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Studying QGP

 Ideally : a Rutherford experiment

 But
— QGP exists in the lab only for ~1023 s
— No free color charges as probes

 |nstead

— Use probes generated in the heavy-ion collision itself
- "self-generated” probes



Heavy-ion collisions

o o Statistical Thermal _ T, K, p, ..
= |nitial state and pre-equilibrium \ Description me /‘
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—jet and heavy flavour production '
= Creation of a Quark-Gluon Plasma N tlaid'lr'?:rlwcsport
—thermalisation of strongly interacting partons
= QGP expansion and cooling
—3D+1 relativistic viscous hydrodynamics
= Phase transition (7¢): parton— hadrons
— Lattice QCD, cross-over
= Hadronic phase

— chemical freeze-out (abundances fixed at Tcn)
—rescattering and kinetic freeze-out (stop interacting at Tx)

Pre-Equilibrium
Glasma Phase




Self-generated probes

Produced early, before the plasma forms
t~72/Q Q>2GeV/c>t<0.1fml/c

Production rate “known”
— ldeally calculable perturbatively
— Not produced in the medium

Interact with dense medium (QGP)
Large cross-section



Self-generated probes

* Produced early, before the plasma forms
t~72/Q Q>2GeV/c>t<0.1fml/c

* Production rate "known”
— ldeally calculable perturbatively
— Not produced in the medium

* Interact with dense medium (QGP)
e Large cross-section

Per central LHC collision LHC Run 1 (~ 150/ub)
7 D mesons (> 2 GeVIc) 102 D mesons (> 2 GeVIc)

0.2 B mesons (> 10 GeVIc) 107 B mesons (> 10 GeV/c) Rec. efficiency,
10-3 jets above 100 GeV 10° jets above 100 GeV branching ratios
106 jets above 400 GeV 120 jets above 400 GeV factors ~ 1000
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Self-generated probes

* Produced early, before the plasma forms
t~72/Q Q>2GeV/c>t<0.1fml/c

* Production rate "known”
— ldeally calculable perturbatively
— Not produced in the medium

* Interact with dense medium (QGP)
e Large cross-section

Per central LHC collision LHC Run 1 (~ 150/ub)
7 D mesons (> 2 GeVIc) 102 D mesons (> 2 GeVIc)

0.2 B mesons (> 10 GeVI/c) 107 B mesons (> 10 GeV/c) Rec. efficiency,
10-3 jets above 100 GeV 10° jets above 100 GeV branching ratios
106 jets above 400 GeV 120 jets above 400 GeV factors ~ 1000

Today: jets 7



Jets — collimated spray of
hadrons

\ Particle Jet Energy depositions
P In calorimeters

« experimental signatures of quarks and gluons produced in high-energy processes
« quarks and gluons cannot exist freely due to color-confinement

 instead, they come together to form colour-neutral hadrons, in a process that leads to
production of collimated spray of hadrons called a jet.
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Partons in heavy-ion collisions
(recap)

* hard partons are produced

early and traverse the hot
and dense QGP

» expect enhanced parton
energy loss, (mostly) due to
medium-induced
gluon radiation: ‘jet quenching’

* jet: ‘collimated bunch of hadrons’
* the best available experimental equivalent to quarks and gluons

* 'vacuum'’ expectation calculable by pQCD: ‘calibrated probe of QGP’



Jets in the QGP

jet
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Energy loss in the QGP

jet
s
1 \~ pt
1

How to measure?
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Energy loss in the QGP
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Energy loss in the QGP

heavy-ions
Ratio = .
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proton-proton X
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Energy loss and R, ,

« Estimate the opacity of the created medium

AA d>Naa /dprd
= Raa is called the nuclear modification factor: Faa = Aa/dprdy

rescaled pp o (Neon)d? Npp /dprdy

= Raa equals unity means no modification at all

jet

T
\\\— —'i'hi-._...-h"‘
," e

No medium effect - R,, = 1

Medium effect — R,, <1
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Energy loss and R, ,

