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Hard Scattering
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More than 99% of all particles (the bulk)
have transverse momenta less than
2 GeV/c.

High-p_ particles in A+A can be used as a
probe of the created medium
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Jet Quenching: Basic Idea
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What Can We Hope to Learn from
Particles at High p_and Jets?

e In heavy-ion physics, particles at high p_and jets are of great interest
because

» they are produced in the early stage of a heavy-ion collisions, prior
to the formation of the quark-gluon plasma

» their initial production rate can be calculated with perturbative QCD

® Observables related to jet quenching may help to
» characterize the new state of matter above T.
» understand the mechanism of parton energy loss

® Basic logic

QGP ;g Suppression of hadrons at high p.
(thermalized)
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How Can We Study Jet Quenching?

= Measurement of particle multiplicities at high p-

" Measurement of two-particle angular correlations

= Jet reconstruction on an event-by-event basis

¢ Challenging in central nucleus-nucleus collisions at RHIC due to large
particle multiplicity from the underlying event

¢ Situation improves significantly for Pb+Pb at the LHC due to the
increased cross section for jet production
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Hard Scattering in p+p
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Theoretical Description of High-p; Particle Production:
Perturbative QCD

® Scattering of pointlike partons described by QCD perturbation theory
(PQCD)
® Soft processes described by universal, phenomenological functions
» Parton distribution function from deep inelastic scattering
» Fragmentation functions from e*e- collisions
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Hadron Production in Leading Order QCD

Parton distributions
(functions of Xgjorken

Inv. Cross section and momentum transfer Q2)
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E— = K > /d% /dxbfa/A 72, Q%) fo/p (2, Q) di 7z

dp3
p Tabcd qqg,’ramln Th, min / /

Fragmentation function

Phenomenological factor Elementary QCD te = DT Hadron /DT
which takes higher order parton-parton ¢ AGIORSEEE
contributions into account cross section
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Point Cross Sections at Leading Order

Process SIM|?/g* Gt 72 %
4 82442
5 ,

! /
qq —qq o 2.22 (a)
b i 4 § 4 42 g g Vs
/ / E S
qq —qq 9 = 2.22
4 et s Rt K g g2 (b)
gq—qq e ilan BA el R T 3.26
9 t2 2 27 at >\m%:j 00,0 A 99)
£ F2 n2 Yﬁ(ﬁﬁ
gg—q ¢ é il 0.22 sl Lllhile -—<—99)
9 & (c)
i 4 a2 ~2 t2 A2 8 )
4797 Lt T s
9 t 8 27 &t

= | 3¢ LR

9G—949 RGN 90 yaddl 188 1.04

|
g9 =450 = - - = 0.15
6 8 ge
4 E#+4a2 4*4
gq =291 W07 e b 6.11
9 sa i

9
9999 S B :

0.4
Q Relative importance

at equal parton luminosities
J. Stachel. K. Reygers | QGP physics $SS2015 | 8. Hard Scattering, Jets and Jet Quenching



Parton Distributions: High Precision Data from HERA
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http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+EPRINT+arxiv:0911.0884
https://www.desy.de/h1zeus/combined_results/index.php

Parton Distributions for Nuclei

(2.Q°=1.69 GeV?)
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Eskola et al.,
arXiv:0902.4154v2 [hep-ph]
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http://arxiv.org/abs/0902.4154v2

Example: Gluon and u-Quark Fragmentation Functions

Albino, Kniehl, Kramer, Nucl. Phys. B 725 (2005), 181

g 10 g 10
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Fragmentation functions: Pparton
Number density for the production of a hadron h
with fractional energy z in the fragmentation of a parton

(e.g. determined fromeTe™ — Z° = qq )
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Heavy Quark Fragmentation

3§ F T L RN IR LR IR ]

- (b)
3+ O ALEPH 91 GeV
. @ OPAL 91 GeV L R
a5 A SLD 91 GeV - i R
=~ ¢ W DELPHIO%I GeV .
x i # ]
B 2 _4%7 . P=mvq
4! [ _ﬁ— ] —
E 1.5 " ] Q ¢ q
— i r % } q
L ‘ I
: % + |
05+ T.il!k 4}__
N =t X

[}01[}20304[}5[}60708091

" Heavy quark jets fragment hard into leading heavy meson
" Qualitatively different than g/uds — 1

" Qualitative argument: heavy quark Q only marginally slowed down when

picking up a light quark to form a heavy meson J.D. Bjorken,

Phys Rev D17, 171 (1978))
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Jet Quenching
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Jet Quenching History

Energy Loss of Energetic Partons in Quark-Gluon Plasma:
Poaszsible Extinction of High pT Jets 1in Hadron-Hadron Cellisions.

J. D. BJORKEN
Fermi National ncceleeror 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 1s

roughly proportional to the asquare 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.

