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* Lecturel
Why do we study relativistic heavy ion collisions?

 Lecture 2
How do we measure jets in heavy ion collisions?

« Lecture 3
== parton energy loss and its parton flavor dependence

« Lecture 4
Modification of jet substructure and medium response

« Lecture5
Open questions and future direction
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Lecture 3
Parton energy loss and its parton flavor dependence
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Parton Cascade in Vacuum

Parton shower Hadronization

High Energy Jet

Large Virtuality Q

Hadrons

I
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Parton Cascade in the Quark Soup

Parton shower Hadronization
/'
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High Energy Jet
Large Virtuality Q © —
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Quark Gluon Plasma ®
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Medium Changes vs. Time
Space-time information is also important in heavy ion environment ~ Hadrons
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Extraction of the medium properties

« The main difficulty: we don’t know how to describe the interaction
between the hard scattered parton and QGP (a multi-scale problem)

 Two theoretical approaches:
(neither of them are the full stories and both of them are effective descriptions in proper regimes)

Perturbative QCD Holographic calculation
Weak coupling limit Strong coupling limit
Collisional Radiative AdS/CFT “drag force”
energy loss energy loss
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Medium Response

We also don’t know how much the medium response (recoil) plays a
role in the description of the jet quenching observables
and how to describe it correctly

Medium Recaoll
without Re-scattering No Medium Recoil

Fully Thermalized
dadas Medium Response >CETG
HYBRID

CUJet3.0

JETSCAPE Q-PYTHIA
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How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to pp reference measurement

PbPb measurements pp reference

¢ § oo o
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How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to pp reference measurement

PbPb measurements pp reference

¢ § oo o

- Npart - Number of participating nucleons ()
v Ncoll > Number of binary scatterings Q:O
Example: 00 Npart = 2 Ny = 1

OO-:OOO Npart =95 |\Icoll =6
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Centrality
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« We can not (yet) control the impact parameter of the colliding ions
* Instead, we make use of the ASSUMPTION: strong correlation between impact parameter
and energy measured in the large rapidity region to classify the events into centrality classes
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How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to measurement

PbPb measurements

¢ § oo o

‘Nuclear modification factors’
Raa > 1 (enhancement)

inel 2 “QCD Medium”
R = Upp d NAA /ded” _ Raa = 1 (no medium effect)
AA 2
Ncoll d 0y /dedﬂ “QCD Vacuum” Raa < 1 (suppression)
N.oi? Averaged number of binary scattering from a Glauber model calculation
Can also be N "NIN ivalent int ted | - it
written as 1/T T =_col equivalent integrated iuminosity
AA AA inel AA ” . "
g per Colllsion

Reduces the uncertainty from pp inclusive cross-section
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How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to pp reference measurement

PbPb measurements pp reference

{ g —%

‘Nuclear modification factors’

Raa > 1 (enhancement)

inel 2 “QCD Medium”
R = O-IOP d NAA /ded” - { Raa = 1 (no medium effect)
H Ncoll d 2O'IOID /dedﬂ “QCD Vacuum”

Raa < 1 (suppression)
N.oi? Averaged number of binary scattering from a Glauber model calculation

Questions: How do we know the Glauber model calculation of N, is correct?

°l
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How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to pp reference measurement

PbPb measurements pp reference

¢ § oo o

‘Nuclear modification factors’
Raa > 1 (enhancement)

inel 2 “QCD Medium”
R = O-IOP d NAA /ded” - { Raa = 1 (no medium effect)
H Ncoll d 2O'IOIO /dedﬂ “QCD Vacuum”

Raa < 1 (suppression)
N.oi? Averaged number of binary scattering from a Glauber model calculation

Questions: How do we know the Glauber model calculation of N, is correct?

