (1 —2)*m?)? 2n
2T _

"h" ﬂTﬂTn | Bla) ¥ x U N 811’0(%' or, kr, %, p, 9, M, Z)

Pk ey c

J:U ! ‘¥ o

SR it ™y tieos 6L ) 6(—y; )o(y~ — i)

_ e—i(-'nL+(1—Z)wM)p+y5)

_ g~ Her+(1-2)an)pt (v~ —uy )) _




14 2°
Vz"'r Hg(L,R)Ik'r:O = 4CA T

¢ 1B+ (1 - 2P M73 HP o1 ry + O(a5/ Q*45)

2 2
=0T %=0.04 Q*=10 GeV?, x,=0.04

10 20 30 40 50 60 70 80 90 100 OI 007 004006 008 01 019 014016 018
Qz(GeVz) Xg




(1) When — [T




Quark-Quark Scattering
in Nuclei
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= Two kinds of double scattering in eA DIS

SO000000




® Quark-quark double scattering mixes quark and

gluon FF. ==)

™ Quark-quark double scattering gives different modifications
to quark FF and anti-quark FF.

BWZ, X.N. Wang, A. Schaefer, NPA 783(2007)551;
A. Schaefer, X.N. Wang, BWZ, NPA 793(2007)128.



Hadron suppression at RHIC
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Hadron suppression at LHC
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n in heavy-ion collisions at NLO **

® Production of eta meson in HIC has been calculated;
® Flavor composition has very small effect on the ratio n/m° .
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n/m® in HIC at NLO

® n/n® ratio is almost same (~0.5) for p+p, Au+Au and
Pb+Pb collision.
® Prediction on n/n°ratio has been confirmed by ALICE.
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Identified meson in HIC at NLO
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Jet transport coefficient
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§ _Au+Au at RHIC
Pb+Pb at LHC.‘
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Jet transport coefficient
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Di-hadron correlation
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Di-hadron correlation
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Gamma-hadron correlation
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Direct photon in HIC



Photon Production

= God’s answer: God Said, “Let there be light”.
And there was light. God saw that the light

was good, ... %

—————— From HOLY BIBLE
= Physicists’ eyes:
1) Photon doesn’t strongly interact with the produced

medium (o << o), so direct photon is a good tool to
study cold nuclear matter effect (Cronin,

Shadowing...)
2) Medium-induced photon emission in the QGP:

enhancement
3) Jet-photon conversion in the QGP: largego ..

contribution




Direct photon in pp collisions

Direct photon: annihilation, b
Compton, -0 LO

oremmstrahlung _

Annihilation 'j
Compton .ﬂ

QO g

2
Bremmstrahlung




Medium-induced photon bremmstrahlung

= An energetic parton propagating in hot medium
may radiate photons as well as gluons: another
source of photon production

Induced gluons | > Induced photons
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Jet-photon conversion in QGP

= High-energy photon could be produced by conversion of a jet
passing through the QGP due to jet-thermal interaction.

R.Fries et al., PRL90,132301(2003)




Medium modified FF

Jet
quenching

- Photon

emission

dz
+ Nony.(€)0(1 — 2 ) IS

conversion

(c)

+ med.

dN!
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Jet quenching in Xe+Xe

_ dN***¢/dpr Tpppy
dNPbe/de TXeXe

—e— RY, h* @CMS, Iyl <1
h*, nl < 1
n°, l < 1
n, nl <1
¢, ml < 0.5
scaled pp reference




Large v2 at high pT

v,(SP) Pb + Pb @ \/7 5 02 TeV

— T I
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Jet quenching in small systems
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Jet quenching in small systems?
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The nuclear parton distribution functions (nPDFs)

Eur. Phys. J. C (2017) 77:163 h
J

Modifications relative to free proton PDFs  [uEemed = - —"

of growing nuclear mass number. The number of data points and their ~ EPS09 analysis are marked wit
contribution to ;(2 counts only those data points that fall within the

