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" Hot QCD in laboratory
- Heavy-ion collisions

 QCD (lattice) predicts a
phase transition from
hadronic matter to a
deconfined phase at high
temperatures

* QGP at u~0 similar to early
Universe (~few first us)

 First signals of QGP from c
SPS and RHIC 4
e LHC&RHIC: detailed studies §

of QGP (light-flavor, multi-
particle correlations, heavy-
quarks, jets, quarkonia...)
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> Hot QCD in laboratory Q0D on th atce (10

Slow convergence to non-interacting Steffan-Boltzmann limit
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Hot QCD in laboratory - experiments
* Relativistic Heavy-lon Collider: Au-Au collisions at 200 GeV/n)

e Large Hadron Collider: Pb-Pb collisions at 2.76 — 5 TeV (2015)

_ Heavy lon Collision Event

. L ATLAS

Run 168665, Event 83797

Time 2010-11-88 11:37:15 CET .}lEXPER'MENT




A Large lon Collider Experiment
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Outline

Properties & Tools

Systems: * Global event / system properties:
o Proton—proton — Inclusive spectra; Identified particles; mean p;
. Ph “Blast-wave” fits (T, collective velocity)
P * Collective effects
* Pb-Pb

— Correlations, flow coefficients, v,, v,
(propagation / energy dissipation)

e Qutline of this talk: Jets

— Selected subjects from — R,s—inclusive production in pp and AA; jet
soft and hard probes structure; test of N, scaling in min. bias pPb

—_ Signatures Of Co||ecﬁve ° Heavy'ﬂavour - energy |OSS and thermalizaﬁon
effects even in small — Production vs. multiplicity; suppression and v,
systems — mini-QGP? Quarkonia — QGP vs. Cold Nuclear Matter

— Summary — Production vs. multiplicity; suppression in Pb-Pb;
V,; suppression/enhancement in pA
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A heavy-ion collison -
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Mid Rapidity

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
-
a) without QGP b) with QGP
A B
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“CALIBRATION” MEASUREMENTS
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Particle production in Pb-Pb

Energy dependence

Comparison to predictions

Energy dependence
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A-A ~ s,,\>1° (most central - 2x RHIC)

— stronger rise than log extrapolation
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Multiplicity is crucial [input] for modeling
e Saturation models tend to predict lower multiplicity
Data driven extrapolations did not seem to anticipate the results
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Particle production in Pb-Pb:
Measurements of source dimensions

T — , _ _
e - A E89527,3.3,38,4.3GeV . sideN
T 350 A NA4987,125,17.3 GeV =
g - ®  CERES 17.3 GeV ]
0‘:(D 300:—* STAR 62.4, 200 GeV 3
2 - O PHOBOS 62.4, 200 GeV .
L 250F ® ALICE 2760 GeV =
© 200 E
150 E%%% E E
100F _ & =
Y Freeze-out volume 3
S0E E
% T 500 1000 1500 2000
(dN /dn)
ch
1. Energy dependence: Phys.Lett.B 696:328-337,2011

» system with larger (2x) volume and (1.4x) lifetime (w.r.t RHIC); follows the
trend of multiplicity; faster expansion <=> larger collective flow

2. Pair momentum dependence:
* larger radii, strong dependence on kT; Rout/Rside smaller than at RHIC;
overall agreement with extrapolations

3. Important constrains to [hydrodynamical] modelling
SLAC 43rd Summer Institute



L Particle production in Pb-Pb:
Measurements of source dimensions
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1. Energy dependence: Phys.Lett.B 696:328-337,2011

» system with larger (2x) volume and (1.4x) lifetime (w.r.t RHIC); follows the
trend of multiplicity; faster expansion <=> larger collective flow

2. Pair momentum dependence:
* larger radii, strong dependence on kT; Rout/Rside smaller than at RHIC;
overall agreement with extrapolations

3. Important constrains to [hydrodynamical] modelling
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Systematic control: compare RHIC to LHC

The same experiment under
vastly different conditions!

* Identical variation of particle
production with centrality
(volume) at RHIC and LHC!

=> Global features of the system
independent on energy

=> Initial conditions!

More on RHIC:
Phobos (Phys. Rev. Lett. 102, 142301 (2009))

Centrality dependence of particle production

Centrality of the collisions:

peripheral semi-central

central

SLAC 43rd Summer Institute
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Systematic control: compare RHIC to LHC

The same experiment under
vastly different conditions!

* Identical variation of particle
production with centrality
(volume) at RHIC and LHC!

=> Global features of the system
independent on energy

=> Initial conditions!

More on RHIC:
Phobos (Phys. Rev. Lett. 102, 142301 (2009))

Centrality dependence of particle production
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g |
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= o
ZO | / . -
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=~ b 4 o~ — - - HIJING 2.0 (sg=0.23) [11]
58 —— HIJING 2.0 (sg=0.20) [11]
- — — Armesto et al. [12]
«««.o. Kharzeev et al. [13]
4 1 e Albacete etal. [14]
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O @ O
Centrality of the collisions: peripheral semi-central central
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16 Direct photons
QGP shines

o W T T T I L L e 1 Ydecay
by ol 0-40% Pb-Pb, (5, =276Tev | 'dir = Yinec X ( o~ )
2 l? ALICE preliminary E inc
3> 1B\ '+ Direct Photon - Obtained from n® measurement and
> . E — NLO Vogelsang et al. 3 .
°|§*‘° B\ for p=05102p, (scaledpp) m, scaling for other mesons
- Phys.Rev. D50 (1994) 1901-1916 7
*—i 1072 - extrapolatlon of NlOtolowp. ~ °§
o using 5~ (1+x/b) _
10 . At p. < 2.2 GeV/c, the spectrum
Thermal Shen et al. ™ i f'Td ith ial
-5 _ erma enetal. °.
10 Phve Rov. 081 (3015). 024008 !s itted with an exponential,
1o -~ Thermal Holopainen et al. inverse slope parameter T:
Phys.Rev. C84 (2011) 064903
ol PHSD O. Linnyk et al.
arXiv:1504.05699 (L ‘ ;
PN W SRR NN SRR SNNNE TN (NN TN TR SR SN SN SN SO AN SO WO N (Y SN SUN AN NN SN S l T p— 304 :l: 51Stat+sy8t Mev
0 2 4 6 8 10 12 (G \1/;1 )
Py V2OVIC stat syst
' T =221 4+ 19 +19°Y°" MeV

(Au-Au centrality 0-20%)
Outlook for Run-2: higher precision data (higher collision energy)
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Onset of de-confined medium

e Strangeness enhancement — especially

multi-strange baryons

e Also in high-multiplicity p-Pb collisions ?

— Xi/p reaches Pb-Pb values
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A heavy-ion collison Kb

.. e

Mid Rapidity

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
-
a) without QGP / \\ b) with QGP
A B

SLAC 43rd Summer Institute




19
Particle production — statistical hadronization models

n(K:|K|K*|d|p|[A|Z]|Q]|d[iH|He
Grand-Canonlca| g 10° Foa | ALICE Preliminary @
- S 2:. |t | e | -Pb sy = 2. eV, 0-10% -:
ensemble analysis CE T T e e
d ] b hal I
N,'OCVI f (E—w,B ) Tch Pl Al R R R ey
2 T i~ Wpbi)lic i 1 102 __ Model T(MeV)  NDF| _
. E — THERMUS 2.3 155+ 2 2459 | : : : : :
. 10~ £ GSl-Heidelberg 156 + 2 18.4/9 | __._‘_‘
T, Chemical freeze-out ot foluswREs  wers tsae] L ek
temperature £ ost
I
: 8-05F
Mg Baryoghemlcal S
potential P ol
ECL
2001
Yields described by thermal (3) models with 150:_ . 4 ;
T.,=155-156 MeV >
* Similar temperature as at RHIC, however proton/ 2 100k
p p S I Andronic et al
. o . 0 naronic et al.
pion below the fit — the tension already present at =L g AUCE
RHIC 50 % ohe
. . . [ A AGS
e Strange particles constrain the fit [ VSIS
I R R
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Collective expansion —

particle spectra — kinetic freeze-out

* Collective expansion modifies

140
particle spectra — mass dependence 120}
* Kinetic freeze-out and radial flow: 3 1oy
— interacting system expands into vacuum 35 50
— =>radial flow is a natural consequence - 40f
— Cascade process => an ordering of 20:
particles with the highest common :
underlying velocity at the outer edge 8‘73
 Hadrons are released in the final 0.6}
stage and therefore measure = gi
“FREEZE-OUT” Temperature 03}
— =>simple parametrization - radially 0.2}
boosted source with velocity B (y=0) el

SLAC 43rd Summer Institute
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“COLLECTIVITY”
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Collective Flow of QCD Matter

Reaction plane o Py @ = arctan Py
pI
< INTERATIONS i
: (hydrodynamlcszz) ) <p£> _<p)z>
()= (x*) i)+ (p2)
£= <y2> + <x2> Final momentum anisotropy

Reaction plane defined by
“soft” (low py) particles
AQO = — SpReaction Plane

Initial spatial anisotropy

dN
Elliptic flow dAgp x 1 -+ 2@COS(2AS@)
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0.08
0.06 |-

0.04 [
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: + E877
- ¥ EOS
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-0.08 |-
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Azimuthal anisotropy

Energy dependence of v2

0.02

- T T L R A
¢
5 ¥ :
é é -
Y é u

® ALICE 3
- f Y STAR ]
e it % PHOBOS |
M [ PHENIX .
B NA49 —

O CERES

102 10°

\/Syy (GeV)

PRL 105, 252302 (2010)

>N 0.12_----|----|---- I
i . ]
Two-particle 0.1 o* © o* st
methods . > ot ]
B o i
Multi-particle 0.08 i [—_
methods - - ]
0.06 — [ -]
: . "zg; harge ]
o v samec arge

0.04 n ] vi{ 4} i ~
- O v,{4} (same charge) -
© { & v,{g-dist} i
0.02 ?HL i viLYZ) —
v,{EP} STAR .
" vz{LYL} STAR ]

e b T P Pl BT B

00 10 20 30 40 50 60 70 80

centrality percentile

Collective behavior observed in Pb-Pb collisions at LHC (integrated:
+0.3 v,"HIC— consequence of larger <p;>) -> V,(p;) similar to RHIC -
almost ideal fluid at LHC ? Similar observation down to ~20 GeV!
New input to the energy dependence of collective flow
* Additional constraints on Eq-Of-State and transport properties

SLAC 43rd Summer Institute
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V) —l

=
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Shear viscosity in fluids

L

F \%
Z=7729 77NIO<V>A’mfp

Weak coupling

e small cross section, long mean free path
=> large viscosity

Strong coupling

e large cross section, small mean free path
=> small viscosity

Nn—0: strongly coupled (perfect) fluid
n—>: weakly coupled (ideal) gas

SLAC 43rd Summer Institute
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How ideal fluid is QCD Matter?