J. Stachel. K. Reygers | QGP physics $SS2015 | 8. Hard Scattering, Jets and Jet Quenching

FERMILAB-Pub-82/59-THY

August, 1982
Energy loss via elastic
scattering was later
believed to have only a
minor effect on jets

Radiative energy loss
was discussed in the
literature from 1992 on
by Gyulassy, Pluemer,
Wang, Baier, Dokshitzer,
Mueller, Peigne, Schiff,
Levai, Vitev, Zhakarov,
Wang, Salgado,
Wiedemann, ...
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Analogy:

Energy loss of Charged Particles in Normal Matter
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® u*on Cu: Radiational energy loss (,bremsstrahlung®) starts to dominate over
collisional energy loss (,Bethe-Bloch formula®) for p >> 100 GeV/c

Muon momentum

L

>

Cu

® For energetic quarks and gluons in QCD matter, radiative energy loss via
induced gluon emission is/was expected to be the dominant process
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Collisional vs. Radiative Parton energy loss

Collisional energy loss: Radiative energy loss:
E E-AE
E /'ﬁE
|
+ AE | E-AE
I
X
(medium)
" Elastic scatterings with medium " Inelastic scatterings within the
constituents medium
" Dominates at low particle " Dominates at higher momenta
momenta
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Parton Energy Loss

Radiative energy loss
dominant (?):
dE_,/dx > dE_, /dx

\

"l o

AE x (]{/S C FqL\
Energy loss for gluon jets
larger than for quark jets

3 for gluon jets
C,.=
4/3

for quark jets

Review: U. Wiedemann, arXiv:0908.2306 (— link)

2
Medium parameter § = E

ITal

Typical momentum transfer
from the medium to the parton

A Mean free path

Nucl.Phys.B483:291-320,1997

Energy loss AE in a static medium
of length L for E — <= (BDMPS results)

L?> dependence:
Non-abelian nature of

QCD + quantenm. interference
E

Parton

Parton

o ® (, kT
Streuzentren des Mediums
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http://arxiv.org/abs/0908.2306v1

Parton Energy Loss: Qualitative Discussion

Consider electric charge passing through matter. At sufficiently high energy it
loses energy via bremsstrahlung. At very high energies, the charge scatters

coherently off many medium constituents, leading to destructive interference.
This so-called Landau-Pomeranchuk-Migdal (LPM) effect greatly reduces the
radiatve energy loss.

Formation time of a radiated gluon: w 1
(“time for the fast parton to get rid te L2 92
. " . 1} T w

of its virtuality”)

The gluon acquires additional transverse momentum if it scatters with medium
constituents within its formation time (or formation length z,):

. M
k% ~ (z. = TZC

W [w
This results in a medium-modified formation length:  z. =~ 2 ~ 5
T

A < z. : Coherent scattering with destructive interference

A > z.: incoherence
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Parton Energy Loss: Qualitative Discussion

dE incoherent
dz

coherent (LPM)

E

For fixed medium thickness L, z¢ = L defines a critical energy we: w, = CjLz

Gluons can be emitted with energies up to this critical energy.
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Parton Energy Loss: Qualitative Discussion

There are three regimes for radiative energy loss:

1. Incoherent regime (mean free path A > z,):

2. Coherent regime (A < z¢) with medium thickness L > z¢ (saturated LPM regime)

dE N 3as, | FE

dz T 7w\ ¢
3. Coherent regime (A < zg) with L < z¢

dFE S
— ~ 3 qL
dz T
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Parton Energy Loss: Qualitative Discussion

-1 dE
VE dz
coherent (LPM)

|
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L. L

formation length thickness of the medium
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Medium-Modified Fragmentation Functions

In many parton energy-loss models the fragmentation of the quark and gluon jets
is assumed to happen in the vacuum like in p+p. Parton energy loss can then be
conveniently included in a pQCD calculation via modified fragmentation functions:

hadron h;
energy En E, B,
. z = . €r = —
Eq : energy (1 f)Eq /ﬂ‘/vi (1-¢)E, E,
parton loss U\, __*
4PGe) Dh-q(z; Q?) (1—¢)

Prob. distr. for parton
energy loss € (“Quenching weight”)

. . dn dn dz 5 1
Consider fixed parton energy loss ¢: T ds dr Dy /q(2,Q7) - -
Average over energy loss probability: Hadrons resulting

y - 1 from gluon
D™ d 2 2
Dyfi(e.QY) = [ deP() Dupal - @) g bromestenine
0
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Energy loss in the GLV Formalism
for Pb+Pb at the LHC

l. Vitev, Phys.Lett.B639:38-45,2006

Central Pb+Pb at Vs, = 5500 GeV: L = 6 fm, dN#/dy = 2000, 3000, 4000

energy loss # radiated gluons
1 12
075k gluon  Pb+Pb - - gluon Pb+Pb__
) _ 10
05 —
IL\ 025 | A >
- 1 | | | | | | | Zm 15 | | | | | | |
LL B . _ _
= 075 quark  Pb+Pb 7 v quark Pb+Pb
- 10 —
V — - —
_ 5 Ve
N (A T I R
0 50 100 150 200 0 50 100 150 200
EJ.et [GeV] EJ. o [GEV]

AEguon | AEquark = 9/4 only in the limit E — «
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The Discovery of Jet Quenching at RHIC
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Discovery of Jet Quenching at RHIC (ca. 2000 - 2003) ()

PHENIX Au+Au (central collisions):

< [ ] Direct y ~S— | dN d
3 Ao PH-ENIX Rap = [dpr|asn
" ° AP (Tap) x doimy /dpr],
GLV parton energy loss (dNdy = 1100) AB Oinv/4PT p+p

where (Tap) = (Ncon) /O'-NN

inel

—
T T T Ii
<
B
|—-l—|
l—-l:—|

AA ® Hadrons are suppressed,
A .
I f‘*“?‘ AR + T i i direct photons are not
e b ® No suppression in d+Au
0 2 4 6 8 10 12 14 16
o (GeVic) (see below)
No energy Y ® Evidence for parton energy loss
loss for y‘s
PHENIX: Phys.Rev.Lett.88:022301, 2002
€ q —_— PHENIX: Phys.Rev.Lett.91:072301, 2003