Experiment Observable Collisions Data points

SLACEI39 DIS e~He(d),e™D
Rf(x, A) = f(N "M(x,A)/ f(N )(x) CERN NMC 95, DIS i~ He(), pD
Fermi CERN NMC 95 DIS wLi(6), x D
Motion CERN NMC 95, Q2 dep DIS o Li(6), D
SLACEI39 DIS e Be(9),e D
CERN NMC 96 DIS " Be(9), u~C
Anti-Shadowing SLACEI139 DIS e C(12),e D
CERN NMC 95 DIS wC(12), wD
CERN NMC 95, Q2 dep DIS u=C(12), w~D
CERN NMC 95, re DIS u=C(12), D
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ENALET72 DY pC(12), pD
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CERN NMC 96 DIS woAIQ2T), = C(12)
SLACEI39 DIS e~Ca(40), e D
ENALET72 DY pCa(40), pD
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CERN NMC 95, re DIS =Ca(40), 1~ Li(6) 20
JGiobal -andalysi
Jalobal QCD andalysis
ENALET72 e Fe(56), ¢~D 9
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The earlier generations of nuclear PDFs

EPSog9 DSSZi2 KAis nCTEQis EPPS16 nNNPDFi.0
Order in ay LO /NLO

IA NC DIS N4
vA CC DIS

pA Drell-Yan 4
RHIC dAu pion
LHC pPb W, Z
LHC pPb Dijet

LHC pPb D°

LHC pPb hadron/ y

CKKKKIK

Free parameters 15 16 16 20 ~183

Q cut (GeV) 1.3 : 1.0 2.0 1.3 1.87
Proton PDFs CTEQ6. JRog CTEQ6M CT14 NNPDF3.1

Flavor separation no no no Yes(valence) | Yes(6)

Reference JHEP (2009) | PRD (2012) | PRD (2016) | PRD (2016) | EPJC (2017)



https://doi.org/10.1088/1126-6708/2009/04/065
https://doi.org/10.1103/PhysRevD.85.074028
https://doi.org/10.1103/PhysRevD.93.014026
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1140/epjc/s10052-017-4725-9
https://doi.org/10.1140/epjc/s10052-019-6983-1

The new generation of nuclear PDFs

EPS16 EPPS21 KA2xo0 nCTEQi5 TUJU21 nNNPDF3.0

WZSIH

NLO/ NNLO

Y
v/

@)

Order in ag
[A NC DIS
vA CC DIS
pA Drell-Yan
RHIC dAu pion
LHC pPb W,Z
LHC pPb Dijet
LHC pPb D°
LHC pPb hadron/ y

CKKKKIK

CKKKKKKIK

Free parameters 20 24 9 16

Q cut (GeV) 1.3 1.3 1.3 : 1.87 1.87
Proton PDFs CT14 CT18A CT18 CTEQ6M | own fit NNPDF4.0
Flavor separation Yes(6) Yes(6) Yes(3) Yes(s) Yes(4) Yes(6)

Reference EP]JC (2017) | EP]JC(2022) | PRD (2021) | PRD (2021) | PRD (2022) EP]C (2022)

Courtesy of Peng Ru


https://doi.org/10.1140/epjc/s10052-017-4725-9
https://doi.org/10.1140/epjc/s10052-022-10359-0
https://doi.org/10.1103/PhysRevD.104.034010
https://doi.org/10.1103/PhysRevD.104.094005
https://doi.org/10.1103/PhysRevD.105.094031
https://doi.org/10.1140/epjc/s10052-022-10417-7

Full jet observables



Jets: new opportunity at HIC

Raw Jet P, [GeV/c]

= Ry, for single particle or Iy e e
for two particle correlations - <~ \ . »
only measure the leading e 0
fragments of a jet.

= Jets: a spray of final-state
particles moving roughly in
the same direction.