« Estimate the opacity of the created medium
AA d>Naa /dprdy

= Raa is called the nuclear modification factor AL = aled pp | (Neon 2Ny, /dprdy

= Raa equals unity means no modification at all

jet Whatis
. N_?
' coll

T
\\\— —'i'“i-._.mh"‘
/, e

No medium effect - R,, = 1

Medium effect — R,, <1
15



Glauber Monte Carlo

* Nucleons travel on straight lines . g

« Collisions do not alter their trajectory ‘
(energy of nucleons large enough)

« No quantum-mechanical interference

* Interaction probability for two nucleons
IS hucleon-nucleon cross-section

Roy Glauber

More details in nucl-ex/0701025 B 16



Glauber Monte Carlo

* Nucleons travel on straight lines . g

« Collisions do not alter their trajectory ‘
(energy of nucleons large enough)

« No quantum-mechanical interference

* Interaction probability for two nucleons
IS hucleon-nucleon cross-section

Roy Glauber

N =0
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Glauber Monte Carlo
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Glauber Monte Carlo

* Nucleons travel on straight lines . g

« Collisions do not alter their trajectory
(energy of nucleons large enough)

« No quantum-mechanical interference

* Interaction probability for two nucleons
IS hucleon-nucleon cross-section

Roy Glauber
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Glauber Monte Carlo

* Nucleons travel on straight lines < g

« Collisions do not alter their trajectory
(energy of nucleons large enough)

« No quantum-mechanical interference

* Interaction probability for two nucleons
IS hucleon-nucleon cross-section

Roy Glauber

N =5

coll
For blue. We have to repeat

for all other nucleons in A.

More details in nucl-ex/0701025



Glauber Monte Carlo

* Nucleons travel on straight lines : >
« Collisions do not alter their trajectory * 5
(energy of nucleons large enough) e L

Roy Glauber

« No quantum-mechanical interference
* Interaction probability for two nucleons
Strongly depends on impact parameter!
4

IS hucleon-nucleon cross-section

N =5

------- coll
For blue. We have to repeat

for all other nucleons in A.

More details in nucl-ex/0701025



Realistic Example

Transverse view
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light nucleons: have not participated (spectators)

dark nucleons: have participated
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Figure: nucl-ex/0701025
24



Glauber MC Output

Number of spectators

— Nucleons which did not collide
Participant/wounded nucleons
— Collided at least once

— Called N, Npart ~

— Scale with 2A (A = number of nucleons)
Number of binary collisions

— Called N,

— Scales with A43

Rule of thumb
~A.L=A%

— Soft (low pr) observables scale with N4
— Hard (high p;) observables scale with N,

coII
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Glauber MC Output

* 10% most central at RHIC

(Au-Au, 200 GeV)
— NCO” ~ 1200
— N ~ 380
* 5% most central collisions
at LHC (Pb-Pb, 5 TeV)
— N, ~ 1770
— Ny ~ 384
» Difference mainly due to
cross-section increase
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Npart’ Ncoll

Ncows Npart VS. b

T

400 f=.,

200

I I I I | | | I I I 1 | I | I _
Au-Au 200 GeV
nucl-ex/0701025 |

by o _

. -
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6 8 10 12 14 16 18 20
b (fm)

26



Energy loss and R, ,

« Estimate the opacity of the created medium

AA d>Naa /dprd
= Raa is called the nuclear modification factor: Faa = Aa/dprdy

rescaled pp o (Neon)d? Npp /dprdy

= Raa equals unity means no modification at all

jet

T
\\\— —'i'hi-._...-h"‘
," e

No medium effect - R,, = 1

Medium effect — R,, <1
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Centrality

Peripheral Collision Semi-Central Collision Central Collision

100% Centrality 0%

More central: bigger QGP droplet.
Bigger energy loss.