] :ﬁmg PHENIX: Phys.Rev.Lett.94:232301, 2005
g

)

energy loss

forgand g
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Discovery of Jet Quenching at RHIC (ca. 2000 - 2003) (ll)

Centrality Dependence of the 1% and direct y Raa:

T I 1 I 1 I 1 I 1 I 1 I 1 I 1
2.0 4T ® 200 GeV Au+Au direct photon -
O 200 GeV Au+Au mt°

158 -

R, .(p;> 6.0 GeV/c)
=
.I
— @
—o—
- @—
|

0.5 O O —
O O
e~ O
PH -ENIX
O U R I R T T R TR N T S
0 50 100 150 200 250 300 350
Npart

Direct photons follow Tas scaling as expected for a hard probe
not affected by the medium

J. Stachel. K. Reygers | QGP physics $SS2015 | 8. Hard Scattering, Jets and Jet Quenching

27



Discovery of Jet Quenching at RHIC (ca. 2000 - 2003) (ll)

Au+Au peripheral Au+Au central
1T T rrrrrrr o T T T T 1 T T L L L L L L ]
- — p+p min. bias - - — p+p min. bias -
= 02— . — = 0.2 _|
2 - * Au+Au Peripheral 5sTAr - > - * Au+Au Central jsf? AR 1
3 -] i
pra 7 i
z |z _
.g 0.1_ —_ % 0_17 _,
= . s = . -
z | |z | f
- B | - i
Ak b hhbbihly A =LY - NSRS o -
i M S ] 05 S S S i
rhackgrpund and ellip, flow subtracted - A N T T
-1 0 1 2 3 4 -1 0 1 2 3 4

A ¢ (radians)
Trigger particle: p; > 4 GeV/c

Associated particle: p; > 2 GeV/c

® No jet correlation around 180° in central Au+Au
® Consistent with jet quenching picture
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Discovery of Jet Quenching at RHIC (ca. 2000 - 2003) (IV)

> E""""""I"""""""'|'rid.'c§ét'|o'r{%6r'é's'rr{é|'|'- , f Cronin effect: Ayu>1
o 1.8 3 neutral pions Cronin enhancement: o i
1.6 for pions in d+Au = e
= . 1 b
3 d+Au e E
1.2F l l—
1 ; [*:II . i|i| —.— E ~2'4 GeVic "
C 1 =
0.8 a
5 ? . Possible explanation for the
0.6 . Au+Au - Cronin effect: multiple soft
0.4F s 8 @ ¢ + - scattering in the initial state
0.2 F *rete e ST E
0 :....I....I....I....I....I....I....I....I....I....:
o 1. 2 3 4 5 6 7 8 9 10

No pion suppression in min. bias d+Au collisions
=> pion suppression is a final state effect caused by the created medium
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Further RHIC Results
Related to Jet Quenching
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m R, with Higher Statistics (Run 4)

1.4
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P, (GeV/c)

Phys. Rev. Lett. 101, 232301 (2008)

dN/dpr| A+B
(Tap) x downy/dprl,,

Rap =

inel

Raa(p7) rather flat for
pr>5GeV/e
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Simple Interpretation of the Constant Raa

, 1 dN 1
% spectrum without energy loss: — —— & —

pr dpr Pt
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M0 spectra at RHIC energy (Vs = 200 GeV)
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(However, QCD expectation is €055 ~ log(pr)/pT)

—
<
[=-]

This leads to: T

Raa=(1—¢€lo)" 2 = clom=1—RY{"? ~02for Ras~ 0.25

R, depends on the parton energy loss and the shape of the p_ spectrum

In this simplistic view the constant R,,= 0.25 implies a constant fractional
energy loss of about 20% in central Au+Au collisions at 200 GeV
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Interpretation of the Rather Flat R, at RHIC

1IIIIIIIIIIIIIIIIIIIIIIII

R - = q02TeV
02 I — q2.76 TeV
. P P gq5.5TeV
0 M —— 90268V
/ —— g276TeV
;| g55TeV

i / ——— g—n°0.2TeV

—— g—n’276 TeV

- s, e g—n’55TeV

3IIIIIIIIIIIIIIIIIIIIIIII

0 25 50 75 100 125
p; (GeV/c)

Horowitz, Gyulassy, arXiv:1104.4958

Upper panel:
Red: Fraction f of gluon jets as a function of jet p._.

Black: fraction of T° from gluons as a fct. of pion p..

Lower panel:
Partonic spectral index n(p.):
dN. arton
dlog(—d;de )
n(pr) = — a1
og(pr)

The rather flat R, at RHIC can be
interpreted as an accidental
cancellation between

1) The fraction of high-p_gluons to

quarks
2) The hardening of the parton
spectrum (increase of n(p.))