Viscous hydrodynamics needed to explain the data

0.3-ALICEPb-Pb |syn=276TeV ¥ .- [ STAR Au-Au {syy = 200 GeV
[ “PhysRev.C85,054902 (2012) ¢ .° [ 30-40% % Rt

| #*Phys Rev. C86, 014902 (2012)v e
| #**arXiv:1210.1700 e L-® L4

‘ @ ALICE/STAR L Z
gr AMPT (ALICE/STAR) /@
V Therminator (ALICE/STAR)[ &)
% UrQMD (STAR) n Lhi
O NexSpherio (STAR) P
— Hydro* (LHC, w/s=020) [ g
— . - Hydro** (RHIC, 1/5=0.12) , T ,},

- . = Hydro** (RHIC, 1/s=0.16) | ’@ * % X Kk *

- - = Hydro*** (LHC, 1/5=0.08) 5 KX

-4 - - - Hydro®** (LHC, /s=0.16) [ ®%

O |'¥|||||||||||||||||||||||||||||| |@||||||||||||||||||||||||||||||

0O 05 1 15 2 25 3 0 05 1 15 2 25 Tine > Truic
pT (GeV/c) pT (GeV/c) [n/S]LHC > [n/S]RHIC
. apprO);imate rénge of | I by LHé

maximal initial temperatures
probed by RHIC

0.1—

&

Shear viscosity — lower limit:  p 1

KSS (string theory); Gyullassy-Danielewicz - > — 3
(quantum mechanics + ballistic theory) S 47T

Hot, deconfined QCD matter flows
as an almost perfect liquid

: 0
SLAC 43rd Summer Institute o o1 02 03 04 05 06 07
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v, of identified particles

arXiv: 1405.4632

Viscous hydro predictions are able to describe the data ALICE 40-50% Po-Pb 5= - 276 TeV

Hydrodynamic flow: Pronounced mass dependence o K 40-50%
=p4p L) ‘
ALICE 10-20% Pb-Pb |s,, = 2.76 TeV < 0_1_;?;% s N %
0.4_97[i Ki OA 8 8 %
% +
5 0.05— B
& oF
o ol o
/\ | | |
— 0 1 2
ﬂ: pT/ ng (GeV/c)
N
<2
N ALICE 40-50% Pb-Pb \'s,, = 2.76 TeV
ert K =pp40-50%
15 0 *A4ATE +E
Q0
p- (GeVi/c) <
* V,/n,scaling at the LHC less obvious (within ~20%) =
Not shown: v, and v,(p;) — mass ordering reproduced by
hydrodynamic calculations with very small viscosity to o5l

entropy ratio: n/s ~ 0.2

pT/ ng (GeV/c)
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Higher harmonics in azimuthal decomposition

dN
dAp

~ 1 4+ 2v5 cos(2Ap)€ )

Alver, Roland, 2010

Fluctuations in initial state lead to e-by-e fluctuating symmetry planes
=> Odd harmonics are not zero

SLAC 43rd Summer Institute
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Higher harmonics —the measurements

0.05 -

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)

| v, Glauber /s=0.08
0.1

..... v, CGC 1/s=0.16

ALICE
e V{2, An>1}

V{2, An>1}

VA2, An>1}

V,{4}

VWRP

100 x \/gm,2

| eo 0 xm

0

0.2}

0.1F

= O » O E*
0\II!‘\I’II‘II’II‘II‘II‘II-II‘III\lllll‘.l“.lllll
10 20 30 40 50 60 70 80
centrality percentile
- Cenl;aiig 30-40% Model: Schenke et al, hydro,
N v§{2} full: [An| > 0.2 Glauber init. conditions
[ ] V4{21 open: |An|> 1.0
o v42 e
f===: Vo (/s = 0.0) =
alk

I1IIII2I |3||||4
p, (GeV/e)

Bt
) D
Alver, Roland, 2010

v, - triangular flow :

- weak centrality dependence
- vanishes as expected when
measured w.r.t. reaction plane

Similar p; dependence for all v,
Also similar to RHIC

Higher harmonics - additional

—STAC 4% d wmGonstraints on ﬂ/S



29 . CMS e
2-particle correlations

O e— NG > 110

A@ azimuthal angle difference
- angle in the transverse plane

<
L8
3

Az
z

B S

ATLAS Preliminary O.5<p$’b<5.0 GeV
Is=13 TeV, L_~14 nb

Data 2015

> -

Z 51.02
=
32
©)

An - longitudinal - pseudo-
rapidity distance SLAC 43rd Summer Institute 4



>Fwo particle correlations — Fourier decomposition —
long range correlations

P <4GeVic Eﬂ";? 2.76TeV  Integration of the correlation function in
SN i e W 0.8 < |An| < 1.8 (long) and Fourier decomposition
S 255 ' Collective flow: the coefficients factorize V_,=v (p;")v,(p;")
o .if}[fjs'ﬁ;i - 1 A
I, i 'l'" . _ M max
;,g%ll%;;% C(4¢)=——— [, clan, ap)~142 V 008 ndep)
- LA _!Qbﬁi‘.\“‘ M ax ~ M in min n=1
A Pair-wise coefficients
035 o Centrality T - Centrality
0.3+ - 0-2% 4 —+—40-50%
0.25- 2<p <25 GeVic 1 ~*20-30%
Pb-Pb 2.76 TeV, 0-2% central — 02 & 1.5<p; <2 GeVic ol ___;01%2;'{“
i 2 <pt <2.5 GeVic e e | e nooy
1015 b 1.5 -:Tp$ <2 GeVic =015+ = ol 0-2%
1.01— * ' 0.8 <|An|<1.8 = 0.1 = > 1 2 <pl <2.5GeVic
. 1.5-:p:<2l3eWc
= 1.005— * f 0,05 1+ . -
3 : e Por, i =S T %%
1*' * * .f sttt 3 0 e =2 0= -
:,* . ;‘, | | | | | | | | | | | | | | | |
AR PA Vo 12 3 4 5 6 7 8 1 2 3 4 5 6 7 8
0.001- ¥ ¥ 2ndf=33.3/35 : . no,
1°°2EF ——— -+ Few components describe the low-pT correlations
g ' : N . L l < Strong near side ridge and double-peak on the away
- i * - - :
osoB . , L L4 tri assoc @_
! : 1 < Also recoil jet up to p;"&>8 & p;***°° 6-8 in central

A¢ [rad] SLAC 43rd Summer Institute
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Two-particle correlations in p-Pb

The method: from the high-multiplicity yield subtract
the jet yield in low-multiplicity events (no ridge)

2<p;,,,<4GeVic p-Pb \'s,, = 5.02 TeV

71 \(0-20%) - (60-100%)

p-Pb |5, = 5.02 TeV wig < 4 GeVie p-Pb |/s, = 5.02 TeV
0-20% <P assoc <2 G8VIC 60-100%

Low multiplicity event class 2
Remaining correlation:

High multiplicity event class
<dN_/dn>~ 35 <dN_/dn>~7
two twin long range structures

Analysis in multiplicity classes defined by the total charge in VZERO detector

(away from the central region)
SLAC 43rd Summer Institute
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0.25

0.2

v,{2PC, sub}

0.15

0.1

0.05

High-multiplicity p-Pb collisions

Comparison of v, in Pb-Pb and p-Pb

L AL UL |
ALICE

IAn| > 0.8

L] L] L] L] I L] L] L]
(Near side only)

- p-Pb ISy = 5:02 TeV -
[ (0-20%) - (60-100%) ]
- mh AT * .
F <K ep 3 E
3 S
: = | :
S 3
I S ulE s :
I I B TR BT B BN L 1
0.5 1 1.5 2 2.5 3 3.5 4

P, (GeV/c)

V,{SP,JAn| > 0.9}

50-60% Pb-Pb
ALICE 50-60% Pb-Pb |5, = 2.76 TeV
0.4, .
03 "
. piD LTI N é
0.2 ﬁ!ﬁim .
S $e 0
L o._t‘f !
0.1 ..:A:f *
OT.F ‘ ‘
0 2 4
P (GeV/e)

Similar features in p-Pb and Pb-Pb: mass ordering at low-p;
in Pb-Pb ascribed to hydrodynamics

Not shown: more signatures for collectivity from cumulant analysis

SLAC 43rd Summer Institute
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p-Pb

VOS: (0-20%)-(60-100%) -

e
[
N

Y(A9)-Czyam
S
=

5
S
O

0.00

Double ridge structure in p-Pb

Extends to very large rapidities

ALICE arXiv:1506.08032
0.5 < p (GeV/c) < 1

Assoc. tracklets

ALICE
ISy = 502 TeV

LHCb \/ S\N = 5TeV
Activity bin T

1.0< p, < 2.0 GeV/c
Activity bin IT

v,(Pb-going) > v,(p-going)
and independent of p;