More peripheral: smaller QGP droplet.
Smaller energy loss.

28



0.1

R

AA

AA

Raa =

©0-5%  Pb-Pb\[s, =276TeV

st i1

o 70 - 80%
o i

0 5 10 15
P, (GeV/c)

dQNAA/dedy

rescaled pp B (Neon)d? Ny, /dprdy

- no modification

<€

ALICE, PLB696 (2011) 30



0.1

R

AA
AA dQNAA/dedy
rescaled pp  (Ncon)d? Ny /dprdy
1 1 1 1 l 1 RAA vs- pT 1 I I | 1 I 1
® 0-5% Pb-Pb \/s, = 2.76 TeV
© 70 - 80% Raa =1
B ; - no modification
R i <
et
1 70-80% (peripheral)
‘ 1 > Rpa~0.7
T
- | . 7
: g
4 b s O ] . 1 0-5% (central)
Eaw PN(E = R drops to 0.14
°, «
1 1 1 1 1 1 | 1 1 | | | | | I | | | 1
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Py (GeVie) ALICE, PLB696 (2011) 30
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Drop at low p;

A

Soft particle
production does
not scale with N,

0.1

R

AA
R AA dQNAA/dedy
AA J— J—
rescaled pp  (Neon)d? Ny, /dprdy
T T T 1 RAA VS' pT I B I B B
®* 0-5% Pb-Pb \/s = 2.76 TeV
o 70 - 80% RAA =1
3§ } - no modification
_ 53959 §i§ {—% % I l; :
| J l 1 70-80% (peripheral)
A ‘ | DRa~07
YR gt
.‘. ? t
i .. . 2¥ % . 1 0-5% (central)
| =2 R, drops to 0.14
l | 1 1 I 1 | | | I | | l | I 1 | 1 1
0 5 10 15 20
P, (GeVic) ALICE, PLB696 (2011) 30



R, of charged particles

I T I

IIIII| | IIIIIIII I
SPS 17.3 GeV (PbPb) GLV: dN,/dy = 400

GLV: dN,/dy = 2000-4000

The LHC measurements show a slightly
stronger suppression than those from
RHIC

« LHC a factor of ~7,

 RHIC a factor of ~5

RHIC 200 GeV (AuAu)

: — YaJEM-D
O = PHENIX (0-10%)
---- elastic, small P___

% h STAR (0-5%
(0-5%) -.- elastic, large P___

LHC 2.76 TeV (PbPb) - YalEM

® CMS (0-5%) — ASW -
¢ ALIGE(0.5% paw: <= 30-s0ceviim| A COMpletely new observation at the LHC

— is that with increasing p_ the suppression
becomes smaller, i.e. RAA increases

Even very energetic partons of the
highest p_suffer considerable energy

loss interacting with the medium

IIIII| | IIIIII|

10 20 100 200
P, (GeV/c)

Strong suppression in central Pb-Pb
fingerprint of

hot QCD matter !! 32



R,, of charged particles

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

16 l 1 I I I UL | I I I L I |
CMS 1
1.4 - All experiments agree very well
- [@]cmMs5.02Tev ¢ ALICE 2.76 TeV i P 9 y
12- © CMS276TeV v ATLAS 2.76 TeV ]
oo T 200 lumi. uncertainty {  With increasing p, the
- ml<1 * + 3 suppression becomes smaller
2 08l i
o 08f g
o - Almost no suppression at very
C 1 high p_.compared to pp reference
—l 1 | | | L1 111 | 1 1 1 | S O I 1 1 L
1 10 10
arXiv: 1611.01664 P, (GeV)

Measurement extended up to 400 GeV!
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RAA