- Motivates the studies of electroweak probes

°l
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Nuclear Modification Factors (R,,)
@ Z boson R, (PbPb at 5 TeV)

ATLAS
SR — 1 =
< 14 ATLAS Preliminary —
< - Pb+Pb, 0.49 nb"! N
C 12 + pp, 24.7 pb™’ .
& b . /Sy 15=5.02 TeV -
0.8 - o . . -
- pp luminosity uncertainty [0 systematic uncertainty -
0.6 (T,,) uncertainty =
e 3 ! | ! ! | ! ] . . ] ! ! ! | —
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No significant modification of colorless probes in PbPb collisions
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Charged Particle Spectra

Absorption?
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Beautiful measurement from ALICE in charged particle transverse momentum spectra
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Jet Quenching without Jet

27.4 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
I | | L
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Jet Quenching without

Jet

27.4 pb”' (pp) + 35 nb™! (pPb) + 404 ub' (PbPb) 5.02 TeV

R from PbPb data
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Charged Particle R,,Vs. Theory

CMS

ATLAS-CONF-2017-012 JHEP 04 (2017) 039

27.4 pb™' (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)

27.4 pb™' (5.02 TeV pp) + 404 ub™" (5.02 TeV PbPb)
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« Strong suppression of charged particles

(up to a factor of 6) in PbPb

* Almost no suppression at very high p- _
compared to pp reference (p;~400 GeV) pQCD and Hybrid models

« Similar charged particle R,, in PbPb * Description of the Ry, over the
at 5 Te\/ compared to 2.76 TeV whole p; range is still challenging
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1.6
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Centrality Dependence

0-5%

27.4 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
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* Less suppression observed in peripheral event when compared to

head-on collisions

« Still sizable apparent suppression in 70-90% ??
« Sometimes interpreted as “cold nuclear matter effects”
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Centrality Selection Bias

ALICE Collaboration, arXiv:1805.05212

é B I 1 1 1 I 1 1 1 I I 1 1 I 1 1 1 I 1 1 1 I _ . .
@ [ Pb-Pb, 5y =5.02 TeV, charged particles, | 1| < 0.8 - Incoherent superposition of
12— = ALICE data, 8 <p_<20GeV/c . many PYTHIA events
[ —— HG-PYTHIA, PLB 773 (2017) 408 _ (nucleon-nucleon collision)
| according to the # Of multi_
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« Selection bias plays a very important role in peripheral events
« Very important input to the interpretation of the peripheral data.

N
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Lessons from Charged Particle R,

» High p; charged particle suppression played an important
role for the discovery of jet quenching at RHIC

* This hadron-based observable is sensitive to the
leading fragment of the jet from hard scattered parton

* |nterpretation of the result complicated by:

* Need of hadronization in theoretical calculation

* Leave the freedom (ambiguity) to explain the
observed suppression by:
(1) Modified parton-to-particle fragmentation in QGP
(2) Modified parton momentum due to energy loss
(3) Modification of hadronization process in QGP

" Motivate the analyses with jet reconstruction
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Jet Quenching

Do heavy quarks lose less energy than the light quarks
or gluons?
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Results frompp @ 5, 7 and 13 TeV

28.0 pb™' (pp 5.02 TeV)

CMS 48.1 pb™' (13 TeV
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« ppath, 7and 13 TeV are in agreement with FONLL within the quoted uncertainties
 PYTHIA doesn’t give a perfect description of the B* p; spectra
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Initial Charm Quark p+ Spectra

DY p; spectra vs. FONLL calculations Charm quark p; spectra used in various groups
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« pp data could be used to extract charm quark spectra by varying the parameters
used in FONLL calculations (charm guark mass, factorization scales)
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Weak Coupling vs. Strong Coupling Limit

Perturbative QCD
Weak coupling limit

c, b

e A

Yen-Jie Lee

Holographic calculation
Strong coupling limit

D, B
0‘.1
4
c,b ®€
s

I H
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Weak Coupling vs. Strong Coupling Limit

Perturbative QCD
Weak coupling limit

D, B

Holographic calculation
Strong coupling limit

D, B
0"1
4
c,b ®€
o
g
D, B

Moreover, we still need to quantify the role of hadronization for open heavy flavor mesons

I
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Measurement of Charm Quark

vertex

"~ Primary
vertex

H N
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Measurement of Beauty Quark

Non-prompt J/y

£

b-jet reconstruction
Requirement: flexible trigger system, muon / electron detection,
secondary vertex reconstruction, jet reconstruction

H N
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Flavor Dependence of Parton Energy Loss

Radiative Energy loss: Forward radiation suppressed in
heavy quarks due to kinematics

e P a
Cr=3 for gluons and 4/3 for quarks

>

W
« Colorcharge: E, Ingluons> E . In quarks

» Kinematics: “Dead cone effect™ E; In quarks > E, ., In heavy quarks
(radiation suppressed in the (mass-dependent) forward direction 8< M/E)