= Jet observables: more
hEENEIRES
perturbative input, precise
pQCD calculations.
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Briefing: jets at HEP

= Sterman &Weinberg(77)
defined a two-jet event and
made an analytic calculation.

s Feynman, Field, Fox (“77) made
a numerical calculation of the
inclusive jet prod.

= Discovery of three-jet events in
e+e- gave a first evidence of for
gluons.

= Precise extraction of o is made
by measuring jet event shapes.

= New physics beyond Standard
Model by studying jets.

smmemesmemesBIERRRRRER D




Briefing: jets at HEP

s Sterman &Weinberg(‘77)
defined a two-jet event and
made an analytic calculation.

= Feynman, Field, Fox (“77) made
a numerical calculation of the
inclusive jet prod.

= Discovery of three-jet events in

e+e- gave a first evidence of for e +X
gluonS. T CVFJ 19 4 GeV, <k poq= SO0 MeV
A W=5300eV, <k¢>h_,q= 500 MeV
= Precise extraction of o is made pp et +X/100
. . 0O W=194GeV, <kpp_L o= 500MeV
by measuring jet event shapes. rpedet $X/100

eeesFF |
X W=19 4GeV, <kp2p_q=500MeV

= New physics beyond Standard
Model by studying jets.




Briefing: jets at HEP

= Sterman&Weinberg(‘77) defined
a two-jet event and made an
analytic calculation.

s Feynman, Field, Fox (‘77) made
a numerical calculation of the
inclusive jet prod.

= Discovery of three-jet events in
e+e- gave a first evidence of for
gluons.

= Precise extraction of o is made
by measuring jet event shapes.

= New physics beyond Standard
Model by studying jets. . 00 120 140 160 180 200

HTEE A BREE BE BN .




What is a Full Jet?

non-perturbative
hadronisation

= Jet is an approximate image of the parent parton. Jet is defined
by a jet finding algorithm, which maps the momenta of the final
state particles into the momenta of a certain number of jets:

{p} —— {l k}

particles,
4-momenta,
calorimeter towers, ....




Jet definition

NN g N

jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VN

Projection to jets should be resilient to QCD effects

Projection are NOT unique: Diagram from
5 5 5 M Cacciari
a jet is not equivalent to a parton.




Iterative cone algorithm




Infrared/collinear safe

a single jet

R R

_____ I____ o>

= > |
| R <R;;<2R

(Identified as 1 jet)
| 1 I | R R W | R

(Identified as 2 jets)
| T B | I 8 I | R I |



kt algorithm

Compute d;; and d;p for all particles in the final state, and find the minimum

value.

If the minimum is a d;g, declare particle 7 a jet, remove it from the list, and go

back to step one.
If the minimum is a d;;, combine particles 2 and 7, and go back to step one.

Iterate until all particles have been declared jets.




anti-kt and C/A algorithms

R




Non-perturbative effects

= Non-perturbative effects: hadronization & underlying event.
= Two effects will go in opposite direction: partial cancellation
between “splash-out” effect and “splash-in” effect.

X‘Tf; - o 140
"1 al ) iy s s | Hadron to Parton Level Corrections
AT 17 interactionsin g 13f Hadroniza
p F_ terial e === adronization
4 R 6 12 e Underlying event
\[ [+~ Magnetic field O | .
W ! it 11 Uncertainty
(! L
hadan?zatmn . 15 --------------------------------------------------
B e e
_ 1 (l' Out Of cone i -____,..‘-_-:-_'-_'._‘:‘:'-_‘:':‘:':‘-.':':".':E‘.iiEi iiii -
». 09 i
, 1 partons -
, ;
v 0.8
g CDF Run Il Preliminary
oh ~—> * <+—10 070
i it gl St 0.6:IIII|1Illllllllllllllllllllll!
P qyietinegm 0 100 200 300 400 500 600
ansiil P; (GeV/c)
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Inclusive jet cross section
in HIC

RCOHG

Jet: colorless states

Hard scattering
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Jet cross section at NLO in p+p

" Jet cross sections at NLO in p+p :

do®t 1 do[2 — 2]