RAA measurements

Comparing results from different experiments

/
AN T 09 VS
| ATLAS 15, Sy 276 TeV IO
p+p, Pb+Pb L% = 4.2pb", L = 0.15 b 9
- ] n
: . e OO
- ] ol YRR l"m"”*:::z; %
3 L S 00 T
~ -1 O o L
e o E o mi<2.0 -
L : " EE L +60-80%
0.2t i) + 50-60%-
O 30-40%
— B ROCS +10-20%
:I 10‘200/0 I | . ATLA -+ 0-5%
1 1 1 1 1 [ 1 1 | | il 1 1 Lol
0 20 40 1 10 D [GeV] 102
P, (GeV/e)
« ... but all consistent ©

12 T in Vs ,
Fom CMs “log
0.8F $ = 1
i ¢ $ :
2o06fF EE“E -
- ()
5 L :
i L s
0.2F rem® -
[ 10-30% ]
OI L el L TR EE | ,
1 2 3456 10 20 30 100
P (GeVl/c)

ALICE, PLB720(2013) 52-62
ATLAS, arXiv:1504.04337
CMS, EPJC 72 (2012) 1945
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Strategy of Heavy-lon Physics

measure all these systems
P A

S -
> >

P P & |
=) % 35
2 ) L)
—> | — —>0 k— —_— e

Local structure of QCD Local QCD Local QCD
vacuum o N +
initial state/cold nuclear matter initial state/cold nuclear matter
+
from G. Roland (IS 2013) modified by C. Loizides (QM 2014) Quark-Gluon Plasma
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(d) N>110, 1.0GeV/c<p_<3.0GeV/c

LOC d \ ’b\% ée:bs
a/ N (\0 3

Using pp and . af‘state physics

Gunther Roland International Conference on the Initial Stages of High-Energy rEujc‘:lear Collisions llla da Toxa September 2013



Strategy of Heavy-lon Physics

measure all these systems
P A

S -
> >

P P & |
=) % 35
2 ) L)
—> | — —>0 k— —_— e

Local structure of QCD Local QCD Local QCD
vacuum o N +
initial state/cold nuclear matter initial state/cold nuclear matter
+
from G. Roland (IS 2013) modified by C. Loizides (QM 2014) Quark-Gluon Plasma

37



R,, of charged particles in pPb

1.8 ALICE, charged particles
" e p-Pb |5, =5.02TeV, NSD,In_1<0.3

p. <2 GeV/c : suppression

2<p.<4GeV/c:rise to1.1

—r
(*))
T
O
-
o

- -Pb \s,,, =2.76 TeV, 0-5% central, | n1<0.8 _
1 4[4 Pb-Pb \S,\=2.76 TeV, 70-80% central, | 11 <0.8 (Cronin effect)
o) B
S 1.2F p, > 6 GeVi/c:

consistent with unity

Similar trend with dAu at RHIC
less enhancement

= =
|
=
E= =¥
IIIIII|IIIIIII|III|III|III|III|III|I

IIIIJII|III|Ill||||||II|lll|IIIIJIJ|llI_

0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

strong suppression observed in PbPb
is NOT an initial-state effect

ongoing comparison with models — hot QCD matter effect

arXiv:1210.4520 [nucl-ex] PLB 696, 30 (2011) 38



Gamma, W, Z° unaffected

We expect no suppression for

color-neutral probes:

* No interaction with QGP

 Experimental check of the
method

(W7, 29
y no quenching



R,, of charged particles

IIIIlIIlIlI\lIIIIlIIIIIIlIIIlIlIIIIIIIIIlIl—
- m Pb-Pb (ALICE) e h', p-Pb Sy = 2:02 TeV, NSD (ALICE) |