3) The decrease in energy loss as a
function of p_
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Further Results from Two-Particle Correlations:
Away-Side Jets Visible Again For Higher Jet p;

trigger pad:de; )

® Charged hadron correlation
e Trigger particle: p,> 8 GeV/c

e Associated particle: p, > 6 GeV/c

Au+Au, 0-5%

d+Au Au+Au, 20-40%
3 0.1
P4
S 3 |
O |
o 0.05
=

o-
3

STAR Preliminary |

For higher jet energies the correlation at Ag = 180° in
central Au+Au is not fully suppressed anymore
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Results from the LHC: 1. Spectra
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Increase of Hard Scattering Yields with Vs

(0]
10 | | L J | l L] | J L] | l
— (h*+h7)/2, s'* = 5500 GeV
5 ! -—— n, 8" = 5500 GeV !
10 —— (h'+h)2, "% =200 GeV -
———. ', 5" =200 GeV
o 4 — (h*+h7)/2, 8" = 17 GeV '
|
-~ 10 -—=- ", 8" =17 GeV 7
[ib)
S !
= 10 -
l—
o !
2 107 - . 4
e, <k, > = 1.8 GeV
2 _ 2
5 @ =pr 1
_1[} -
10 -
Hard probes more
10712 . - abundant at the LHC

0 50 100 150

p; [GeV]
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Charged Hadron Raa in Pb-Pb at Vs = 2.76 TeV

10

ALICE, Phys. Lett. B720, 42 (2013)

b1
. (J_. 1 80-70%
i

] | |
I T

=, 30-40%

F 10-20%

:WEE §
b

: 5 OI- 5 ol/D 1 | | 1

0

20

20 0
P, (GeV/c)

0

20

Ly ]
40
P, (GeV/c)

R — dN/dpr(A+ A)
A (Taa) x da/dpr(p + p)
(Tana) = (Neol) /ey
A
from Glauber calculation
Expect Raa = 1 in the hard

scattering regime without
nuclear effects
(pr > 2 GeV/c)

Suppression by a factor 7 at
pr=6-7 GeV/c

Rise of Raa for pr > 7 GeV/c
indicates decrease of relative
parton energy loss AE/E with
increasing E
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Raa for Identified Particles in Central Pb+Pb

arXiv:1506.07287
— — = Raa(p) > Raa(K) = Raa(TT)

Pb-Pb \'SNN =2.76 TeV for 3 < pr<8 GeV/c

ALICE

0-5% 1 = similar p, Kand 1 Raa
@ T+ _ for pr > 8 GeV/c

p. (GeV/c)

Leading-parton energy loss followed by fragmentation in
QCD vacuum (as in pp) for prhadron > 8 GeV/c?
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Vsnv Dependence: 1° Raa for Heavy Nuclei
at Vsyy = 17.3, 62.4, and 200 GeV

arXiv:1405.3794

<L T E Il ‘ T | T R ‘ Fh [ TEmEL ‘ Fri ‘
n:<2.0— n® ALICE 0-10% Pb-Pb =
- e \s,, =2.76 TeV g

® PHENIX 0-10% Au-Au
0 |Sy=200GeV ¢ (s, =624 GeV

15 Lo 0 |5,=39GeV a

- n° WA98  0-13% Pb-Pb .
s \Sy,=17.3 GeV H

1.0

0.5

L E.EE.: — ———— == ¢ i
0.0—\ | | 1 | | | ‘ | | | | | | | ‘ | | | ‘ | | | ‘ | | | —l—
0 2 4 6 8 10 12 14

P (GeV/c)

R, at the LHC smaller than at RHIC:
Increased AE apparently more important than effect of flatter initial parton spectra
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Jet Transport Parameter from Data

= Fit of various models to R,.(p;) at RHIC and the LHC

" Jet transport parameter
(for E .ion = 10 GeV, QGP thermalization at 1, = 0.6 fm/c):

e

q { 4.6 1.2 at RHIC,

T3~ 1 37+14  at LHC,
. [12+03 > T=370 MeV,
a7 { 1907 GeV/Imat 170 Mev,

Jet Coll., Phys.Rev. C90 (2014) 014909

" Result relies on standard hydro description of the medium evolution
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p+Pb at Vs = 5.02 TeV: No Suppression

1.58 TeV/A .4

o

p-Pb data from "pilot" run on Sep 13, 2012
_II|II|II|II|I |II|II|II|II|II

1.8  ALICE, charged particles

~ e p-Pb m=5.{]2 TeV, NSD,|qcms]{D.3

1.6 po-Po \Sun = 2.76 TeV, 0-5% central, | n| < 0.8

1.4+ Pb-Pb \s,, =2.76 TeV, 70-80% central, | n| < 0.8
SLZ ..'l.
I ] I ) E __________ ﬁ_
Il !.I'- .
= EiI;i = ' A _ r T E
o e 3-
U_Qﬁ%ﬁ_.“._._..-la = 5
Coooa Lo v a by 1y Lo b by by by gy
0O 2 4 6 8 10 12 14 16 18 20
ALICE, PRL, 110, 082302
(2013), arXiv:1210.4520 DT (GeV/c)
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| —
pPb ( T

dN/dpr(p + Pb)
ppb) X do/dpr(p + p)

(Topb) = (Neoll) /Ty

pp reference interpolated
from measurements at
Vs =2.76 and 7 TeV

Absence of suppression in p-
Pb confirms that suppression
in Pb-Pb is a final-state effect
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http://arxiv.org/abs/arXiv:1210.4520

Verification of T, Scaling with Hard Photons

CMS \/s,,=2.76TeV L _(PbPb)=6.8ub™ L =231 nb” ) .—
\SNN e IM( ) IJ I_Il'll(pp) n ’)/dlrect = fya].]. J— f}/decay