/Low momentum High momentum \

E, .. 1IN QGP: E, .. 1IN QGP:
gluons > quarks > heavy quarks gluons > quarks = heavy quarks
(M/E large, Dead cone effect) (M/E small, No dead cone effect)

Parton Energy (E)/

I
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Prompt D° R,, in PbPb at 5.02 TeV

PbPb 0-10%

27.4 pb™' (5.02 TeV pp) + 530 pub™” (5.02 TeV PbPb) 27.4 pb™ (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
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s T s T
0C o8- + @ o.8f
0.6]- + MR 0.6f +t
0.4 E #ﬂiﬁ 0.4f ﬁL
N —- ly| < 1 N lyl <1
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0_ | | | 1 1 11 I | | | 1 1 11 | O_l [ Il 1 1 L1 1 11 l 1 1 1 11 1 11 I
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DO production is strongly suppressed
Strongest suppression around D° p; = 5-8 GeV

I
Yen-Jie Lee Jetting through the Quark Soup 30 I I I I I



Have We Observed the Dead-Cone Effect?

CUJET3.0 0-60% 5.02 TeV PbPb
1 I L | l l l I l T T T |

0.9 — Charged Hadron
0.8 D meson

0.7 — B meson
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(Dead cone) goes away
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DO, B* and h* R,, in PbPb at 5.02 TeV

PbPb 0-100%

27.4 pb™ (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
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Charged particle Ry, JHEP 04 (2017) 039
B meson R,, arXiv:1705.04727 PRL 119 (2017) 152301
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PbPb 0-10%

27.4 pb™' (5.02 TeV pp) + 530 ub ' (5.02 TeV PbPb)
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R at high p: No significant meson
flavor dependence observed yet
B+~ DO~
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http://link.springer.com/article/10.1007/JHEP04(2017)039
https://arxiv.org/abs/1705.04727

DO, B* and h* R,, in PbPb at 5.02 TeV

PbPb 0-100%

27.4 pb™(5.02 TeV pp) + 530 ub™'(5.02 TeV PbPb)

B 0 no
- CMS Supplementary (= JD°+D
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b—J/y CMS-PAS-HIN-16-025
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PbPb 0-10%

27.4 pb' (5.02 TeV pp) + 530 ub' (5.02 TeV PbPb)
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R at high p: No significant meson
flavor dependence observed yet
B+~ DO~
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What is the Mechanism of HQ-Medium Interaction?

D,B

PQCD (Weak Coupling Limit)

PHSD (Parton-Hadron-String Dynamics model[2]) v

S.Cao et al. ( Linearized Boltzmann transport model + hydro ) arXiv:1605.06447v1 D, B

M. Djordjevic (QCD medium of finite size with dynamical scattering centers with collisional and radiative energy loss ) Phys. Rev. C 92 (Aug, 2015) 024918
CUJET3.0 (jet quenching model based on DGLV opacity expansion theory) JHEP 02 (2016) 169

l.Vitev (Jet propagation in matter, soft-collinear effective theory with Glauber gluons (SCETG)) Phys. Rev. D 93 (Apr, 2016)

D,B

AdS/CFT (Strong Coupling Limit)

AdS/CFT Nucl. Part. Phys. Proc. 289-290 (2017) 233-236 , arXiv 1703.05845
Hybrid model: Ads/CFT drag + PYTHIA, JHEP 1410 (2014) 019 arXiv: 1405.3864 b &
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Yen-Jie Lee Jetting through the Quark Soup 34 I I I I I



D° R,, VS. Theory

PbPb 0-10%

DO RAA
27.4 pb™ (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)
N [(m]R
1.6 CMS gig\ricg_nla_v;coet al.
4 4:_ D° + DO O \éitev o Ti. (g=1.9-2.0)
Ll ao et al.
B ——— PHSD w/ shadowing
1.2 [ e e PHSD w/o shadowing
" Taa a@nd lumi. AdS/CFT HH D = const
feuncertainty AdSICFTHHD(p) |
q: Lt
< B 3
e 0.8 s
0.4 X E ' P : b
- S0 - ly| <1
021 =277 Cent. 0-10%
0_ 1 | 1 11 11 I 1 1 1 L1 11 |
1 10 107
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Shadowing effect
important at low D° p;

Predictions before data capture
the rising trend of the D° R,

Yen-Jie Lee

28.0 pb™' (pp 5.02 TeV) + 351 ub™' (PbPb 5.02 TeV)
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IIIII|IIIIIL\.UAIF]I]I<

- CMS Supplementary

m Rp,

D Correlated syst. uncert.
Uncorrelated syst. uncert.