QX 1.8} 4 Pb-Pb(CMS) [ * Y. Pb-Pb \[— 2.76 TeV, 0-10% (CMS) -
I = 50| | < W% Pb-Pb 2.76 TeV, 0-10% (CMS
[ Sy = 2.76 TeV, 0-5% Sy = 276 Te (oms) v, W, Z unaffected

b
N

pP

Roppp -

1.6 i v Z°, Pb-Pb |5 =2.76 TeV, 0-10% (CMS) ]
T ! : pPb control experiment for PbPb
+ ﬂ ] p; <2 GeV/c : suppression
Pl (R o/ I i B T 2<p.<4GeV/c:rise to 1.1
—wﬁ . (Cronin effect)
" g g prg)_z @ R, ~1 p;>6GeVic
E H ) - Absence of
: nuclear modification
R, @ R;.p, Strong suppression
On A "50"30 40 50 60 70 80 90 100 * Increases with centrality
i T o :
i Final state effect

Strong suppression in central Pb-Pb
fingerprint of

hot QCD matter !! 40

W 29
Yy no quenching



2-7

2003

1/Ntrigger dN/d(A¢)

Angular correlations

Interaction of gluons,

light and heavy quarks
inside the medium

— energy loss, suppression

Run: 169045

- ATLAS

— p+p min. bias (b) _|
*  Au+Au central .
o d+Au FTPC-Au 0-20% N

jet

™ Ad (radians)iy of Technology

41/101



Angular correlations

= 0.2+ — p+p min. bias (b) _

g - ™ * Au+Au central i}

S | e d+Au FTPC-Au 0-20% 1

Z

©

O

(@)

2

=4

D P L 1]
2003 0 /2 " Ao (radians)

Interaction of gluons,

light and heavy quarks
inside the medium

— energy loss, suppression

2-7/01/2018. Oslo Winter School Matgorzata Janik — Warsaw University of Technology 42/101



Jets — collimated spray of
hadrons

\ Particle Jet Energy depositions
P In calorimeters

« experimental signatures of quarks and gluons produced in high-energy processes
« quarks and gluons cannot exist freely due to color-confinement

 instead, they come together to form colour-neutral hadrons, in a process that leads to
production of collimated spray of hadrons called a jet.
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Reconsructed jets

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

CMS Experiment at LHC, CERN
Lumi section: 249

CMS

Leading jet

Pr

205.1 GeV/c

S
©
©o O
T
w

Subleading jet

pr:70.0 GeV/c

ion of

t

ina

b
les and measurements

ing a com
electromagnetic and hadronic calorimeters.

Jets can be reconstructed us

N

IC

tracking of charged part

ion,

Typically the detected particles are grouped within a
given angular reg
I.e. a cone with radius R.



What’s a jet?

CMS Experiment at LHC, CERN !
Data recorded: Sun Aug 7 22.06:00 2011 EDT
RunEvenl. 172865 / 359652448
Lumi section. 230

Jet |
430GeV

Oq‘. . ‘

Uty
..

\\‘.‘-

Jet finding is easy...
High pr jets, pp collision
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What's a jet?

CMS./ CMS Experiment at LHC, CERN
7 Data reCorded. Sun Aug 7 22.0600 2011 EDY

RunEvent: 172865 / 359652448

;:-: | Lumi section: 230 - \ Jet I
— g | 430Gev

Jet finding is easy... ..untilitisn’t

High pr jets, pp collision Low pr jets, central
heavy-ion collision UE

46



Jet and Underlying Event

Thousands of particles are produced and the underlying event backgrounds are enormous

C CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event: 151076 / 1328520
Lumi section: 249

|Jet 1, pt: 70.0 GeV

Jets in heavy-ion collisions sit on top of large underlying event (UE)

Need to decide which particles are part of jet and which belong to UE:
UE subtraction

Current methods assume that local UE (under jet) is the same as
elsewhere Iin the event

l.e., UE modification due to jet would manifest as modification of
observed jet



Suppression of jets

Jets are not only embedded in a huge background but also modified.
Dramatic suppression of jets and momentum imbalance is observed.