— d{E » Y a5 ..
dErdy 2! {Er,y, 0} d{ET,y, d}2

1 do|2 — 3
+ d{ET7 Y, ¢}3 ﬁ

SQ({ETa Y, ¢}2)

" Ss({Br,, 0}3)

= Function S, and S; contain jet find algorithm:
: 2

,7:_‘_/.
2 --—> 3 251)7—1)1 (yi —y7) H 9( .p—p”R)

i) max (pj, p;)

DiYi + Pjy;
pi + Pj

+ > S(pi+pj—ps)d
i,(i<7)

—y7)0 (Rij < Ry)




Inclusive jet in p+p at NLO

_ | i | | 2 ' 3
> : _
8 ® B STAR,s"?=200GeV T 11% = 812
35_ p+p—> jet+X v el
7'?— ]05 ®)
L R =04 S ,
O 4 cone A i P
g 103 02<n| <038 12 e
S
N'O 2
™ 10 -
g (0'F — NLOPpQCD, p, =, = E; ' —
100 1 I ] | 1 | ET [GeV/C]
0 10 20 30 40 50
E. [GeV/c
rlGeVie] Very good agreement
=S _' between data and theory
] : :
i is achieved;
5 0.8+ -
©
00 " Kni.o=NLO/LO can be
© - -
S 04 smaller than 1 at small
0.2 cone radius.

. - .
B B BB R BE B B BE R BR |
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Inclusive jets in A+A at RHIC 91

PHENIX r°
R=02  ~
R=04 %
R=06 o
R=0.8 o
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Inclusive jet in Pb+Pb: Exp.

m The jet radius dependence of Raa on inclusive jets has been
confirmed by ATLAS measurements most recently.

Pb+Pb |5,y = 2.76 TeV
| f Lat=7u0"  ATLAS

0.8
40 50 60 70 100




Dijet momentum imbalance
in HIC

%

g
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Measuring Dijets in Pb+Pb

» Jet quenching at LHC has been observed for the first time in
dijet productions at Pb+Pb by ATLAS and CMS.

a0 Er [GeV] 04 E_ [GeV]
s : 30 il Towers

60-
s

"W | ATLAS, arXiv:1011.6182, PRL (2011);  CMS, arXiv: 1102.1957, PRC(2012) ||




Dijet in Pb+Pb at LHC

R = 0.4 theory @ ATLAS central Pb+Pb data

NLO pQCD theory, p+p
NLO pQCD, A+A, g, . =18
NLO pQCD, A+A, g, . =20

mec

NLO pQCD, A+A, g, = 2.2

(1/5) do/dA,

25GeV <E, <E,,

100 GeV < E,,

CMS central Pb+Pb data

NLO pQCD theory, p+p

NLO pQCD, A+A, p,™" = 0 GeV
NLO pQCD, A+A, p;™" = 20 GeV

(1/6) do/dA,

50 GeV < ET2 < ET1

LHC s'?

=2.76 TeV % 120 GeV < E.,
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Tagged jet production in HIC

Dimuon Trigger




Tagged jet production in HIC

photon + jet /9 + jet
s Advantage: large yield = Disadvantage: small cross
= Disadvantage: final-state section
effects = Advantage: no final-state
effects
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Z° in pp and PbPb

= pQCD gives a good description of the data at the LHC and DO.
= The CNM effects for Z boson is small.

o DO experimental data
- = LO pQCD [cteq]
== MCFM NLO [mstw]

R one [EXPEriMent]

3 u=(my/22m.)