012 ALICE
[ p-Pb \sy=5.02TeV
- VOS: (0-20%)-(60-100%)

[ ] Data, Pb-going
o Data, p-going

AMPT, Pb-going

AMPT, p-going

LHCB-CONF-2015-004

Activity bin III Activity bin IV Activity bin V

' Cryan=121 (p+Pb)
Cryan=1.04 (Pb+p)

Hdy

T Cryan=132 (p+Pb) -

&S at
& »

T Cryan=142 (p+Pb)
Cyyan=1.27 (Pb+p)

| RS AR B AT
Cryan=1.38 (Pb+p) Cryan=1.54 (Pb+p)

0o 2
Ad
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Collective particle production in p-Pb

PhysRevlLett.115.012301

Multiple-particle correlations

- CMS PbPb |s,,, = 2.76 TeV

0.10 0.3<pT<3.O GeV/ic; Inl<2.€5 500 o ol

omE E B 00005 T

| T T T T
CMS pPb |s,, = 5.02 TeV
0.3< p, < 3.0 GeVic;inl <2.4

> - O 1
O reo S ¢
0.05/&" 0 Va2 nb2 T o0 difagago® 0
I O vA4} 1 O + ]
+ v,{6} 1 [‘LJ 1
¢ Vv,{8}
o v4LYZ}
ST SN SO AT T ST S TN NS TN SN SO (NN SO | AN SO ST SO S N PR A R RN N N
0 100 200 300 0 100 200 300
N:)rflzline Nﬁfgline

Multiple particle (up to N=8) correlations

0.1

0.05

0

Phys.Lett. B725 2013 (60-78)

I I
- ATLAS

| p+Pb, \Syy=5.02TeV, L _=1ub’ )

e ° 1

i +’ —

- e |

| +. -i%i ijj,iiiiiiLi"'* i
e oV, (2)

i *v,{4}

- 03<p <5 GeV Hv,{2PC}

- Inl<2.5 AV,{2} hydro |

2|0‘ ‘ ‘4‘0‘ ‘ ‘6‘0‘ ‘ ‘8‘0‘ ‘ ‘1(‘)0‘ ‘ ‘12|0‘

<2E$b> [GeV]

— very clear signal of collective particle production
Droplets of QGP in pA collisions? Other “initial-state” effects?

SLAC 43rd Summer Institute
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Long-range correlations also in pp collisions at 13 TeV

Rldge at Ad)"‘O over all rapldltles ATLAS CONF 2015 027

= T 71 & 0.06——— |
2 .40 ATLAS Prellmlnary1 o> . ATLAS Prellmlnary 05<p <50GeV .
> . {s=13TeV, L_~14 nb - | (s=13TeV,L_=~14nb" 20<|An|<50 -
- Data 2015 ]  Data 2015 i
7.2 ; N ::ehCZ1 %O ; 004 —_ ; gl:nsacirrsmarge pairs __
L a, _ -
L O'5<p-|- <5.0 GeV . ~ O Same-Charge pairs ++ ]
- 2.0<IAnl<5.0 - - i
24 | 0.02-
P B == :8::@:
e | P | s i s-——r— :
0 2 4 0 P . — O |
Aq) 1 1 1 1 | 1 1 1 1 | 1 1
E 008 A ad o T T T 0 50 100
> 0.08~ATLAS Preli 0.5<p°<5.0 GeV oo
" Vs=13 TevV, [e'ﬂT?Ly 20<:0An|<50e ONg, =100 1 N::ehC
" Data 2015 DNliczso ]
B 060=N"°<70 _| .. ) . C e .
0.08¢ —%)— 1 Finite yield for high-multiplicity events N>50
von e o + 7 - Sameyyield in like-sign and unlike-sign pairs
Cr e . . —this is not a jet effect
r T ’ . .
o0l B Yield increases up to 2.5 GeV then drops
| " . R ’ Similar trend as in Pb-Pb and p-Pb collisions
N . ] Consistent with 7 TeV observation by CMS
PRI N | | PR
1 2 3 4 5

pa [&ég:/fl_%rd Summer Institute



“Hard probes” of the medium

G ~ {ar)/) = (a1)/(po)

Induced ™)

q: fast colour triplet

jet quenching
gluon R
g: fast colour octet . radiation > <> Tvansport coeff.
. dN
charm/bottom dynamics — 3 nitial gluon
Q: slow colour : Energy dy dencit
triplet = \QQJ, I loss ? ./ J

- T Critical
J/yw& Y QQ:slow colour C temperature

. —"'<Dissociation
singlet/octet 80 and energy

v*: colourless density
Colorless (photons, Z,W) -
v-: colourless e Controls
QCD medium

Figure: d'Enterria arXiv:0902.2011



37 Jet quenching at high-energy
QCD Bremsstrahlung

High energy color charged probe t formation < L & w < w,
propagating through color charged medium -
(LPM effect; multiple soft radiations) 0=XE

E

Hard
Production

Define a transport coefficient:

G~ p?/\

Partonic energy loss in QCD medium is proportional: 1
* to squared average path length (Note: QED ™~ linear) A 0
* to density of the medium S

=> energy flow (parton+radiation) modified as compared to jet in vacuum
= jet “quenched” (“softened” fragmentation)
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Jets: LHC vs RHIC

LHC + RHIC: QCD evolution of jet quénching ?

Vary energy of the jet
=> LHC: Vary the scale with which QGP is probed ( a |a DIS)

=> Compare and contrast RHIC and LHC

SLAC 43rd Summer Institute
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Quantifying nuclear effects: Ry,

“QCD medium”

R =

“QCD vacuum”

Yields measured in AA (or pA)
per binary N-N collision

Yields measured in pp collisions

R > 1 —enhanced particle production
R =1 —no nuclear effects
,,,,,,,,, » R<1-suppression

Sometimes useful to take the “vacuum” reference
""""" > asyields in peripheral events — defined as R,

& (quenched) jet

SLAC 43rd Summer Institute
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Jet quenching via hadron suppression

#(particles observed in AA collision per N-N (binary) collision)
Ratio =

#(particles observed per p-p collision) Phys. Lett. B 696 (2011)

105 T T T T ‘ T T T T ‘ T T T ‘ T T T ‘ T T T T ‘ ‘ T T ) : :
Cross-secﬁon Pb-Pb -5 ALICE Pb-Pb \[s, = 2.76 TeV (0 - 5%)
. \[Syy = 2.76 TeV -
10*K NN 0-5% Pb-Pb \[s, = 2.76 TeV STAR Au-AU \[S, = 200 GeV (0 - 5%)
10°Ls —— scaled pp reference - u PHENIX Au-Au \[s,, =200 GeV (0 - 10%)
° 0-5%
2| Bt s S P PEr CEPERERS B — Al - —
108 o 70-80% 11 1l I I -
105 Ruslpy) = —LUNED NG dndpr i |
APT ) = T35 77 PP PP T *
1 (Nean} (1/Ngg )d"Ng [dndpr
“ Central
10 o o
collisions |
10 {
0° suppression * TR
® *
10" § i ¢ t
*
i Lr it t
10° : *
° [)
- [ ]
10° o
107
an | | | IC | | | N
10-8 | | 1 1 1 1 1 | | |
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
p, (GeVic) p, (GeVic) P, (GeVlc)

1. Strong depletion of high-pT hadrons in A-A collisions
— consistent with parton energy loss (jet quenching)
2. Qualitatively new feature : evolution of R,, as a function of p;
3. New, much anticipated constraint for parton energy-loss models
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RAA from SPS, RHIC & LHC

RAA

SPS

O
O~
Y

SPS 17.3 GeV (PbPb) GLV: dN/dy = 400

O n° WA98 (0-7%) GLV: dN/dy = 1400
GLV: dN,/dy = 2000-4000
RHIC 200 GeV (AuAu)
— YaJEM-D
O [° PHENIX (0-10%)
---- elastic, small P___
% h* STAR (0-5%
( ) --- elastic, large P___

lIlllI | |

Ll

| |

LHC 2.76 TeV (PbPb) —
® CMS (0-5%) — ASW
¢ ALICE (0-5%) PQM: <G> = 30 - 80 GeV/fm—|
"""""""""""""""""""""""" ;'::';“'"“
v

0
1

2 34

10 20

CMS, arXiv:1202.2554v1., 43rp$n§r§}?n¥{&2

100 20
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Hadron suppression

Pb-Pb: QGP transparent to color neutral
probes — R,,~1

A R B B L B

pPb

. N, Pb-Pb (ALICE) ~® N, p-Pb\S,,=5.02 TeV, NSD (ALICE)
CC  1.8F 4N, Pb-Pb(CMS) % v Pb-Pb\s,. =2.76 TeV, 0-10% (CMS)

- [\/Syy =276 TeV,0-5% & W*, Pb-Pb\/s, = 2.76 TeV, 0-10% (CMS)

v Z°, Pb-Pb\[s, =276 TeV, 0-10% (CMS) ]

Repep »

________________ B

===1

40 50 60 70 80 80 100
p. (GeV/c), E_(GeV), or mass (GeV/c?)

ALICE: Phys.Lett. B 720 (2013) 52-62; Phys.Rev.Lett. 110 (2013) 082302
CMS: Eur.Phys.). C72 (2012) 1945; Phys.Lett. B710 (2012) 256-277;
SLAC 43rd Siphysr letti BT 15 (2012) 66-87; PAS HIN-13-004
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Hadron suppression

Pb-Pb: QGP transparent to color neutral

probes — R,,~1

p-Pb: R p, (min. bias) for hadrons

with p;> 4 GeV/c and jets consistent with

unity

A R B B L B

pPb

. N, Pb-Pb (ALICE) ~® N, p-Pb\S,,=5.02 TeV, NSD (ALICE)
CC  1.8F 4N, Pb-Pb(CMS) % v Pb-Pb\s,. =2.76 TeV, 0-10% (CMS)

‘6 [\syy =276 TeV,0-5% & W*, Pb-Pb\/s,, = 2.76 TeV, 0-10% (CMS)

v Z°, Pb-Pb\[5,, = 2.76 TeV, 0-10% (CMS) |

Repep »

---------------- I

===1

40 50 60 70 80 80 100
p. (GeV/c), E_(GeV), or mass (GeV/c?)