2 r17171 | UL I T T 1T ] LI I LI ] LILILEL [ T [ 2.2 E ]sospin effem

~ o 7 2= eeaa- EPS09 PDF [5]
—e— R, (0-10% =
- aa { ‘ i 18 — — - prompt+qgp [2,4]
- Systematic Uncertainty 1.52— — - — coherent+conversion+A E [3]
15 |:] T,, Scale uncertainty _| 145 N

il il <12 N,
: R it I m
B - 08— -~ T — ==

é A 7 W | Y iiacadunie . o.sf— T —
e 1 p— = Au-+Au, (S, =200 GeV
- BESElEN T P e e = directy R,,, 0-5%
i 1 oE I Ll IR RPN PR SR PRI B B
" & 0 2 4 6 8 10 12 14 16 18 20
B PbPb(EPS09)/pp(CT10) p, (GeV/c)
0.5 L ke PbPb(nDS)/pp(CT10) N

s PbPb(HKNO7)/pp(CT10) CMS: PLB 710, 256 (2012)
: —— — EPS09 PDF uncertainties : PHENIX: PRL 109’ 152302 (2012)

0 1 1 1 l L1 1 1 I L1 1 1 1 L1 1 I Ll I 1 l L1l l L1 1l

10 20 30 40 50 60 70 80

Photon E, (GeV) R,, = 1 for isolated photons (CMS)
verifies the expected T _ (or N_ )
scaling for hard processes

Compton

(isolated) bremsstrahlung, fragmentation

(not isolated)
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Z Bosons as Penetrating Probes of the Hot, Dense Medium

< 3.5 e

| CMS\s,=276Tev i

3-_ —e— Z—uy, lyl < 2.0, 0-100% centrality .

r —=— Z—ee,lyl <1.44, 0-100% centrality ]

- I pp luminosity uncertainty 1

2.5 T, Uncertainty —

2- .

o | " -

1&% B "

0.5/ T .
OzlllI\II\\'J\IIJ\IIJ{II\lllllll\lll‘ll\lll\tll\IIJ:
0 10 20 30 40 50 60 70 80 90 100

P, (GeV/c)

< 25T

CC< | CMS|s,, =276TeV ]

- —e— Z—pu lyl<2.0, pT>0 GeV/c E

| —e— Z— uu, 0-100% centrality i

2__ —=— Z—>ee,lyl<144,p >0GeVlc ]

F —&8— Z— ee, 0-100% centrality -

. | I pp luminosity uncertainty ]
CMS, arXiv:1410.4825 151 .
17UJ‘ \| EIL—LH ﬁ @I‘ ﬁ_.

i [.H %ﬂm i ,

0.5 .

Z bosons in Pb+Pb follow T,; scaling ottt ]

0 50 100 150 200 250 300 350 400
N
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Summary of Single Particle R,, results

L R B B B B B B BRI B B
o N, Pb-Pb (ALICE) N, P-Pb\S, =502 TeV, NSD (ALICE)
OC 1.8 . N, Pb-Pb(CMS) = v, Pb-Pby\S_ =276 TeV, 0-10% (CMS) -
[\[S =276 TeV,0-5% & W=, Pb-Pb\[5,, = 2.76 TeV, 0-10% (CMS) |
1.6t [ v 2%, Pb-Pby\§,, =276 TeV, 0-10% (CMS) -

pPb

Reppo »

==

070 20 30 40 50 60 70 80 80 100
p, (GeVlc), E_(GeV), or mass (GeV/c?)

J. Stachel. K. Reygers | QGP physics $SS2015 | 8. Hard Scattering, Jets and Jet Quenching



Hierarchy Expected for Different Types of Partons

AEvGrluon > AEQuark,fm:O > AEﬁQuark,frn;é()

\

larger color factor Dead cone effect:
for gluons: Heavy quarks (c, b)
radiate fewer gluons

Q ‘i{&ﬂ

Emission of gluons at small angles w ar
suppressed. dw

o 3 for gluon jets
F71 4/3  for quark jets

W ﬂ’
_ " dwl|LIGHT

HEAVY 2 °
(1 (22)"5)

Dokshitzer & Kharzeev, PLB 519(2001)199
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Radiative vs. Collisional (i.e., Elastic) Energy Loss:
Maybe AEcoiisiona MOre Important Than Initially Thought?

0.3 —

o
N

Quark AE/E

ngf-::ly = 1000
L=5fm —

E (GeV)

o AEradiative > AEcollisionaI fOr
u,d as wellas c

quarks with
E>10 GeV

¢ AEradiative =~ AEcoIIisionaI for
b quarks

Wicks, Horowitz, Djordjevic Gyulassy,
Nucl. Phys. A784, 426-442
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D Meson Ra: Charm Quark Energy Loss Surprisingly
Similar to Quark and Gluon Energy Loss

Radiative parton energy loss:

AE, >AE , >AE >AE,

é 2_[ T T T T | T T T | T T | T T T T T LI I LI g A 4 2 ’\ /
oC - ]

1 _8: Pb-Pb,\/s\\ = 2.76 TeV ] color factor deaﬁ cone effect
1 _6_— * SRELIMINARY ] .

L+ Average D°D",D°, 1l<05, 0-7.5% | * Strond suppression also for
1-4:_ © with pp pT-extrapolated reference B mefs.ons (W IC Can_nOt be
1 of - Charged particles, n|<0.8, 0-10% - explained by shadowing)

T + Charged pions, [n[<0.8,0-10% 3, Suppression of D mesons and
0 8_ . pions surprisingly similar
F . > pions mainly from gluons
0.6 D mesons  charged pions —
- / Iea P! ] » dead cone effect forcand b

0.4 2 TAHQ—Q—L ]

Al - % i 1 = Little indication for expected
0.2 E hierarchy

(however, need to carefully
consider also the steepness of
the initial parton spectra)

ca by by bev o b b v P By
q] 5 10 15 20 25 30 35 40
pT(GeWc)
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First Indication of a Different Energy Loss for

¢ and b Quarks I

o
.