Global uncert.

ws TAMU
YU T Djordjevic
CUJET3.0
AdS/CFT HH D(p)
AdS/CFT HH D=const
= SUBATECH

Predictions including

mass effects describe
both DY and B* R, !

Jetting through the Quark Soup

Data agrees with both
PQCD and AdS/CFT
based calculations
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DO v, in PbPb at 5.02 TeV

Significant v, signal over

a very wide D° p; interval 0.25

Clear difference between 0.2

h* an DO v, at low
2 P 0.15

Model calculations
describe the trend of the
Vv, as a function of p;

o
>

However, none of the

model predictions match

the data over the whole p; _g o5
range

0

Is this an indication that
charm quarks flow with
light flavor?

Yen-Jie Lee

0.1f

0.05}

Jetting through the Quark Soup

PbPb \s, = 5.02 TeV

) Calculations for prompt D ]
- m —.-LBT =---SUBATECH -
[, PHSD CUJET 3.0
§ TAMU

o O 30-50%

=l.lllllllllllllllllllllllllllllllllllllll

5 10 15 20 25 30 35 40
P (GeV/c)

* High p Sensitive to path length
dependence of energy loss: DY ~ h*
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Can we see modification of hadronization process In
heavy ion collisions with heavy flavor particles?

We know that strange quarks are enhanced in the quark soup...

Will we see enhancement of D, (or B,) mesons compared to D° and

$

Bt mesons?

Parton shower Hadronization

®
® v
High Energy Jet
Large Virtuality Q

\/
/

Quark Gluon Plasma

H N
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Hadronization

28 pb™ (pp) + 351 ub™ (PbPb) 5.02 TeV

m§2'251 7T l SRR I =8 =8 I BEE! l IAIILIIICIEII T l TTTT l TTT Il Final 2-5 BO R
2r 0-10% Pb-Pb, \(_ 5.02 TeV = 17 0 Ds s
1.6F = i e | AMU
: - I CUJET
1.4 : 5
1.2 -] < -
B R lyl<2.4
E 1... ...........................................................
0.8 r i
0.61: . .
] S
0.4 X — : !
025 I""‘""I"'l:; | A[verlagel Do |D+ ID*+ 0_| ol e b P e e g
O 5 10 15 20 25 30 35 40 45 50 10 20 GSC\)// 40 50
arXiv:1804.09083 p_ (GeV/c) p. (GeVic)

HIN-17-008

D.vs.D B, vs. B”

H N
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Lessons from the heavy flavor mesons

- What we learned from here:

« Hadrons are strongly suppressed in PbPb collisions. The amount
of suppression depends on the hadron flavor in the intermediate
p; range.

 Difference between D, B and charged hadrons disappears at
high p-.

* These results are consistent with expectation on the parton flavor
dependence of in-medium energy loss.

* We see hint of modified hadronization process based on D, vs.
DY and B, vs. B*

 What we still don’t know too much:
 Details still doesn’t work: the slopes of the models (R, VS p+)
seems to be different from data.
 How large is the role of recombination and modifications due to
hadronization process?
* Mechanism: Both strongly coupled and weakly coupled approach
are consistent with data.

H N
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Charged Particle Spectra

Absorption?
10° T T T T T [ T T T T [ T T 11
10* Pb-Pb \s,,, =276 TeV
10° —— scaled pp reference
LF e (0-5%
10 70-80%

IIII|,|,|,|_| IIIIII,II IIIIII,I,I IIII|,|_|,|,| IIIIII,II IIII|,|,|,|,| IIII|,|,|,|,| Lo

— — — — — —
= = = = = =
o - i n L i
T |1 T I 1 IIIImTl Illllﬂ] IIIIIﬂ] TTIT

20
{G eVic)

=
]
—
=
-
o

Energy loss?

IIII|T|T| IIIIIII| IIIII|T! IIII|'|'|T| IIIII|T! IIIII|'|-'| TTIT

Pb-Pb \[s,,, =276 TeV

—— scaled pp reference
e 0D-5%
70-80%

IIII|,|,|,|_| IIIIII,I,I IIIIII,I,I IIII|,|_|,|,| IIIIII,I,I IIII|,|,|,|,| IIII|,|,|,|,| L

10 15 20
{GeWc}

Single hadron spectra itself do not provide details of the underlying mechanlsm

@ - Need direct jet reconstruction and correlation studies!