C CMS Experiment at LHC, CERN

‘| Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt: 70.0 GeV

Jet 0, pt: 205.1 GeV
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R,,of jets

ATLAS CONF-2017-009

15 | | | ! | ]
A [ ATLAS Preliminary lyl<2.8

anti-k, R = 0.4 jets, s, = 5.02 TeV

0.5 _--E._-;":.a"ﬁt' ----------------------------------------------------------------------- ]

% 0-10%
2015 Pb+Pb data, 0.49 nb™ —4-30-40 /
2015 pp data, 25 pb™ —4— 60 -70 %
0 l l I | | | L
100 200 300 400 500 600

900
p. [GeV]
ATLAS measured RAA of jets in 0-10% central events at 5.02 TeV for pT €[0.1 - 1 TeV]

« strong suppression in Pb—Pb collisions at LHC persists up to the
highest measured pT, extended up to 1 TeVIc.

« the medium created in Pb—-Pb collisions is so opaque that it can quench
even the most energetic jets.

« a clear centrality dependence is observed, as for single hadrons
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v, of charged particles and jets

0.3 | ALICE ® v " 30-50%, Stat unc.
O [ Pb-Pb {5 =276 TeV et .

B | Systunc. (correlated)
¥ ATLAS v,""*™* 30-50%

$ CMS v *{|an|>3} 30-50%

|ll|||l

ALICE v P*"{jAn|>2} 30-50%-

IIIIIII

€
Of- @ _
(b) pT track >0.15 GeV/C‘ pT lead >3 GeV/c N
1 ] | | | | . ’ l | | | | | ’| | | I | I
0 20 40 60 80

T

100
p part, p_lj_et (GeV/c)

: Reaction
i Xoplane

O

S
by

; @ e bigger preasure gradient's

in-plane than out-plane

&
e
N
Rys. F. Refiere ™., ..o

Significant positive v, :

* relationship between the
measured jet suppression and the
details of the initial nuclear
geometry;

« confirms expectation that the jet
suppression is strongest in the
out-of-plane direction where
partons traverse the largest
amount of hot and dense matter

Simultaneous measurements of charged particles and jets R,, and v2
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Momentum imbalance

Jets are not only embedded in a huge background but also modified.
Dramatic suppression of jets and momentum imbalance is observed.

C CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt: 70.0 GeV

Jet 0, pt: 205.1 GeV
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J

) dN/dA

evt

(L/N

Dijet Asymmetry

U T T T T T S [ T T |

O Proton-proton
@ Lead-lead

P I T T T M N TN S |

|

[ T R T N N

This is how it started in 2010

— AJ —

pT,1 - pT,z

pm + pT.z

Excess of imbalanced jets in AA collisions

0.2 0.4

A

40-100% |

J

<
2
=
=}

evt

(L/N

-

) dN/dA

evt

(L/N

J

) dN/dA

evt

(LN

\/S,,=2.76 TeV 0-10% ]
ATLAS |

Pb+Ph ]

L, =L7ub"!

int™




Event Fraction

Event Fraction

Dijet Asymmetry

0.2

0.1

| (a)

T
CcMS _[L dt=35.1pb"

® ppVs=7.0 TeV
—— PYTHIA

Anti-k,, R=0.5

IL dt=6.7ub"

® PbPbV\/5,=2.76 TeV -
—— PYTHIA+DATA

Iterative Cone, R=0.5

L L L L L L L L L I

p,,>120 GeVic
p,,>50 GeVic

i'.“D:lz > %m

50-100% | 30-50% |

' R 1 ¥ ] | | |
I I U T o | I 1
1 (e) ]

10-20% 0-10% 1

IS M W W S L1 g | IR R 1 |-

0.2 04 06 0.8 0.8 1

Ay = Py 7P AP 07 )

Excess of imbalanced jets in AA collisions

A =

pT,1 + pT,Z

pT,1 - pT,z
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Photon-jet and Z-jet correlations