B
4

B (ct =491 um)

B Mesons identified via displaced (non-prompt) J/y

< 1 .4 | | | | i | i | | e, L s | VBl | B il e ] | 1 .4 | [ P 7 | R e | 0 [ [ [ |\ | 0 O I | | I O P | | e O
= o [ [ I I I I [ ] :E E I I [ I I I [ :
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-~ @ Non-prompt J/v (CMS IBreIiminary) . - 6.5<p_<30 GeV/c, |y|<1.2 CMS-PAS-HIN-12-014 -
1‘ 6.5<p <30 GeV/c, |y|<1.2 cuspasHn-12014 il B (empty) filled boxes: (un)correlated syst. uncert. =
b (empty) filled boxes: (un)correlated syst. uncert. | 1_ Djordjevic et al. Phys.Lett.B 737 (2014) 298 _
- (*) 50-100% for non-prompt J/y — [ - = D Mesons il
[ . - — = Non-prompt J/y i
0.8— | H = 0.8— H ------ Non-prompt J/y with ¢ quark energy loss —|
061 Wi EI 7 0.6 [ ::ﬂ:\ﬁ\ &
e el T — e
- 50-80%° i - e \\:E:: ~—_
(o - NS ~\-. ............ —— ~
04_— __ 04_ \\Q.Q .............. ﬂ\_
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0'2_ Sl e > - 6 172 30-40% 54309, E\\\jt~ —
i 10-20% _ E o il
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Results from the LHC: 2. Jets
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Jets were discovered in e+e- in the late 1970's and then also observed in p+p
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Evolution of a Jet Event

Decay {

Hadronization

Parton . . .
Cascade Minimum Bias
Collisions

Hard -
SubProcess

f(x,@?) f(x,Q%
Parton
Distributions ’

Hard Process — Parton Cascade — Hadronization

not describable with pQCD

describable with pQCD (only phenomenological models)
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Jet-Finding Algorithms

® Objective: reconstruct energy and direction of initial parton

® Must be unambiguously applicable at the level of experimental data
(tracks/towers) and in perturbative QCD calculation (parton level)

® Starting point: list of calorimeter towers and/or charged hadron tracks

® Two classes of algorithms:
» Cone algorithm: traditional choice in hadron-hadron collisions

» Sequential recombination: traditional choice in e*e” collisions
(k. algorithm, anti-k_algorithm)

Cone algorithm: k; algorithm:

Successively merge
“particles” in order of
relative transverse

_ 2 2 momentum (“run parton
k= \/(An) T (A(p) cascade backwards”).

Typical choice in p+p: Termination of merging
R=07 controlled by a

parameter D

Sum content in
cone with radius
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k; jet algorithm

" Algorithms starts with a list of preclusters (calorimeter cells, particles, or partons)

= Calculate p; and rapidity y for each precluster

= For each precluster define d; = p?

®  For each pair (i,j) of preclusters define
D2
(yi =) + (i — dy)°
D2
= For D=1and AR/ << 1, d;is the minimal transverse momentum k; (squared) of
one vector with respect to the other

dij = min (p%,iaPQT,j)

= min (p7,,p7.,)

® Find minimum d;, of all d; and d;
= Merge preclusters jand j if d;, is a d

= Else: Remove precluster i with d_,, = d; from list of preclusters and add it to the list
of jets

" Repeat until list of preclusters is empty
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Anti-k; algorithm

= Jets reconstructed with the k; algorithm don't have a well defined
shape/area

" This makes the subtraction of the energy from the underlying event
difficult

= Therefore, the anti-k; algorithm is the standard choice for the LHC
experiments

2
s 2p 2p 1,J _2p
dij = mfun(pT,i,pT’j)—R2 ,  di = Dr;

p = 1: kpalgorithm

p = —1 : anti-k7 algorithm
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Anti-k; algorithm vs. k; algorithm
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Two-Jet Event in Pb+Pb at Vs = 2.76 TeV (ATLAS)

Run 168875, Event 1577540 ;Q\_-_“i‘-
Time 2010-11-10 01:27:38 CET “Q Y
TF

2 EXPERIMENT
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Dijet Energy Asymmetry in Pb+Pb

energy of dijets in Pb+Pb

~..® ATLAS and CMS find
large asymmetry in

o
S

____._..,Jet...i

Ions

©
-
(<))
7
o
O
. .

Pb+Pb st
back [no

in
to

ts

ije
back

O
.