Q
O
~
QO
=
3
—
Q
O
~
)
O

s"%=1.96 TeV
<28 <17
65 GeV<M, <115 GeV

‘M ™™ WM | Neufeld, vitey, BWZ, PRC(2011). M W MWW W



Z° +jetin A+A: laa 99

» A sharp transition from tagged jet suppression above ~pT of
Z to tagged jet enhancement below ~pT of Z

_ 1 doaa do.
I.]et R, Wmi = T S
AA( m n) (Nbin> dpr (Z)de (Q) /dPT (Z)de (jet)

.= Pb+Pba_ =03
— - Pb+Pba =05

100 200
piet [GeV]

>
%)
@,
~
o
=
5
l—
Q
O
vy
O
e

y*<2.5 y!|<2.5
M -3 <M <M +3I"
Z 4

oz z

150 200 250
piet [GeV]

TN N pr € (92.5GeV, 112.5GeV)



Z+jet in p+p: NLO+PS

® Results with NLO+PS by Sherpa give good descriptions on
angular correlation and momentum imbalance of in p+p

T T |

e e cer prrrp e
CMS p+p p$>60 GeVlc
: == Pythia Z'+ets anti-k_jet R=0.3 o - — Sherpa NLO anti-k_jet R=0.3 1

» | "=+ =NLO Z+(2)jets o
herpe ZES 1 g0 cevie - i p; >30 GeVle
Sherpa Z +1jet T

s 4 ¥ jet
L ==« Sherpa Z°+(>2)jets S | In"|<1.6
[ ] [ Aq)l.z>7/81r

v ] | ! ' T T £ [ T
® CMS p+p smeared pi>60 GeV/e - &

n10°E

Vs=5.02 TeV Z’+jet ]

<
<
O
T
Z 10
T
N
Z
S~

III.H’—LAAAM_L » e
08 10 12 14 16

—.jet, Z
Xiz=Pr IPr




Angular Correlation of Z+jet

S B S e S e S S e B
® CMS p+p smeared pf>60 GeV/c
- ¢ CMSPD+PD0-30%  anfik jet R=0.3
i Sherpa p+p Z +jets o
— - Pb+Pb Z’+jets p; >30 GeVic
3 |njet|<1.6
[ V5=5.02 TeV Z’+jet




Momentum imbalance

1.1
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0.9F
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\%
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40

N i
~N.0.8F
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A(xjz) = (Xjz)p+p — {XjZ)Pb+Pb
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> 80
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Photon + jet in p+p at NLO

* A good baseline for photon+jet in hadron-hadron production
has been given by the NLO pQCD.

1000 E ] I Ll I ) l ] l ] I Ll I ) I ] I ] E — 104 T
: . R : > — ,.,,< 8, jot 4‘,> u=1. v . |
[ \. » Data 2010 37 pb’ 3 10° <5.0) X goloi;v ¥'>0, u=1.0p"f (¥)
ATLAS y+jet » JETPHOX T s 1 0? LN " === y"|<0.8, yy'<0, u=1.0p" f (y) ]
100 b & N =2 ; 1=y N © DO DATA
[ ] °—’> 10 ' “1'&’ '\* i~ 1.96 TeV |y']<1.0
jet e 10° V :’%AN B 1
. 0<y®'<1.2 & 0<n'<1.37 = ; ’%,.f’“.\,,,\ ]
[ | = -1 - ) 4
—_ . ) - 10 =1, ~, .
S - 12¢°<0&-1.37<<0 { IS o i .
¢ : 1B 10° @y L
% - v 112 il 3 el Y
Q S =T TeV . 10 -3
= HH » ]
- 1k i 10
) HH 1.0 — - — .
® - | —#— |y*|<0.8, y"'y'<0, u=1.0p" f(y)
N i —— | 8 0.5 —e— |y¥|<0.8, y*'y">0, u=1.0p" f(y)
. ’
C ] § . = ,\_&_\,B/Q\t:*:z#ﬁ_ _
= _ - i
i ' | & 0.5 |
- il
0‘01 ! | 1 | 1 | 1 | ! | 1 | 1 | 1 | 9-1.0 . S —
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Asymmetry in photon + jet

1 A

p+p

| -
A W & / —-—g__=2.0 Rad.+Col.
i —-=-=g =22 Rad.+Col.
\ e N :
N \| i '_f"f Y T p+p NLO