Yen-Jie Lee

Jetting through the Quark Soup
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Jet Events in Heavy lon Collisions

PHENIX PP

Au+Au 0-20% p™° =21.9651003
> 0.0 et

1 STAR
| 10 —

wn
Py (GeVic)

—~~Run-5 Cu + Cu at \/syy = 200 GeV
19-20% cent., 24.3, 10.3 GeV/c dijet

Jet ), px 700 GV

N
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Probe the QGP with High Energy Quarks and Gluons

PRL 105 (2010) 252303

Jet 1, pt: 70.0 GeV

. .
z S
Xy 5
) e
A 5 e -
L, & Ly P4
P v
- ol 2
- i
i —
- . | S -

PRC 84 (2011) 024906

PLB 712 (2012) 176

* Asymmetric dijets observed more
frequently in PbPb collisions

* The stopping power (dE/dx) of the Quark
Soup is Incredibly Strong

N
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Probe the QGP with Dijets

Small A,

5 .’
---

0.3 Ccms o POPbVS,=276TeV T Anti-k; (PFlow), R = 0.3 7
- Ldt =150 pb™ 4 p;,> 120 GeVic ]
0.25¢ J . o, > 30 GeVic ] Increased rate of
O ppVs=276TeV . T2 2. . . ..
0.2 [a=zsim® - A, >4 asymmetric dijets

In central PbPb collisions

* So0< PYTHIA+HYDJET

Event Fraction
o
T

o
o ©

s . ] Parton energy loss
oF 70-100% ] gy

A, = (b, . )(p. +p. )

I
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Jet Quenching

What is the mechanism of jet quenching?

t---F--7

* We see huge suppression of the hadrons
« Can | recover the quenched energy by jet reconstruction?
° l.e., can we cluster the energy back?!

H N
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JetR,, uptopr~1TeV

Can we capture all the quenched energy by jet reconstruction?
Anti-k; R=0.4 Jet R, In 2.76 and 5.02 TeV

31 | | | T T T ]
=ETE %[ ATLAS Preliminary - ATLAS, {5, = 5.02 TeV, this analysis 0-10% ]
rYONN T O '

[ anti-k, R=0.4 jets ] <21 ]
@ @ _ @ 4 ATLAS, \s,,, = 2.76 TeV, arXiv: 1411.2357 _
] - L 2

pp reference i |
# of NN : - =41 & | = = |:+: ;
X ; : 0_5-_ ___ POPVE g e ﬁ---------------------! _______________ l?_+_:_] _________________ _

scatterings

| 2015 Pb+Pb data, 0.49 nb"’
L 2015 pp data, 25 pb’

‘(I)OO 200 300 400 500 600 9[(()30\,]
« Jet R,y < 1:quenched energy goes out of the jet cone Priv®

« Similar results from the STAR measurement on the h-jet at RHIC
« Significant jet suppression at high p; (up to ~ 1 TeV!)
« If the suppression is purely due to energy loss
— Energy transported out of the cone is O(100) GeV!

7

e | What is the fraction of parton energy going out of the jet cone?

I
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Measurement of Absolute Energy Loss in QGP

Colorless objects: photons,
electroweak bosons are unmodified

Boson-Jet correlation vIZ
Momentum conservation .
in the transverse direction .7 pT boson

Jet quenching
N P

A Lead+Lead +P

1
X=pTJet/ PT boson Ratio of the boson and jet momenta

H N
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Z boson production in PbPDb collisions

CMS M Xpe”me.nt at LHG, N 5 ‘H T 1T ‘ T T | L ‘ L L T
| RanfEvent: 160500/ 776438 S | ATLAS Preliminary ]
| Lumi section: 183 Q - Data 2011 Pb+Pb i

O, I Vs=276Tev L, =0.15nb" -
= | j
N Z—ee _|

3 100 e Opposite sign: 772
=z i 0 Same sign: 42 i

d ©

’ |
Muon 0, pt: 29.7 GeV i 50 = : _
) ’ '

3. ezellAYAYAYATILYS

Mg [GEV]