]

ion

angular decorrelat

2

205.1 GeV

‘Jet 0, pt

J. Stachel. K. Reygers | QGP physics $SS2015 | 8. Hard Scattering, Jets and Jet Quenching



Jet RAA in Pb+Pb at \/SNN =2.76 TeV ATLAS, arXiv:1411.2357

é | | ! | [ | | I |

\y - ATLAS anti-k; R =0.4 jets 2011 Pb+Pb data, 0.14 nb"
o I |Syy = 2-76 TeV 2013 pp data, 4.0 pb™
=8

—r r r 1 T T r 1 11
[I:é | 2011 Pb+Pb data, 0.14 nb™’ -
" 2013 pp data, 4.0 pb™” Sy =276 TeV |

80<pT<1OOGeV lyl<2A1
1 1 1 L | L 1 L 1 I 1 L 1 L I L 1 I L L I 1 1 | 1 L I L L I
0 50 100 150 200 250 300 350 400

Jet R,, = 0.5 in central Pb+Pb (anti-k;, R =0.4)
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CMS Jet Results in Pb+Pb

CMS (* preliminary)

PbPb\/s,,, = 2.76 TeV

2 | I | I | I | | | I T T T 1
1.3___[Ldt=?-150 ub™” - mdm}p?mmwc 1 L
i N~ W (0-100%) p’>25GeVic | i
1.6 @ Isolated photon (0-10%)
1 '4_ E h-quarks (0-100%) a B
- (via pecondary Jiv) - Ze +qiget (05%) <2 |
;2__ P 10 SE *biet(0-100%) i<z |
o 1__ """""" + """"""""" T W L
0.8+ — —
06 | " ? J L
N o Q 1 | X +
0.4 1%‘ngo g . é— eeeaaett.
0‘2__ P o SN Charged particles (05%) | |
o I I I I B N . | . | . | |
0 20 40 60 80 100 100 150 200 250
p.(m.) (GeV) jetp_(GeV)

= Single particle R,, and jet R,, consistent

(z = p+(track)/p-(jet) = 0.4 — 0.6 for charged particles with p; = 50-100 GeV)

" b-quark jet suppression similar to light quark jet suppression
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Modification of Jet Fragmentation in central Pb+Pb

—_—
N

S

]

o 1.6
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1.1
1
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0.8

ATLAS CONF 2012 115
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15F | _014nb1
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¢
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Gamma-Jet Correlations

(_?'M'S CMS Experiment at LHC, CERN |
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Gamma-Jet Correlations

p"’T > 60 GeV/c

Average fraction of isolated photons
with an associated jet above 30 GeV/c

'l < 1.44
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Points to Take Home

= High-p_particles can be regarded as a probe of the medium created in heavy-ion
collisions

= The suppression of high-p_particles in A+A collisions can be described by parton
energy loss in a medium of high color charge density

®  Many open issues in parton energy loss theory:

+ Reaction plane dependence of R,

¢ Heavy-quark energy loss
+ Similar R, at RHIC and LHC

‘ e
" Full jet reconstruction is challenging at RHIC due to large backgrounds

" The increased jet cross section allows one to study parton energy loss in Pb+Pb
collisions with full jet reconstruction at the LHC
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Extra slides
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Raa for Electrons from c- and b-Quark Decays

é 2 _I T T T T T T T T T T rrr 1Ty T T T T T T I_
14 - R..-0-10 % Point-by-point error ]
1'8: - - |:| Scaling error _:
~ AutAu @ \[5,,, = 200 GeV erro -
1.6 I Uncertainty in T, -
14 :_ A 7°without scaling error _:
T B n without scaling error |
1 .2 :_.'*. Tl ] . Ee: from hfeavy ﬂav;)r _:
1— + __ .
B ® l
- b i
0.6 o

- A A A [ 9% *
04— gl * i ¢ | =
0.2 PH--ENIX - A mtg A# imb * -
:I [ I I I | I T I | I | | T W B | I T L I:
% 1 2 3 4 5 6 7 8 9
Phys. Rev. Lett. 98, 172301 (2007) p. [GeVic]

e* and e from c and b decays as strongly suppressed as pions:
AEﬂ(}luon > AE‘Quaurk,rnzo > AE'Quark,’m#O not Observed!
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v, > 0 at Large pr: Parton Energy Loss

in plane
out-of-plane
ALICE, Physics Letters B 719 (2013) 18
c 03
> e v, (ALICE) m v,(ALICE) a Vv, (ALICE)
30-40% o vj (ATLAS) 0 v, (ATLAS) v:.w; (ATLAS)
0 v v, (CMS)
‘***ﬂ + v, (STAR)

V2 expected due to different
path lengths in the QGP in

plane and out-of-plane
=

[ b E*Tr;
E -

I]I[l]l[l

&

L

ALICE Pb-Pb s, =2.76 TeV

| I LI I || I LI I L 1 | L1 i I L i1 I L i I L i1 I L i
-0'10 6 8 10 12 14 16 18 20

P, (GeV/c)
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Particle Species Dependence of R,

52'4 PHENIX Au+Au, Vs, =200 GeV, 0-10% most central
x 2.2 o direct ¥ (arXiv:1205.5759) ¥ J/w 0-20% cent. (PRL98, 232301)
2 # n° (PRL101, 232301) B o 0-20% cent. (PRC84, 044902)

#in (PRC82, 011902)
¥ 6 (PRC83, 024090)
# p (PRC83, 064903)

} et (PRC84, 044905)
} K’ (PRC83, 064903)

s 1|

P IR [ R
14 16 18 20
pT(GeVIc)
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Dependence on the Size of the Nucleus:
Vsnv Dependence of the T Raa for Cu+Cu (A = 63)

[
Hys, =224 GeV
#yvs =624 GeY
# /s, =200 GeV _
B Vitev, 22.4 GeV, 130 < dN “.fdy <185 -
[ Vitev, 62.4 GeV, 175 < dN “.fdy < 2585
[ ]Vitev, 200 GeV, 255 < dN E'Idy <370

Cu+Cu, 0-10% most central 7]