Pb+Pb CNM
< ppCMS
PbPb 0%-10% CMS

S'"7=2.76 TeV
hp|>7/8 x R=0.3

P =30 GeV ,P_>60 GeV

System (zg~v)LuC (2J~)RHIC
p+p 0.94 0.90
A+A, CNM 0.94 0.89
A4A, gmea — 1.8 ,Rad.+Col.  0.84 0.78
A+A, gea = 2.0 ,Rad.+Col.  0.80 0.74
A+A, gmea = 2.2 Rad.+Col.  0.71 0.70

CMS, PLB(2013)
(27,) = 0.73 £ 0.02
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photon + jet with LBT
p-9f(p) = —C(p)

L1 Il

N EZ lllllll
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Jet shape in HIC




20

LO & Resummation: p+p

: Yy = C NI 3o
An analytic approach to the P = e’ (”")ﬁ) #5001 - %)

energy distribution of jet

Seymour, M. (1998)

Jet shape at LO with
the acceptance cut . Wl = o |

/ +

PR() = T(F) [(1-x)? + ]

(1-x). i X

+ (%Cz(A) - %T(F) nf) o(l1-x),

(—P1(>

)
(_ '/FR dr’ L'cun("/))




Jet shape p-+p: baseline

1000 g

3

Y I .
1_

0

— — E.=4555GeV 13
N B Rop=2 1

E, = 148-166GeV 3
Rsep =14 ?:

I I : E
E.=250-277GeV 3
Rsep =13 -

0.4 0.6 l 0.8 l 1
r/ R (R=0.7)

V3 = 1960 GeV




Total jet shape in HIC

Medium-induced [z .-

1 1 1
: : Norm /f.:o de 2 P (1= (1= fgq)-)°
jet shape is much 29

Xa(ﬁ;]Ai(R,wrllill) [(1 — %9 (r/R)+ fq., - €
broader than the BE dy Gt ,

jet shape in p+p , ,

124 (r/R)

" med.

T ' T '
b=3fm Pb+Pb atthe LHC /‘
R=04 Y

Wtotal( r/R) / ancum (r/R)

I
l
| - E =20GeV |
' Less 1 ET:50 GeV -
| reliable — E.=100GeV| 1
WBF | = v=v £ =2006eV| ]
, -
0 M 1 1 l 1 l 1
0 0.25 0.5 0.75 1




Jet shapes measured at LHC

CMS, {5y =276 TeV pp,JLdt-53pb PbPb, |L dt = 150 ub”

" antik_ jets:R=03F  -oPbPb I
p'et >100 GeVic 1 _ <pp reference 1
03<mjet|<2_§+ ]
=&=p*et >1 GeVicy
== 1

—
—o—

; 70-100%

PO T T
LI 5 s R D B B e




Jet Fragmentation Function

- 1 I L II
b ATLAS
E Pb+Pb \[5,,=2.76 TeV

~t 0.14 nb™
- anti-kT R=0.3

p"Te‘>92 GeV
0-10%/60-80%

' ' ' '
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Jet FF: Quark VS Gluon

ATLAS 0-10%

MC
analytic

N
]
S~
Z
T

o
Z
~
b




Heavy flavor quarks and jets



® Initial cross-section
® Nuclear geometry

® Shadowing effect ® Dead-cone effect

® Collisional E-loss
® Radiative E-loss

® Fragmentation
® Coalescence
® Decay channel




5.02 TeV pp (27.4 pb™) + PbPb (530/404/368 ub™) 8 o Lo model Contraity 0.20%

—— Dai et al. VSNN =5.02 TeV

Beauty
¢ | Bly|<24
- (b =) Iy

Cha”"Do .o 0 18<ly| <24
(=] *0 Iyl <24

- CMS Supplementary

III|III|III|I

inclusive jet

IR

b-jet
AA

ATLAS

anti-k; R = 0.2 jets, [y|
Pb+Pb 2018, 1 4(1 7)n
pp 2017, 260 pb™"