VAV /

ﬂ BU _I TTT | TTTT ‘ TTTT ‘ TT T L L LI TT1T \_
= F o ]
g [ CMS Preliminary ]
S 00 pppp Sy = 2.76 TeV B
60— ° opposite-sign pairs i
[ —— same-sign pairs ]
50 3
C Ling = 50 pub”" ]
40— p: > 10 GeVlc, f'|<2.4 .
30 -
201~ -
101 - : ) Pl - fv/
r ] y ‘ =
: S e | VAR
i I | ate: -‘—..:; LT D4 | /_] -\“/\J
(4\0 5 60 70 80 90 100 110 120 e _'\fr:ref SITAE
T ol iC ol EA"ﬂEJ-‘U.’/JEﬁj

M, (1) [GeV/c?]

I
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Isolated high p-- photons

. Ideal: Direct photon from hard scattering
« Real world: Background from the decay and fragmentation photons.
« Solution: Measurement of the isolated photons

T _i U
. { LO .1/ NLO
I Compton \]i‘ | . Bremsstrahlung \I
| i : i "
I i e li:
| Annihilation | ' Fragmentation
| -
| L
: \ ....................... f IIII \.é'. I
| ! s
I

: i ' same object | |

! to detector’s : g
| Isolated S View solated! Non-isolated -
.\ _ L

I
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Photon isolation in PbPb

Generator level

AR<0.4,TE CMe<5GeV (a4
with only particles from the o =
same hard scattering Y
Particles from the
same hard scattering
CMS Experiment Isolated photon Photon candidate from jet
5
Sum E (p,) from o ‘
Calorimeter and A 02 5
tracker & 5o - 8
uf -0.1 Ty
0.2 !
Contribution from o 03 1o
Underlying event 040302010 01020304 ' 040302010 0.10.20.30.4

BEFORE AN BEFORE AT

background energy subtraction background energy subtraction
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Background subtracted isolation in PbPDb

Generator level

AR<0.4, ZE 'soCone < 5 GeV
with only particles from the
same hard scattering

Particles from the
same hard scattering

CMS Experiment

Sum E; (p;) from
Calorimeter and

tracker < 5 GeV

with background
Subtracted

Yen-Jie Lee

A0

-0.1
-0.2
-0.3
-04

|solated photon Photon candidate from jet

04

0.3 Isolated
0.2

0.1

o

'0-4'0-3'0-2'0-1;’ 0.10.20.30.4 ' 0.40.30.2-0.1 0 0.10.20.30.4
AFTER N AFTER An

et EEIEL ) e o background energy subtraction

I H N
Jetting through the Quark Soup 50 I I"



Boson-Jet Correlation in PbPb at 5.02 TeV

PRL cover page (2017)

\'Snn = 5.02 TeV PbPb 404 ub™, pp 27.4 pb™
IIIIIII‘III]XTIEIIIITII]IIIIIIIIVII[III

CMS | €& & PbPb, 0-30 % _
0 Smearedpp

+ p$ > 60 GeV/c |
anti-k; jet R =0.3 -
plet > 30 GeV/c |

M <1.6 -
Elﬂ Ad, > 5

.

lllllllllllllllllllllllllllllllllll

02 04 06 08 1 12 14 16 1.8

—

Z Boson L
’VV\%E =7 Jet

Jet quenching 0.6
N N
N ©

- N
A Lead+Lead IZ oA

0.8

Proton+Proton 0.2

=

_Il__llllll'lll]ll!llll
) I O O R O

—

o
N

1 .
et,.Z

— Xy = P,/

X_pTJet/ PT boson = pJT pT

I
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Absolute Energy Loss with y+Jet at 5 TeV

ATLAS-CONF-2016-110

} 60 < 1 < 80 Gev CMS —r—r—r—r— \/S_NN=,502 TeV
.é 1.6:- i Pr ) - anti-k jetR=03 Cent. 0 - 10% ]
> B2 0-10% Pb+Pb, 0.49 nb 1.2:- o > 30 GeVic, It < 1.6, | < 1.44 -
21 2:_ —&— pp, 26 pb’ 1E '] < 1.44, p! > 60 GeVic, A¢iT>ZBE h
Z?“ " PYTHIA 8 + Data Overlay ~t >
: Pbe 'n"EI' PP O © i ]
0.8F o —|Z" 0.6 ] + +'¢ O ]
__ EEEEEEEEEE 0.4 O ¢ . e} ]
0.4:' 02F ¢ ¢ O h
a © °Q
[ 0.-&.-.-7-.----.---.-.-.9.9.'..‘
O(-)IIIIIIIII il |||1||| Ll 2 05 1 15
X .
Jy X, = pJet/pY
_ y Photon _— T
Xy=Pr "/ Pr TS Jet S