ALICE: Phys.Lett. B 720 (2013) 52-62; Phys.Rev.Lett. 110 (2013) 082302
CMS: Eur.Phys.). C72 (2012) 1945; Phys.Lett. B710 (2012) 256-277;
SLAC 43rd Siphysr letti BT 15 (2012) 66-87; PAS HIN-13-004
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Hadron suppression

Pb-Pb: QGP transparent to color neutral

probes — R,,~1

p-Pb: R p, (min. bias) for hadrons

with p;> 4 GeV/c and jets consistent with § 164 v Z°, Pb-Pb\S,, = 2.76 TeV, 0-10% (CMS) |
unity 0C 14} ]
1.2} vy
Strong suppression of hadron yield in most g l ;
central Pb-Pb collisions => final state effect T | % """"""" R
Raa rising up to 0.4 and flattening at high-p; - 0.8} ‘ .
reproduced by (most) models 06l @ 1 @ -
I
0.4 B@ @ H .
UL

pPb

= N, Pb-Pb (ALICE) N,., p-Pb \s,,, = 5.02 TeV, NSD (ALICE)
oC 18 - a4 N,, Pb-Pb (CMS) * 7Y, Pb-Pby\/s =276 TeV, 0-10% (CMS) ]
[\/Syy =276 TeV, 0-5% & W*, Pb-Pb\/s,, =2.76 TeV, 0-10% (CMS)

4050 60 70 80 90 100
p. (GeV/c), E_(GeV), or mass (GeV/c?)

ALICE: Phys.Lett. B 720 (2013) 52-62; Phys.Rev.Lett. 110 (2013) 082302
CMS: Eur.Phys.). C72 (2012) 1945; Phys.Lett. B710 (2012) 256-277;
SLAC 43rd Siphysr letti BT 15 (2012) 66-87; PAS HIN-13-004
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Hadron suppression

Pb-Pb: QGP transparent to color neutral
probes — R,,~1

p-Pb: R p, (min. bias) for hadrons
with p;> 4 GeV/c and jets consistent with
unity

Strong suppression of hadron yield in most,f‘

central Pb-Pb collisions => final state effect

1

Raa rising up to 0.4 and flattening at high-p; - o.s

reproduced by (most) models

Similar Ry, for pions, kaons and protons at
high-p;

SLAC 43rd Summer Institute

0.6
0.4
0.2

s, =276TeV
P

T T T T I

T+
m2K+K
*P+P

oh'+h

10 12 14 16 18

0

| | | | | |
4 6 8 1012 14 16 18

P (GeV/c)

ALICE: Phys. Rev. Lett. 109, 252301 (2012)

arXiv:1303.0737;
Preliminary SQM 2013
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Hadron suppression LHC and RHIC

ALICE Pb-Pb \ s, = 2.76 TeV

I I I I

o 0-5% - i --7*, ALICE 0-5% Pb-Pb - 5-10% |

0s- A o+ . 08k \Syw=276TeV | ]
BK'+K 1%, PHENIX 0-5% Au-Au

oo *p+p ] 0.6 \Syy =200 GeV T i

20-40% i 40-60%

| o}
6
(@) =
0 2 4 6 81012141618 6 8 10 12 14 16 18 6 8 10 12 14 16 18
p.. (GeV/c) p. (GeV/c)

* High-p;: Similar suppression for all particles <> leading particle jet structure umodified
» Similar suppression for identified pions at RHIC and the LHC (all centralities)

Despite different do/dp; R, "' compatible with R,,"H¢

SLAC 43rd Summer Institute
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Jet suppression

R,a < 1: medium induced out-of-cone radiation

< C
T 18} ALICE Pb-Pb |5y =276TeV
Anti-ky R=0.2 |n [<0.5

1.6}
p':ad"’h > 5 GeV/c

- mm ALICE 0 - 10%
1.2_— V7K CMS 0 - 5%

n HIN-12-004-PAS Longitudinal modification:
[ #7) ATLAS 0-10% (R = 0.4) e out-of-cone: energy lost, loss of yield, di-jet
08 - PRL 114 (2015) 072302 .
i energy imbalance
0.6F o % * in-cone: softening of fragmentation
0.4F iz A
0.of O Transverse modification
Tl | | * out-of-cone: increase acoplanarity kT
00 100 200 300 ° in-cone: broadening of jet-profile
pT,j t (GeV/c)

LHC: Estimates (on average) of about 10-20 GeV radiated
— similar prellmlnary r?&‘d'& Eummer Institute



Di-jet asymmetry

Er1 — Erg 0
AJ — 7A¢ > =
Eri + Ero 2
PhysRevlLett.105.252303
- 4 . . . - 4
< 10-20% g \'S —2 76 TeV 0- 10%
e} e}
% % O ATLAS
2 S Pb+Pb
. e gl
S S 4 $
f
O()- 0.2 0.4 0.6 0.8
AJ
< < [ T L=
3 * 3 "l @ Pb+Pb Data
% % O p+p Data
;1% 1 ;g T [JHUING+PYTHIA
10" 101*** 3
10 10 3

Aj is ﬁq)qodiﬁed

but no medium-induced accoplanarity

(angular distribution as in pp coIIisdions) - Sensitivity to medium homogenity
SLAC 43rd Summer Institute

0Hadron-Jet comcndences

| ALICE

| 0-10% Pb-Pb s =2.76 TeV
| Anti-ky charged jets, R=0.4

| 40< p'e°° " < 60 GeV/c

- TT{20, 50} TT{8,9}
0.05
- @ Pb-Pb: o =0.173+0.031(stat)+0.005(sys)

- M PYTHIA + Pb-Pb: o = 0.16420.015(stat)

" arXiv: 1506.03984

Statlstlcal errors only

22 24 26 28 3

Ao

No sign of Moliere scattering

trigger
hadron



49
In-medium jet modifications — jet quenching

: ; : i : Phys. Rev. C 90 (2014) 024908
Momentum distribution withinajet | . Phys Rev.C30(2014) 02450
10 CMS e PbPb 1 100< pf'< 120GeV/ic L pi**>1GeV/c,A<03
- l E oy T::bb{qs”"’: 276 TeV —— pp reference data 03 <n*f<2
anh f — n( jet/phadron) > P
— () g 1 4 4
3 Pd E °
i
® OPAL. V.5=192-209 GeV =
14 in vacuum, Ej;=100 Ge | : 3_
12N+ in medium, Ej=100 GeV f ’ Jet quenching z107'F E3 E3 E
10 : \ 50-100%

“hump-back
plateau”

\
\
\
‘\
LI

L

PbPb/pp

6 EZ]D(EJ et/ p hadmu)

CMS, {5y = 2.76 TeV pp, f Ldt=53pb" PbPb, f L dt = 150 ub™

"anti-k, jets:R=03 1 - PbPb | ' ' ' S ' ' ' _‘ ‘
it 100 GeV/c o pp reference w03 T e w T
1oL plr 0.3 <™ <2 | .= 1 -e= 1 -e= __—o€entr'a| | , —,
= *p‘T'“" >1 GeV/c == == == = . . I(
< - %= S == COLQSIOHS /]
3 - H == i == i - H .- 3 2 f
107k 70-100% 1 50-70% 30-50% 10-30% 0-10% ] ;f'
1 5 1 1 1 1 1 1 1 1 1 o+ : —+—+ } + : ¥ : : : : .’/
-+
g - . /
= —— S R 4
F e +—+— I S 00 .= S T )» piracs
o
g e e = B S— - e et i o(r) = l 1 tracks € [ra, 1p)
= - . jet
Or Net jets P]T
0'5-| L L i T T T T E T A N T A T T I I I I 5 5
0 o1 02 030 01 02 030 01 02 030 01 02 030 01 02 03 r = V(gack — Miet)” + (Prack — Pjet)” < 0.3

Phys. Lett. B 730 (2014) SLACA3rd summer Institute
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Jet v, (azimuthal asymmetry)

Sensitivity to path length dependence of parton energy loss

Jets studied in-plane and out-of-plane
— traversing different path length

=> v, of jets — finite value expected; its
magnitude important input for jet
guenching models

SLAC 43rd Summer Institute

| L L L L LA A N 1 L L B 1
5-10%  anti-k, R=0.2]} 10-20% ATLAS
0.06}f 1F
0.04 I I + i
oozl I ot -
OF i L
| | PR | | | IR ST | PR | |
| L L L L I 1) L B T T T
20 - 30 % det=0.14nb‘1:: 30-40%
0.06 1 F
I 0 Pb+Pb |s,, =2.76 TeV ] l B
0.04f g 1 F i 3
0.02 + + 4t +
0 .............................................................................................................................................................
| PR | PR | | | P | PR | |
T T T T T M 1 T T T
40 - 50 % L1 50 - 60 %
0.06 *
0.04. W + + 0 +
0.02F T +
0 .............................................................................................................................................................
| Y S R S NN S SR SR S N SN SN N AT | | I T T R P I S S N |
50 100 150 200 50 100 150 200
p, [GeV] p, [GeV]

PhysRevlLett.111.152301
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Parton type/mass dependence of energy loss

AE x a;CriL*

Wicks, Gyulassy, Last Call for LHC predictions

W=7 v r * 17T 7T
* Energy loss depends on parton: _ 0 =04
. . —— Charm dN_/dy = 1750
— Casimir factor (C;=3 forgluons 4| —_ Bolem dNZ,d‘;_ﬂso_
and 4/3 for quarks) — - Charm dN /dy = 2900
- - Bottom ng/dy-2900
— Mass of the quark (dead cone _ osf- Y i
effect): radiation suppressed for% ! L B (m,~5 GeV)
angles 6 < m/E T oal B
5 / “I'D(m ~15Gev) ~~___
A-Egl'u,o'n, > AEquark | N T
0.2 \\~_ T |
AElz’ght—q > AEh,ea,'vy—q “““““““
* Does it persist at low-p; as:
o-o | l 1 I 1 I 1 I 1 I