(W, Z9
no quenching
Y

v, W, Z unaffected
by the medium
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(W', Z)
Y

v, W, Z unaffected
by the medium

Photon-jet and Z-jet correlations

jet

no quenching

s\ =502TeV  PbPb 404 ub”, pp 25.8 pb”
B T T T T | T T T T | T T T T | T T T T

- CMS 0-10%
- Preliminary p. >60 GeV/c E
" [®]PbPb anti-k; JetR=0.3 7
- Jet -
— M <1.6 ]
-

. AcpJY > ]

- + o o p
o ]

- 5 -
t . ’ photon-jet:

— o ¢ o ]
- + ¢ O ]
® O o ]

_.I | I | | 1 | | | 1 | | 1. | 1 aI 9 \‘—
0.5 1 1.5 2

Jet g ¥
P /pT

Measured “absolute energy

loss” (out of the jet cone) by
comparing photon/Z and jet

transverse momentum
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Photon-jet and Z-jet correlations

\f 5 02 TeV PbPb 404 ub™, pp 25.8 pb

(W, Z9
y no quenching

v, W, Z unaffected
by the medium

from photon-jet

0.2

Z-jet

1.6 T T T ]
1ok CMS 0-10%
4 [ Preli ]
- e it o e | Measured “absolute energy
1.2 : .
" [S]pp (smeared) pt >30 GeVie 1 loss” (o_ut of the jet cone)_ by
15 n"l<16 1 comparing photon/Z and jet
o8k - .8 1 transverse momentum
O _
B o) ]
0.6 ]
: $ %y © photon-jet]
0.4 - 0 ¢ o - _
I - ] arxiv:1702.0106
021 Bl . 7 V5w=502TeV  PbPb404 ub™, pp 27.4 pb’!
- Q | III|IIIIII||III|III|IIIIIII|II[|III|III
Ofe © L m .. B ]
0 05 1' 5 ‘ , - CMS ® PbPb, 0-30 % -
pft/pfr AL O Smeared pp
E + p$ > 60 GeV/c |
- anti-k; jet R =0.3 -
First evidence of Z-Jet . P > 30 GeV/c |
jet
momentum imbalance, © "O i #] "1 < 176 1
Consistent with results ~|Z2" 04 A0, >3

1 1 1 I 1 | 1 I

III|lIIIIII|III|Illllllllllllllllllllll

00204 06 08 1 12 14 16 18 2

- o2




Jet substructure

 Differential jet shape p(r) describes radial
distribution of transverse momentum inside jet
cone. It is measured in r slices.

 If we compare jet shape between pp and PbPb
we can observe big differences for large radii in
most central collisions.

* Details seen in the ratios. Deviations from 1
indicate modification of jet structure in QGP.

e Energy that the jets lose in the medium is
redistributed at large distances from the jet axis
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Jet measurements

Measurement Colliding | +/sww | R Observables Ref.
system (Tev) (variables)
ALICE
Charged jets Pb—Pb 2.76 0.2,0.3 yields(pr.cent.), Rcp(pr), Rep(cent.) [209]
0.2 V)" (pr.cent.) [63]
Charged + neutral jets 0.2 yields(pr,cent.), Raa(pr.cent.) [73]
Hadron-jet 0.2,0.4,0.5 | Arccoits Alan [210]
CMS
Particle flow jets Pb—Pb 2.76 0.2,0.3,0.4 | yields(pr.cent.), Rya(pr.cent.) [211]
Dijets 0.5 Ev. frac. (pr'dine et Ag, 5, A)), [76]
(p|]|'“> (Aj,cent., AR); {(pr1 — pr2)/ Pra)(Pr.1)
0.3 Ev. frac. (Ad12, Ay, Xj = pra/pr.) [212]
(pr2/pr1)(pr.1)
0.2-0.5 (P)) A [93]
Photon-jet 0.3 distribution of x;, = p='/p’ [83]
Jet fragmentation 0.3 fragm. fun. & = In(1/2) (pr> 4 GeV/c) [84]
fragm. fun. & = In(1/z) (pr> 1 GeV/c) [85]
Jet shapes 0.3 p(r) [88]
Jet-track correlations 0.3 jet-track correlations (pr,An, Ag) [91]
0.3 redistribution of mom. in dijet events (pr,A¢) | [213]
ATLAS
Inclusive jets Pb—Pb 2.76 0.2 Raa'(pr. |yl cent.) [70]
V§'(pr, cent.) [40]
Dijets 0.4 distribution of A;,A¢ [214]
Jet size 0.2-0.5 R‘gp/Rgf,(pT) [215]
Jet fragmentation 0.4 D(z), Rpi(z. pr) [216]
Neighbouring jets 0.2,0.3,0.4 | dRar/dE(ER™, cent.), pg,,(EF™, cent.) [217]