Fraction of the jet energy out of cone (R=0.3) ~ 14%=+=4%

I
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CMS

Data vs. Theoretical Predictions

anti-k, jet R = 0.3, pJe‘ > 30 GeV/c, ™| < 1.6

-1_E|Pbe 0 - 30%

p € (40 50) GeV/c :_

p e (50 60) GeV/c _
: F [ Hybrid 1

p € (60 80) GeV/c

— JEWEL + PYTHIA
LBT (2017)

prd B

Photon p;

40-50 GeV/c

50-60 GeV/c 60-80 GeV/c

—

« JEWEL: pQCD 2 to 2 scattering extrapolated to infrared region
and medium recoll

« LBT: pQCD Transport model with medium recoll and
thermalization of the quenched energy
* Hybrid Model: PYTHIA8 + AdS/CFT drag force

CMS-PAS-HIN-16-002 (2017)
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Search for Quasi-Particles in the QGP

“QGP Rutherford experiment”

Photon

Photon
“Backscattering”?

N
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Search for Quasi-Particles in the QGP

“QGP Rutherford experiment”

Sy = 2-02 TeV
0.5——mm—mr—r——r———r -
CMS Anti-k. jet R = 0.3
Preliminary E
] PbPb o
Photon 5] pp (smeared) B

0-30% ]
0.2F40 < p'*T' < 50 GeV/c N

1—| ]
Z
Photon R 9 -
"Backscattering”™? gﬁMom3w =

0 056 1 156 2 25

Ad)J
: PLB 718 (2013) 773 _ v
CMS-PAS-HIN-16-002 (2017) The Quark SOUp IS vVery smooth!

N
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Search for Quasi-Particles in the QGP

“QGP Rutherford experiment”

IIII|III|III|IIIIIIIIIIIIIII
100 < p“T’ < 150 GeV
ATLAS [
Photon - ATLAS Preliminary
;r,uift > 50 GeV
Ay -5.02 TeV [PbPb E
Photon - PP
‘Backscattering”? [
- T
A¢J7 é.ll||lL|||||||||||||||||
/2 3rt/4 Ad T

The Quark Soup Is very smooth!  [amasconrzoe
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Hadron-Jet Angular Correlation

— 01 [T T T [T VT T [T 1T T[T T 1T [T 11 T 1 T 1 T T E 4%27%-?&% | auaﬁéu ||_I20EIGeV .
g | ALICE 0.15} :pYTngA ’_f\ 9<"2"<13 GeVic -
& | Pb-Pbysy,=276TeV,0-10% - : I\ E
anti-k+ charged jets, R =0.4 0.1 [\ -

L 0 recoch : £ :

40 < pE> <" < 60 GeVie : g ‘\ ; .

- TT(20,50} - TT(8,9) 005 j W -

0.05 me ------------- w

@ Pb-Pbdata: ¢ =0.173 £ 0.031(stat) £ 0.005(sys)

[ 20%-10%
L —PYTHIA® ME

- m PYTHIA + Pb-Pb: ¢ = 0.164 + 0.015(stat) y 0.15 -
= 0.1f E

: i g i .
0*,:.;1—-.-—:.:;‘;— """""""""" ] -1 0.05f E

statistical errors only

Lo v by s v o by v b o b by |_ ?1.-2::&'6'-?1'-“"""':': “ . ............... u“
1.6 1.8 2 2.2 2.4 2.6 2.8 3

ﬂ - I - I : H0%-10%
¢ "'Dtn'g ‘;ﬂjet

| —PYTHIA® ME

scaled

‘\t\rigger 0.04_
hgdron
| 0.02:
Ad No significant broadening

____________________________ g QGP probed looks smooth
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What do we learn from those measurements?

Jet P Jet

« Hard scattered quarks and gluons are losing energy:
* Quenched energy going out of the jet cone, can not be recovered

by jet reconstruction
* No significant modification of azimuthal angle correlation between X+jet
« Mechanism: Both pQCD based and Ads/CFT drag based models are

consistent with data.
« Can we make more progress by looking at the modification of jet

substructure?

I
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