D B
A < Ris < Raq Pr G0

SLAC 43rd Summer Institute
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Charm suppression < Jet quenching

D-mesons measured at mid-rapidity Vijl 5

hadronic decays o
1.8
R . . ., 1.6
Ap - SUppression pattern (ratio of yield
in Pb-Pb to yield in proton-proton) 1.4
shows a strong deficit (jet quenching) 1.2
’

Quenching: charm at high-pT similar to 08
light flavor '

*IIIIIIIIIIIIIIIII

e Average D°D*,D*, |y|<0.5, 0-7.5%
with pp pT-extrapolated reference

o Charged particles, n|<0.8, 0-10%
= Charged pions, n|<0.8, 0-10%

O

lllllllIIIIIIIIIIIIIIIIIIIIIl

Pb-Pb,\ s\ =2.76 TeV

ALICE

PRELIMINARY

IIIIIIIIIIIIIIllIlllll

Suppression (also strong for charm)

lIIIlIllI

0.6

Possible hint of colour charge effects at 0.4
low-p; (below 10 GeV/c) 0.2F
— =>need better precision (outlook for O:'
next years and upgraded detector) 0

SLAC 43rd Summer Institute

10

15 2

|lll|ll||l||ll||lll
0 25 30 35 40

P, (GeV/c)
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Charm suppression

g 1 .47| T TT | T T 1T | T T TT | T T 1T | T TTT | T T 1T | T T TT | T T |7 2
T T TT T T 1T rrrr 171U 1rrr1r0rrr1rrrrrTrrrTrTToToTT T
- Pb-Pb, |5 =2.76 TeV 1 S : oz i
1.2~ A 7 (ALICE) 5<p_<8 GeVic, lyl<0.8 - X 1 8F 1ok H =
L T ’ ) ] | 145 ]
- ™ Dmesons (ALICE) 5<p <8 GeV/c, lyl<0.5 ] 1.6F ”LEE ______________________________ -
1050_80%(empty)filledboxes: ’(ijh’)’éb’r’ré{aiiéa’é;}s}{fijh’éé’r’tﬁ-: 1. 43 gsﬂ -E—@- & _f
0.8 - 1244 T
? ? L — A Lié'e"#}é|};ﬁihé&','55—55,'ﬁ";'éﬁ%'é'%éi}"k
0.6/~ - - e Average D', D', D * lyl<0.5, 0~7.5% ’
i E | 0.8 owith pp pT-extrapoIated reference ]
i | STAR, Au-Au, \/s.., = 0.2 TeV ]
0.4~ E@ m N 0.6 = D’ lyl<t, 0-10°W -
- E _ [PRL 113 (2014) 142301] m _
0ol 40-50% - Em 1 0.4 —
— 30-40% — ]
i 20-30% i i& § —B— H .
- _ _ 10-20% ] 0.2 B —— .
| m* shifted by +10 in (Npan) 0-10% | | I | | | | | ]
o b b b b b b O""""""""""""""""
OO 50 100 150 200 250 300 350 400 0 5 10 15 20 25 30 35 40

High-p;: Rr,, for D-mesons compatible with R, of pions
=> Similar E-loss for glue/light- and charm quarks
Despite different do/dp; R,,*"'C compatible with R, ,'H¢

SLAC 43rd Summer Institute
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Mass dependence of in-medium E-loss

arXiv:1506.06604 ALICE & CMS data
51.4?!]T]1IITIIIITI]IIIITIII]TIIIIIIIIIlll1_ é1.4_1llll]llll]llflllIIITITII1IITITIIIIII]I—
@ | Pb-Pb, \sy =2.76 TeV 1 @ | Pb-Pb, sy =276TeV .
1.2 | A 7 (ALICE) 8<pT<16 GeV/c, |y|<0.8 __ 1.2 m D mesons (ALICE) 8<pT<16 GeV/e, |y|<0.5 ]
L ®m D mesons (ALICE) 8<p_<16 GeV/c, |y|<0.5 . - @ Non-prompt J/w (CMS Preliminary) =
- e Non-prompt J/w (CMS It-’reliminary) = - 6.5<pT<30 GeV/e, |y|<1.2CMS-PAS-HIN-12-014 B
1- 6.5<p_<30 GeV/c, |y|<1.2 cms-rasHINi2-014 = 1— (empty) filled boxes: (un)correlated syst. uncert. N
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Consistent with mass dependent energy loss
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Open charm: R,, and v,

D-meson R,, arXiv: 1203.2160 (JHEP 1209)

<1.2
<
g
0.8
0.6
0.4

0.2

S

_Illllllr

L

SN,

.
~ '+'~'
N~
‘~,
‘o~

~.,

T T T | T T T | T T T | T T T | T T | T T T | T T T | T
e ALICE D°, D*, D™ average, lyl<0.5
'_‘ \ Pb-Pb, \syy =2.76 TeV ]
: \ Centrality 0-20% -
i \'-,‘ WHDG rad-+coll ]
2\ % — . . POWLANG ]
[ Cao, Qin, Bass _
ET MC@sHQ+EPOS, Coll+Rad(LPM) ]|
© mimimm BAMPS i
----- TAMU elastic -
o

2

4 6 8 10 12 14 16

P, (GeV/c)

* RAA of D —similar suppression as light flavor
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* Non-zero D v, — interactions of the c-quark withing thermal bulk (TBC)

* The simultaneous description of D meson R,, and v, needed

SLAC 43rd Summer Institute
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b-jet suppression

Phys. Rev. Lett. 113, 132301 (2014)

CMS \'Syn = 2.76 TeV

1 _2 B T T | T T T T T T T T | T T T T ] _I T T | ' T TT1 | ' T TT1 | ' T TT1 | T T | T TT | T T | T T | T l
- 0-100% mi<2 9 ' Pphys.Rev. Lett. 114 (2015) 072302 |
1 P PRRORPPRORRY ) ] - ]
I PbPb, 150 ub™ i | e ATLAS 0-10% Pb-Pb \'S =276 TeV Il < 2.1 |
0.8 PP >3 pb 1T Inclusive jets 7]
< - : - 1
o 1 , ; -
© ~ B ——i + N
& = — — — == e = = = = = = = - = =
4 - o ._._.'_._' i
0.4 — — —
- pQCD: PLB 726 (2013) 251-256 - - -
. B =138 1 - i
0.2 I g™?=20 1 ]
i B =22 1 T 1
O_|||||||||||||||||_ _|||||||||||||||||||||||||||||||||||||||||T

100 150 200 250 50 100 150 200 250 300 350 400
b-jet pT (GGV/C) pT (GeV/C)

Similar suppression for b-jets as compared to inclusive jets
Consistent with the expectatioh='e-1655 iHdependent of mass at high-p



E’)Zcracting jet transport coefficient from

jet quenching at RHIC and LHC

arXiv:1312.5003
Phys.Rev. C90 (2014) 014909

Evaluatlon of qhat ina perturbatlve framework based on inclusive hadron RAA

. OMS (0 5/)
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Considering the variation of the ¢ values between the
five different models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained

by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q _[46+12 at RHIC,
T3 7| 3.7+1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for ¢ for a 10 GeV
quark jet are,

T=370 MeV,

. _f12403
~ T=470 MeV,

2
19407 GeV*/fm at
at an initial time 79 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained

in CUJET, MARTINI and McGill-AMY model. The HT

RHIC ~ 25% uncert. LHC™~ 37% uncert.
Excellent progress within the last few years.
0. 5 Next steps: use full jets, jet structure, .

T (GeV) SLAC 43rd summExtraction of ehat with (new) HF data
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Quarkonia in QGP

QGP signature proposed by Matsui and Satz, 1986

In the plasma phase the interaction potential is expected to be
screened beyond the Debye length AD (analogous to e.m. Debye
screening):

Charmonium(cc) and bottonium(bb) states with r > AD will not

T/Te (e [fm]

2 Y(1S)

*(1P)

J/p(15) Y'(2S)

% (2P) Y"(39)
x(1P)  w'(25)

Mocsy, EP] C 61 (2009) 705

secondary production
vid statistical combination

thdymal suppression
of primary produgtin

bind; their production will be suppressed (qgbar states will “melt”)
g 1 e s :@
> 0.6 I X (0.59 fm) ] @
«< i ]
05 | ’lg(/’(o.ss fm) E
04 [ K% Debye length from lottice QCD . E
- : =
. o / W (0.29 fm) E 2
- ] &
C ] e 1
0.2 ] g
i 6%\ T (0,13 tm) ] 3
01 f - E
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0 | | v e v b v b e b 1y =3
1 15 2 25 3 35 4 45
1T,
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Linergy Density
Charm Density
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ALICE Coll. PLB 73/(2
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Recombination needed to explain

Rypat the LHC
I/ re-generated at low-p;

High-p; J/1 suppressed (LHC & RHIC)
Strong suppression in central as
compared to peripheral collisions
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Suppression vs. binding energy of quarkonia

E 1 .4 i I | 1 I 1] I 1 I I 1 1 I 1 I | I 1 I 1 I 1 I 1 i
T [ CMS Preliminary 0-100%
1.2~ PbPb\[s\, = 2.76 TeV ~
b i
e Inclusive ¢ (2S) (6.5 < p, < 30 GeV/c, lyl < 1.6) i
08 - v Y(3S) (lyl <2.4), 95% upper limit N
L4 Y(2S) (lyl <2.4) -
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Au+Au 0-80%

|

initially produced [31]

coalescence from thermalized c€ [32]
initial + coalescence [34]

initial + coalescence [35]
hydrodyqamic [36] 1

0 2

4 6 8 10
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Rys (0-20%)

Regeneration < J/ flow?