15
P, (GeV/c)
Phenix, Physical Review Letters 101,162301 (2008)

Same conclusion as for heavier nuclei:

62.4 and 200 GeV
% production less
suppressed than in Au+Au

22.4 GeV

® No suppression

® Enhancement consistent
with a calculation that
describes Cronin effect
in p+A

Parton energy loss starts to prevail over Cronin enhancement

between Vs, = 22.4 GeV and 62.4 GeV
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Raa for Electrons from Heavy Quarks:
Not Understood with Current Energy Loss Models

¢ 1_8 _I 17T | L | LI I L | L | T 17 | LI I | LI I LI 17 I_

< — + = ]

o 160 PHENIX Au+Au at V. S, = 200 GeV =

14F . —

— GLV Parton energy loss calculation N

1.2 L =

- Radiative / | Radiative —

1 energy loss energy loss +

— elastic scattering =

0.8 . —

0.6 Q_
0.4 L n

0.2 f_ -_'F-—E""—‘"——;::::_—_—:_—;—_—_—::::_E

® Radiative energy loss not sufficient to describe excess electron R,,
® |ncluding elastic scattering improves the situation only slightly
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Charged Hadron R,, at high p_

[IIIII| T |

SPS 17.3 GeV (PbPb)

2 i O 7° WAQ8 (0-7%)
- RHIC 200 GeV (AuAu)

] O 7° PHENIX (0-10%)
1.5 # ht STAR (0-5%)

B LHC 2.76 TeV (PbPb
SPS (PoPD)
® CMS (0-5%)

|
g s | 7 +

ALICE (0-5%)

lIIIIIl ]

T T T T
GLV: dN /dy = 400
GLV: dN/dy = 1400
GLV: ngfdy = 2000-4000
— YaJEM-D —
---- elastic, small P__ -

-~ elastic, large P__

= - YalEM

— ASW 4
PQM: <G> = 30 - 80 GeV>/fm —

IIIIIll

01 2 34 10 20
oM, arxiv:1202.2554v1 P (GEV/C)

100 20

Rise of R, with p; for the

first time established at the
LHC

Large p, reach helps unveil
dependence of parton
energy loss on initial parton
energy
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Z Bosons as Penetrating Probes of the Hot, Dense Medium

ATLAS Preliminary | 2 0-5% T
Pb+Pb s, =276 TeV_{=
m Data 2011-81=m...m.tm...m. ’?W% : 4+,mw
6 Lp=015n0" |2
¢ T~ - ———
¢+ 1 @2 5-10%
©
O .up‘.% e o °
L% O Mg, e
‘Aﬁ'* HHH———
- % . . . 2:_ I 10—20|°yo L]
A A S
yuA, | ETEwE
YW T R e
| 40-5% (x 100) Y- A | 1‘“*‘*“*“
- @5-10% (x20) ¢y V4 21:::} f——HHH——— :::*:} ]
A10-20% (x5) : 40-80+% + + ]
- W20-40% LN ]
P2 [GeV] pZ [GeV]

Good agreement with Pythia shape
normalized to o, & scaled by N

Z bosons in Pb+Pb follow T,; scaling
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Why is Jet Reconstruction Difficult in
Central Au+Au Collisions at RHIC ?

Er = Z E;sin?;, dErp/dn= (mr)-dN./dn  Central Au+Au collision
' at Vs, = 130 GeV:

© [
@ 10'lh.  AurAuatvs,, = 130 Gev dbg ~ 500 GeV
5 | M ln=o
010
o) Consider jet cone with radius R:
N [
ol R=\/(An)? + (Ad) = 0.4

0 10 20 30 40 50 60 70 Total transverse energy in this

| FTT(EMC) (GeV) cone:

0 100 200 300 400 500 600 2E

dE./dn In=0 (GeV) ESne = T - R?
dnde
®  Background energy large compared to 1 dET 5
jet energy in A+A at RHIC. ~ o dn - mR™ ~ 40 GeV

®  |ncreased jet cross section helps at LHC
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Jet-E_Spectrum and Jet R, , in Pb+Pb at Vs, = 2.76 TeV
PLB 719, 220 (2013)

= [ . N B S B B ) 2_"'|"'|"'|"'"'|"'|"'|"'|',
% ATLAS Preliminary | o | ATLAS Pb+Pb \[s,, =2.76 TeV
. oS 1.5f i- = =
S == Anti-k_algorithm 1 ant-k, =04 f Lt 7 b ‘
| = —— L i ]
Z 18 qo0L Centrality | fE———— e |
Ml T —— ’ 50 - 60 %
— B * 30-40 % _ 1
5 — obo o b b b b b b b 1y
1—2:) L | e 50-80 % — 1'_'—";_|_'__l||||||||||||||||||||||||||_
S S— . & o - : + 4 1
- | 60-80 % - S
* 30 - 40 %
10_9__ - - ok b b b b by b by o by
E E L R R R R U RN
i PD+PD\IF5N =276 TeV i ] e ——— ]
e | Ll ]
obov o b b b b b b by g
- R=04 | = | LI L I I I L RN B
C 0-10%
_|||||||||||||||||||i (1] SN IS IS S N A RS N
40 60 80 100 120 140 160 180 200
100 150 200 250 300 GeV]
P e
cent
E, [GeV] 1 dNje, i
RCP . NSeRt dET
o 60—80%
- . _ 1 dN. .
Jet R__=0.5in central Pb+Pb (R =0.4) ~60—50% o
coll
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