R

AA
I|I|I|III|II]| II|II|| II|I

AR RN RN

80 100 120 140 160 180 220 240 260 280

[GeV]
T T e e e e T T T
B - 3 LIDO model Centrality 20-50%
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SHELL: simulating Heavy quark Energy Loss by Langevin equations

pt)

G.D. Moore et al,,
T(t+ At) = 2(t) + At PRC71(2005)064904;

o B S. Cao GY. Qin and S.A. Bass,
41 ppess (2013) 044907

P! = p(t) — D(p)pAt + £(t) At —

Diffusion coefficient k and drag coefficient I are correlated by




Higher-Twist approach:
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Jet transport coefficient: FEEEECSINETS
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Heavy meson-jet in p+p

1/NdN/dr

20<p2<40 GeV

40<p9<60 GeV
p+p @ 5.02 TeV
anti-k  R=0.3, |n*|<2.0
p*' > 60 GeV
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double b-jet production

8

0

flavor creation (FCR)

gluon splitting (GSP)

flavor excitation (FEX)
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Angle correlation of double b-jet

I Sherpa pp

s Pb+Pb 0-10% | bb dijet @ 5.02 TeV
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VSan = 3.02 TeV, 0-10% cent. charge jets, anti-k, R = 0.4, |I7jcl| <0.5
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Reclustered large radius jets

Cal towers & UE clustering with anti-kt re-clustering with
subtraction R=0.2 anti-kt R=1.0

reclustering with kt

splitting scale
Alle algorithm

subjets

remove soft radiation
splitting scale

di2 = min(p},, pF,) - AR}, /R?

ARy =/ Ap?, + Ay?,
R RRIERRRRRERRERERRRRR



Reclustered LR jets in p+p

Vdi2 = \/min(pgr’l, PF ) * ARE,
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Nuclear modifications

® Nuclear suppression of reclustered LR jets at R=1.0 is larger
than that of inclusive jets with R=0.4.
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Subjets multiplicity




Energy loss of reclustered jets
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Jet charge in p+p

* Proposed by Feynman & Field (1978)

= Very useful to discriminate q/g
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o
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® quark jet charge in pp collisions
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Jet charge in A+A

* Rcp of jet charge in A+A is larger than unity. <Qj>
PbPb_0-10%

= Very useful to discriminate q/g ) <QJ- > PBPh 60-80%.
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Dead-cone effect in vacuum

® A direct observation of dead-cone effect in p+p is made with
an iterative declustering techniques by ALICE.

2
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heavy meson dissociation

- 1 22(1—z)p*
form = 133, (k1)2+(1—2)MZ—2(1—2) M3,

D-mesons and D-baryons
B-mesons and B-baryons
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Direct photon in A+A collisions

= Incoherent photon

emission is ruled out. $'“=200GeV [ AuvhuCronneShadowing _
. . S dN;dy = 1150 f_ — AusAu Ercmn;S"adcw Ng+AE(IS)
= Jet conversion contributes 370> CusCu CronineShadowng
0 Cu+Cu Cronins+Shadowing+AE(IS)
at pT < 5 Ge\/, -~ 25 K). Ru 0-10% preliminary Au

R, 0-10% preliminary Au (fit)

= Medium-induced photon
is limited to ~ 10%.

= At high pyregion, total
enhancement contribution
is found to be ~5%.

= Reduction of fragment. oy = 1150

. 370|Cu) w— AUt AL, Coh. +Conv.+ ..\EI|S)
Fhotons contributes at | e Caite Cot e i
aI'ge pT . Cu+Cu, Conv.+ AE(IS)
= w— A AL, Incoh. +Corw
= No large enhancement of - OusCu Incoh +Conw

. . -—. R, 0-10% prefminary Au
direct photon production A : H 8, 010% premnary Au 0
due to medium-induced 1% .

photon emission and jet-
photon conversion.
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Global extraction of ghat
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= Single Scattering: leading twist contribution
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