® MB Trigger

.+_
O HT Trigger AutAu— Jy @ 200 GeV
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1 I

0 . L e ‘ ]
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STAR, PRL 111 (2013) 052301, PLB 722 (2013) 55, PRC 90 (2014) 024906

S 0.3r

| = Y. Liu et al., b thermalized
Fommma Y. Liu et al., b not thermalized
X. Zhao et al., b thermalized

0.2
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® ALICE (Pb-Pb y\s, =2.76 TeV), centrality 20%-60%, 2.5 <y < 4.0

|

I

~ « STAR at RHIC:

* Expect ]/ from regeneration to exhibit
similar elliptic flow as D mesons

» no significant elliptic flow

‘e ALICE at LHC:
» hint at 3 GeV/c

smo.b (s)ubs

» local significance 2.2 0

"I—IIIIIIIIIIIII
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* Does one point really make the difference?

T2 3 4 5 6 7 pfs{‘éce%ﬁg)ggmme”mm“te » More data will bring the answer
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J/ and (2s) in p-Pb (and d—Au at RHIC)

£l RHIC

g 08l LHC

< o7t +

zoef LHC

gj 0.4 arXiv:1405.3796 (JHEP 1412)

Fo [0E)/00)]py _ |
o1 [1(25) /Y (15)]pp
o

mult
pPb’

Q

and d-Au puzzling

ycms

e Suppression pattern of Y(2S) in p-Pb

n:14_

 Model w/ co-mover interactions +

EPSO9 agrees with ALICE and PHENIX
a final state effect for y(2s) (?)
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Summary

Note: not all the topics where covered

QGP is a strongly coupled; almost perfect fluid with the smallest n/s of all known
materials

It is hot — it dissolves quarkonia states — according to their binding energy

It is dense — it is opaque to high-energy partons and modifies their structure
transporting the radiated energy to large angles; lost energy depends on the traversed
path length (jet v,>0)

Charm quarks flow within the medium (strong input for understanding of medium
transport properties — thermalization and elastic processes)

First indications that charm quark looses more energy than bottom quark — a predicted
mass dependence of energy loss

Signals of collective phenomena seen in AA also present in high-multiplicity pA
collisions — signal also in pp collision - unexpected; however, droplets of plasma where
mean-free path is much smaller than the system size are possible

SLAC 43rd Summer Institute



RHIC and LHC outlook

Kinematic reach: Now and tomorrow()

Figure by G. Roland

()Artist’s impression

[ 1 RHIC today .00 i LHC today RHIC tomorrow LHC tomorrow

I I I I | I I I I I I I I I I I I I I
- 1 d e tennsernnnsssnnnsssnnnassssnnsssnnnsssnnnnsssnnnn . Hadrons
! —— S g Jets
g Teessanannasansanasansanaasanannd D mesons
) Trensasansasanaanassnsansasanannd B mesons

.................................... b Jets
— DUetS (pT,1)
:‘.;.p Ensemble-based | s +i y
(b) measurements S E y+jets (pr¥)
. | and x+hadron _
-+ correlations Z0+ijets (pt?)
» | | add low pr reach
- Double b-tag (pt.1)
| | | 1 1 | | 1 | |

10

10°



ADDITIONAL SLIDES



66

Key physics Runl1+Run2+Run3

light/heavy-quarks within the medium

Physics problems

* Dynamics of jet quenching:
detailed features of radiated
spectrum depends on properties
(density) of the medium and type of
the probe

e Thermalization mechanism:

dynamics of soft quarks interactions
with the bulk (via multiple
scatterings) depends on quark-
medium coupling, transport

properties (temperature, viscosity) of

the medium

Investigations/sensitivity

Flavor in jets - complete-z spectrum:
parton dependent energy loss;
energy dependence of e-loss — jet collimation

flavor & color in fragmentation — dynamics — formation time —
(de-)coherence in modified parton shower

gluon splitting vs. in-medium modifications of angular ordering

Flow of quarks:
collective behavior / flow vs. L/H flavor energy loss
*  more differential studies — initial conditions (fluctuations)

Baryon to meson ratio:
*  collective radial expansion of the medium (L/HF-bulk coupling)
recombination/coalescence; in/out-medium hadronization (?)

The factorized picture is an oversimplification — separation of scales is wrong or
approximate at best —the measured interplay carries profound impact on theory —
an ultimate reason to make these measurements

The window of opportunity for Lisaun=<2; for.H.is run-3



More from ALICE!
Ultra-Peripheral Collisions

* Coherent J/1p photo-production
(PLB718 (2013) 1273, EPJC 73 (2013) 2617)

- Countsvs M

;: E Counts VS M“ 6 TeV é 8 It
* First measurement of exclusive p° g n AICEPeimnay 8 75 ] AUGE Priminary
;% 200- Ny, = 27392 290 001 § 6_ Coherent enriched
. i my,, =3. +0. 5 L sample p_<0.15 GeV/c
* First measurement of {(2S) Oy = 0024 £ 0001 » | Lo
photoproduction in a nuclear = 3054 £0013 | Eo
target ooy b J )i :
o Tt 1 I
- f ‘T‘\m Y W i
- W(ZS) 9 I+| 02%=?SZi;L“32 34 w 853 l3-5ﬁluﬂﬂa HM‘IJ‘ I fGE VC§)5
MAGeV//e?) pou e (GEV/
— 2S) 2 '+t ~ F
w( ) -g 1.8 Pb+Pb — Pb+f do(W(ZS)/dV VS Yy \LICE Preliminary
:_g‘ 1 ;_ - 5:2214 = stat’ + syst’ ".‘ o gell:nyl::tr Approximation
e Strong model constraints 8 T e nusves s ", B
1.2 - — STARLI?HT No Nucl. Eff R "\, ='S‘;:::;'ha::4;:na
— Strong shadowing disfavored 1E T commosmasoms 4 7 N Y
) 08— A NS
— No nuclear effects disfavored 06 F o Coomteseseshas. i N
04F 27 S cvengoras o 10
02f S

Talk by Christoph Mayer I e e e
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Flow — Higher order terms — RHIC and LHC

I ) | ALICE Pb-Pb 5, =276 TeV, <08 [ Vo V3 Vyy
@ ® A ALICE {EP,|An>2.0}

O O A PHENIX {EP, IAn>2.75}

- PHENIX Au-Au ys, =200 GeV, Inl <0.35}

Q
¢ 0 B _
0.5L @ Va(ALICE)/fit ov,(PHENIX)/fit | m v, (ALICE)/fit Ov,(PHENIX)/fit | AV, (ALICE)/fit A v,(PHENIX)/fit
.01234567005115225335005115225335
P, (GeV/c) P, (GeV/c) P, (GeV/c)

Similar magnitude of vn at RHIC and LHC
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63 How to measure the dimensions of a source...

- interferometry
A Two particles emitted from two locations (A,B) within a single
—. source.
sl i These two are detected by detector elements (1,2).
= E A= i (eikiu("l —7,)" eikél("z -7)" + eik,'“ (n-1,)" eik‘zu (r-1,)" )
J2

quantum phenomenon: enhancement of

correlation function for identical bosons I - ‘A|2 — 1 + %i(kz —k| ) (?'a =1 )# +o.c }

from Heisenberg's uncertainty principle

The intensity interference between the two point sources T, sons [ETAR pretiminany]|
is an oscillator depending upon the relative Ed . 1o, .
momentum q=kz-k4, and the relative emission e o oo | .
position! Lo ko T f | iy

Y o InT /03 3 dN _ ¢ ®
(_'(p P ) _ blb}d.\‘ "."(d pld ])‘2) EPFI) = /d-ll S(z,p) :Ezls ¢ .. [S. Bekele, SQM2003]
b2 = TE1dN [ dpy)(E2dN [dPpg) | | AL
T ety
Correlation function summed incoherently (integration over all pairs of source l
points) in a function of 4-momentum sums and differences (g,k) - extract
source dimensions:

C(g,K) =12 A(K)expl- R*(K)g? - R*(K)q? - R*(K)q?)

SLAC 43rd Summer Institute



/70 How to measure the dimensions of a source...
- interferometry

Two particles emitted from two locations (A,B) within a single
source.
These two are detected by detector elements (1,2).

-
-
-
-
-
-
-
-

-~
"

~
-~
~
~
-
-~
.~
~

ikf' (r =1, )" kS (ry =1 )*

”

ikl (r-n,)" ks (ry-r, )" )

First used with photons in the 1950s by astronomers
Hanbury Brown and Twiss - hence HBT measurements in

quantu
correla

E1EqdN [(d°p1d°p2)

Ep—e =
CP1P) = N B (BadN ). 7

0z 03 04 05 06 07
M, (GeVic *)

Correlation function summed incoherently (integration over all pairs of source
points) in a function of 4-momentum sums and differences (q,k) - extract
source dimensions:

C(g,K) =12 A(K)expl- R*(K)q? - R*(K)q? - R*(K)q?)