For references see:
Reviews in Physics 1 (2016) 172-194
https://arxiv.org/abs/1702.07231



https://arxiv.org/abs/1702.07231

Energy Loss in QGP

QGP: high density of quarks and
gluons / color sources

Traversing quark / gluon feels
color fields

Collisional energy loss

— Elastic scatterings

— Dominates at low momentum
Radiative energy loss

— Inelastic scatterings

— Dominates at high momentum
— Gluon bremsstrahlung

How does medium
achieve the suppression?

AE = AEcoII + AEr.'zld
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Radiative Energy Loss

Short version of

« BDPMS formalism ) )
extensive formalizm

— Baier, Dokshitzer, Mueller,
Peigne, Schiff

— Infinite energy limit

— Static medium

----------------

AE ~ agiCpiGL" ;
* Energy Io'éé"'déﬁ"énm

— Path length through L path length, driven by:
. * quantum interference
— Casimir factor

average transverse

* Cr =43 (quarks) n ,le ' momentum transfer
* Ci =3 (gluons) g=——
— Medium parameter “q hat” A «—— mean free path

Baier, Dokshitzer, Mueller, Peigné, Schiff, NPB 483 (1997) 291
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Dead Cone Effect

In vacuum suppressed for angles 6 < m/E = 1/y by
— Massless parton m = 0 = no suppression

Q&M
S

Due to kinematical constraints, gluon radiation n% :

g ——

Similar effect in the medium
— Significant for charm and beauty

— Radiative energy loss reduced by
25% (c) and 75% (b) [n = 1 GeV/c?]

Implies quark mass dependence

R, <R, <R,,
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Collisional Energy Loss

For light quarks and gluons

AE, , ~ayCy ' LlnE

..... ﬂ
For heavy quarks additional term

Bl

Energy loss depends on

— Path length through medium linear

— Parton type (light or heavy)

— Temperature T

— Mass of heavy quark M

— Medium parameter u (average transverse momentum transfer)
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Heavy Partons

Nuclear modification factor
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Summary

Energy loss occurs by radiative and collisional processes

Theoretical calculations extract medium properties like
density, average momentum transfer, mean free path, g

We have seen significantly suppression of charged
hadron spectra

— Dominated by light quarks / gluons

Calculations more accurate for heavy quarks
Dependence of energy loss on quark mass expected

Expectation RY, < REA < RfA



Summary

* Energy loss occurs by radiative and collisional processes

* Theoretical calculations extract medium properties like
density, average momentum transfer, mean free path, g

* We have seen significantly suppression of charged
hadron spectra

— Dominated by light quarks / gluons

« Calculations more accurate for heavy quarks
* Dependence of energy loss on quark mass expected

A dense strongly coupling medium
is produced in Hl collisions

Reviews in Physics 1 (2016) 172-194
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Jets at LHC
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Leading jet

Transverse energy map of 1 event

: 205.1 GeV/e

Subleading jet

70.0 GeV/c

Pr:

Jets of fragments

Clear peaks
from high-energy quarks and gluons

And a lot of uncorrelated ‘soft’ background
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