SLAC 43rd Summer Institute
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LHC beam asymmetry (E,,=1.58°A TeV, E =4 TeV)
= |AY| s = 0.5 Log(Zp,A/Z,Ap,) = 0.465 in the p-beam direction

cms

.....
SOSIN

, S\ Pb-going direction s uan. | P-going direction
Pb(1.58 'l'e\l) \

(bkwa rd rapidity) (foa rd rapidity)
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72 Jet guenching: recoil jet suppression via leading
hadron azimuthal correlations

rLeadingparticIe 4< p "€ <6 GeV/c .
p;5%°¢ > 2 GeV/c .
o d+Au FTPC-Au 0-20% .
i ~ 02— ] —
Correlation - 4 i ' i
~180deg > - T * Au+Au Central .
l g o] L T i
3 aé 0.1 =
\ = L ]
\ Z | ]

- |
othe :
ool by by by by by

-1 0 1 2 3
_ _ L Phys. Rev. Lett. 91 (2003) 072304 )
Intermediate pT di-hadrons: Strong modification of ppys Rev. Lett. 97 (2006) 162301 A ¢ (radians)

the recoil-jet indicates substantial partonic
interaction within the medium -> quenching

High-pT di-hadrons: Selection of non-interacting jets

=> Limited sensitivity to quenching details

SLAC 43rd Summer Institute



/3

Focus on the ¢ meson

Flow and particle mass...

arXiv: 1404.0495

Pb-Pb: p/¢ ratio vs p;

* Pb-Pb: Hydrodynamics + hadronic 2 oo hdad g
i 10 7
rescattering & v, s | + 20-40%;
80-90%  sf = 60-80%1
) [ v 80-90% ]
* v, at low p; follows mass ordering o :
* v, at high p; close to p in central and 0-10%  t
close to t in mid-central 1 ﬁ _:
. Pb-Pbm=2.76 TeV |
* In central collisions p and ¢ p; ) SR S N RS
spectra: similar shape up to ~4 GeV/c p; (GeVic)
e As e)l(pected f:;m radial flow [l p-Pb: p/¢ ratio vs p; [
e Similarin p-P s ® 1[(b) 7 ] ¥ VOA M:ﬂ?’pﬁcui{;LEQ:r:t’cTé;se; (Pb-Side)
2 @,M"g“ - '@ﬂ \_ :gbﬁ% —
5 ; 10 60-80% :
* Mass (not number of = ® < :
. . . 107F N 7 T L ]
constituent quarks) ismain | * centraityo-10% |  f -
. ® p/m ] 0-5%
driver of v, and spectra j o pmeme o :
in central Pb-Pb COIIiSionS A ; 'q){n': Xzs - -"1' L ~é 2:_ Uncertainties: stat. (bars), sys. (boxes) ]
p_ (GeV/c) N T S R S
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Ratio of conditional yields: 1, ,

Conditional yields in AA divided by yields in p-p

é B | T T T I T | T I T | | I T T T I 1T [ T | | I T T T I | T T I | | T I ]

—_— -~ Near side ALICE preliminary 1 Away side ALICE preliminary

2‘5__...8...(.3.@\/.[9.5..pmg.s..lfzﬁ&\/../g ............... MY o SAp— —+- fGoVicsp SI0GeVIC . D S Py N

" | m 0-5%/pp mi<1.0 T | m 0-5%/pp mi<1.0 .

B Pb-Pb 2.76 TeV T Pb-Pb 2.76 TeV 7]

2-0 __ A 60'90% / PP [ ___ A 60'90% / Pp e ]

1.5 — N ]

1.0F + -]

0_5__ ........... S I et o S — ]

— Points: flat pedestal T Points: flat pedestal

~ Line: v, subtracted E | Line: v, subtracted -

0 0 B | ] | 1 I ] ] 1 I ] ] ] | 1 1 ] | T [ ] ] ] | ] 1 1 | ] 1 1 | ] ] ] | ]
2 4 6 8 10 2 4 6 8 10

pT,assoc (GeV/C) pT,assoc (GeV/C)

Central events

Near side slightly enhanced 1,, ~ 1.2
Away side suppressed |,, ~ 0.5-0.7
stacasrd summyititRerein v3 of same order

Peripheral events
I,, consistent with 1

v2 contribution small except the lowest



LHC pA: no nuclear effects at high-p;

* R,pp(Or Qp,) consistent with unity for
— Jets and charged hadrons
— D-mesons and HF-decay leptons
 Measurements consistent with pp:
— di-jet k;

arXiv
arXiv
arXiv
arXiv
arXiv

: 1503.00681

: 1503.03050 PLB 746
: 1405.3452 PRL 113

: 1405.2737 EPJ C74
:1210.4520 PRL 110

— Jet structure (cross-section ratios with different R) and
baryon/meson ratio in jets (indep. of event multiplicity)

— D-meson — hadron correlations

Next: news on selected pA results...
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J/Y in pA collisions

R,pp ClOse to unity at backward (Pb-going) rapidity
CNM effects at mid- and forward (p-going) rapidity

0
%1 4 p-Pb \s,,= 5.02 TeV
Ay ' ALICE (JHEP 02 (2014) 073): inclusive J/y—u*W, 0<pT<15 GeV/c
Lin (-4.46<y __ <-2.96)= 5.8 nb™, L, (2.03<y__<3.53)=5.0 nb"’
1 2 ALICE (arXiv:1503.07179): inclusive J/y—e*e’, pT>0

L (-1.37<y__ <0.43)= 51 pb”

int

global uncertainty = 3.4%

EPS09 NLO (Vogt)
CGC (Fuijii et al.)
ELoss, q,=0.075 GeV?/fm (Arleo et al.)

EPS09 NLO + ELoss, qo=0.055 GeV?/fm (Arleo et al.)

o

IN
@

2 1 0 1 2 3 4
ycms
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? & | ALICE, p-Pb (s =5.02 TeV, inclusive Jiy |
G 15F J&L E
\L 555

2-10%

J/ vs. p; and event activity

Pb-going

p-going

- eSS
NN\

05 _ 2-10% ZN

|

"\ Eloss (Arleo et al.)
CEM + EPS09 NLO (Vogt et al.)

-4.46<y_ <-2.96, Pb-going direction

e T
i AT

L R
1__"'

\

N

05 :_ 40-60% ZN

N
s

Submitted

to arXiv -

1 2 3 4 5 6 7
pT(GeV/c)

8”
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J/ vs. p; and event activity
Pb-going

P-goiNng
g o _' T -' ! _ T T ) T ] T T T T T T T T
2g - ALICE, p-Pb \'S\n = 5-02 TeV, inclusive Jhy - Eloss (Arleo et al)
G 15F % @ + CEM + EPS09 NLO (Vogt et al.)
2-10% |7 e A

Large CNM effects in most “central” events

a No effects when event activity small (“peripheral”)
p.-broadening due to CNM ?
Indication of harder p; at forward rapidity [not shown]
Q15 1 :

0.5 _ 80-100% ZN
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Classification of HI collisions — centrality

Peripheral Collision Semi-Central Collision Central Collision

central collisions:
small impact parameter b
SpeCtatOrS - high number of participants
Lo - high energy density
Participants - large volume

aka wounded nucleons -> large number of produced particles

peripheral collisions:
large impact parameter b
- low number of participants
-> low multiplicity

Impact parameter b is measured as:
Fraction of cross section “centrality”
Number of participants
Number of nucleon-nucleon collisions

SLAC 43rd Summer Institute



80 “Centrality”

— experimental control of collision geometry

How can we measure impact 5 o o -2
. . « e 8 5000 -
parameter in heavy-ion collisions? s|
=> Correlate observables g ool -
connected only by geometry < ool
L% 0- PR T 510. PR ,1(1)01 PR

Collision in Energy in the forward region
transverse plane £ | @ CMSPbPb\5,,=2.76 TeV
% 10" Minimum Bias Trigger
y é § e ot Troger Cross-section
E 107k | fractions
_8 3 5
c .re:
E107 [y |
g 5 ?53
X glo" 3 E
A
L — ———— o
10° ~

0 720 40 60 80 100 120 140 160
Characterize events via percentile (fraction) of inelastic Sum HF Energy (TeV)

cross section (jargon: “N% most central” CI) @ O
SLAC 43rd Summer Institute Eﬁﬂﬂhﬁ:al Cennal
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o 0 0 7)
Calibration” measurements

Bjorken energy density: Bjorken energy density x formation time
20
e, AET 1 | dE . ®ALICE
) P - WCMS ,
T R T: dy '5 15— X RHIC =
/ \ NE : O 8PS ¢
R~6.5 fm Time it takes to S
] : o 101
thermalize system o
(t, ~ 1 fm/c) o
~ uJ&JE S * ¥
L C * ¥
*
— — > nR? I x ¥
— — 0 aaal el il
P 1 10 100 1000
—— \ Sy (GeV)

SLAC 43rd Summer Institute



32
Baryon/meson “anomaly”

2.2
oxm - |y|<0.5 STAR: Au-Au at |s,=0.2 TeV
1< 2 :_ B AKQ0-5% o~ R/KS 0-5%
o 1.8¢ -8 MK 60-80%  -o- A/Kg 60-80%
oo ik
2 O I% ALICE: Pb-Pb at |s,,=2.76 TeV
1.4F ﬁ" —4— MK 0-5%
1.2 :— Hﬁ ¢ —4— MK 60-80%
1 f— d] qj \‘}.\ systematic uncertainty
B l# (JP Theory 0-5%
0.8 - “ 'y, —Q@—  —— Hydro VISH2+1
06 ;_ %@ ’ -_- -_- Egc(:;nsmblnanon
ol iﬁL{ o
0.2F e oo
F 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1
0
0 2 4 6 8 10 12

P, (GeV/c)
* Integrated ratio independent of centrality (L/K° ~ 0.25)
* Intermediate p;: A/K° ratio enhanced in central Pb-Pb
e consistent with radial flow
* High-p;: ratio consistent with vacuum-like fragmentation.

SLAC 43rd Summer Institute
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A/KO in jets and underlying event

] AR IR I IR ML I IR IAF
A/K in jets and UE separately consistent = 2ZEpsesmsem Fuccmmi a3
. 1.8F ~=6080% =+ [ 80-90% 3
with vacuum 1k ﬂ&a& :
Baryon/meson enhancement is not 12F ¢ 1 E
. . 0.8F = | 9 3
associated to jets => feature of osE %E‘H.. k3 }*as,%_ ¥ ;
underlying event p-Pb collisions Y N B R S
oo T 1T T p; (GeVic)
- p-Pb {/5,5,=5.02 TeV Pr>10 GeVic . Detector acceptance

(A+A)/2K
o
(0]

.8 0-10%, VOA Multiplicity Class (Pb-Side) -

-

i Hﬂ» Charged jets, anti-k |
0.6 -H— In,,|<0.75-R~
I ‘H‘ M .1<0.75 |
0.4 —B— -

ALICE Preliminary
. PN PP B BPEE | 1

> 4 6 8 10 12

3rd Summer Insti
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J/p Ryp from R, and Ry,

Hypothesis: X’ similar in Pb for Pb-Pb@Vsnn=2.76 TeV and in p-Pb@Vsnn=5.02 TeV; factorized shadowing

a _
5 1 4 [ AUICE inclusive Jhy—ys 1 .4 [ ALICE inclusive JA) — e'e’ arXiv:1503.07179
o . I . .
c [ @ A, (2.03<y_ <3.53)x Ry, (-4.46<y_ <-2.96), |'s,, =5.02 TeV [ @ R2,(-1.37<y__ <0.43), s, =5.02 TeV
% ; 1.2 " m Repps (25<y cms<4)’ \'Syn =2.76 TeV, 0-90% '+‘ ) | m Rppro(ly. 1<0.8), m =2.76 TeV, 0-50 % (J H E P 1506)
@ 0 (Phys. Lett. B734 (2014) 314) C
&CL —
X

forw
pPb

N § | A e i Egaasasseeeee i1 BT I
J&gﬂ@%b)fwx(p-l)b)bw o a

0.6 — -
0.4F _E_T’%PEF $

- fw-rapidity

- mid-rapidity

0 1 2 3 4 5 6 7 8 O 2 4 6 1(

|
8
P, (GeV/c) P, (GeV/c)

CNM R,, constructed with R, (y>0) x R ;. (y<0)
Pb-Pb R,, dominated by final state (QGP) effects

SLAC 43rd Summer Institute
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10

Pion/Kaon/Proton p; spectra
in pp and Pb-Pb

Radial flow (mesons — protons — mass dependence)

1o‘ll IIIIIIIIIIII'II[IIIII IIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIII TTT IIIIIIIIIII TTTT TTTT IIIIIIIlIIIIg
§y=2.76 TeV -
° s
ALTGE * 0-5% Pb-Pb :
10° PRELIMINARY E|
., * 60-80% Pb-Pb :
10 o %, =
» pp(Scaled, N ) > 3
i -
10" e i
E
L ] . . ° . " M[;E:J ) E
10°® —.— . ] ° =1 e .
= . L cw @ . g
== =] -
: b - * I:.:IIZQZI ﬂ]. D:I:l:] ¢
(= =3 [ P ] |!]C.:|
B I:::: * o .
10" T+ T == + K‘ S +D = =
E + p+P T
10ASIIIIIIIIIIIIIIIIIllIIllllIIlllllll
0 1 2 3 4 5 6 0 2 4 5 6 0 1 2 3 4 5 6
/ P, (G
Baryon/meson anomaly Jet quenching / modifications
- Radial flow / recombination? of jet fragmentation?
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36 Thermal equilibrium...

Chemical and kinetic freeze-out

- 1T - 2
Chemical equilibrium: n° =8 [ p dp
- correct relative particle abundances? Y = e(E‘”BB""‘fo‘”J*I it +1
- large system -> Grand Canonical ensemble: many
particles; conservation laws on average - chemical
potentials The ratios of produced particle yields
- small system -> conservation laws E-by-E -> “canonical between various species can be

suppression” (strangeness) fitted to determine T, L.

Kinetic equilibrium - radial flow:

- for any interacting system of particles expanding into vacuum, radial flow is a natural consequence.
During the cascade process, an ordering of particles with the highest common underlying velocity at the outer edge
develops naturally
Hadrons are released in the final stage and therefore measure “FREEZE-OUT” Temp. - instructive simple parametrization -
radially boosted source with velocity 8 and at y=0:

3 3 3 y iy cosh{y)/ 1 Cm’ Sinh COS}1

AN g N AN pt e L AN o1 (Pr (p) e s (p)
_ -1
1 dN 2 o 1. ( P2 SR(P)) - (m; cOSH(p) p - tanh™' (4.,
Simple assumption: uniform sphere of = .~ " “j:’ My Lo T 1 T
radius R and boost velocity varies S Blast Wave model
linearly w/r: p(r) = tanh“L X i)ﬁ =>common T and
SLAE 43rd gﬁ mer Institute

— B E—



37

10"

|dentified particle spectra
and radial flow

Kex K p
e & ALICE, Pb-PD\S,

=2.76 TeV

O PHENIX, Au-Au, \s,,, = 200 GeV
*  STAR. Au-Au\s,,, = 200 GeV

Stronger radial flow at the LHC.

“Blast wave” fits to spectra indicate an
increase of the average radial boost velocity
up to (2/3)c and a decrease in the kinetic

SLAC 43rd Summer Institute

...
v e, freeze-out temperature at about 100 MeV
.0“ ‘“‘o..‘ @
Jor— S * e
-4 o L '*. ¢ L
- “e =~ 0.2
...00“"""””031.,.-, % Au-Au | 0.2 TeV, =, K | '
° o s PP, 02 TeV, T, K, p
* BU0pp, T e S et
-0y "‘30 2 015k Pb-Pb, 2.76 TeV, =, K, p ol
J\jﬂ - .‘ - -
On o “
) L .
o 0.1F -
D 'Yf'
e 0.05 -
_— L l L l I _— L l 1 I J
0.5 1 1.5 2 2.5 <
1 1
p_ (GeV/c) 0g 0.2 0.6
<p> (c)
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I/ Ry, — closer look at low-pT

<8 - L
Q:< . ALICE preliminary S 7000~ e
R 56000}~ - -
Pb-Pb, s,y =2.76 TeV,25<y <4 5000 - T
or 0=p_<03GeVic globalsyst==15.7% §4000§ ++ Pb-Pb |s,, =2.76 TeV
4r 03=<p_<1GeV/c globalsyst==x15.1% 33000E el
= 1<p_<8GeV/c global syst==+11.5% g 20005~ 0-10%
3 T 0C 1000} -
E+ ALICE preliminary

Common global syst = + 6.8 %

70-90%

OS dimuons (data)

Coherent photo-produced J/y

B,

1 —
0-8-§ g 06 08 1 T2 14 18 18
0.7-%F % p. (GeVic)
0.6F i
0.5F ) - p; spectrum similar to
04 L 111 | L 11 1 | L 111 | L 111 | L 111 | L 111 | L 111 | | 1 1 photo-prOduction known

0 50 100 150 200 250 300 350
SLAC 43rd Summer{ns@[ﬁart >

in collisions with b > 2R




9 Jet measurements - new observable: hadron-jet
coincidences

* Observable: hadron-triggered semi-inclusive recoil jet
distribution

— Calculable in fixed order pQCD
— Recoil jets unbiased

Recoil jet(s)

— Removal of uncorrelated jet background on searcharea
ensemble-averaged basis via difference of triggered '
distributions: A

— No selection bias due to bkgd removal; jets Trigger 1
particle
measurable over broad range of R and p-

recoil

— Systematically different measurements as compared
to other experiments/methodologies

1 dN.h—signal 1 dN.h—ref

jet jet

A il pT7jet — B
reco ( ) Ntrig de,jet Ntrig deajet

SLAC 43rd Summer Institute
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h-jet at the LHC: Recoil jet spectrum

arXiv:1506.03984
1.8 L R R RN RN RN RN

A 10gr— 7T T T T T E < :AIL|CEI ]
S - ALICE i 0-10% Pb-Pb ys, = 2.76 TeV1 E B 16 0-10% Pb-Pb {5 = 2.76 TeV -
© 1e :  Anti-k; charged jets, R =0.4 3 a ® [ Anti-k; charged jets, R=0.5 .
g C .7'L'—A§0<06 7 <] 1.4 T - Aw<0.6 -
§ 107g | OTT{8,9) E 8% L TT{20¢50};TT{8 9} -
83 i Integral: 1.644 = 0.005 ] a8 12 ’ ’ Pb-Pb E
© Fin-2 : . 20 C pp 7
Z| Q10 i T ¢TT{20,50) E °—<]L Y =
© UB E § : -@— |Integral: 1.651 = 0.009 il N ° ]
S10°E i e - < o8 % =
ge) E E : .- E < F 8 E

o f i <+ ] — s £ $ +

| = 10—4? E -0 — O6j B
z 107 : o —e— T R N —— + =
10°L] i - - 04 ® ALICE data =
= [ﬁ] :Statistical errors only —{— 3 0 Qi S i Shape uncertainty =
—67| 1 | ' I i coe e b by by by f ) N -% E C I t d rt i t n
""°40 20 0 20 40 60 B0 100 120 bt Eob i, A COretated uncerainy
preco,c (GeV/c) 0 10 20 30 40 50 60 70 80 90 100

T.jet pg}et(GeV/c)

TT{20,50}: 20 < pyreeeriadon <50 GeV/e o A = difference of recoil jet spectra for two intervals of
TT{8,9} : 8« p_l_trlgger hadron « g GeV/c

trigger hadron p; 1 dN 1 dN
recoil -
Ntrig de,trigger TT[20-50] Ntrig de,trigger TT[8-9]

ecoil SUPPressed as compared to pp (PYTHIA)

— Consistent with parton energy loss and out-of-cone radiation

—JL1]

R%Oﬂ JetA—z—»ﬁ Triger o A

R=FTfm X 1 x %
— Radiation out-of-cone is 8 (+2) GeV on average

— and independent of jet p;
SLAC 43rd Summer Institute
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Jet quenching via hadron-jet coincidences at RHIC and LHC

|Au+Au V_N 200 Gev __g s _ 1_8:I TT1T H_II IE TTTT I TTTT | TTTT I TTTT I TTTT I TTTT [ T |||| TTT |:
9.0 <p! <30.0 GeV/c | E'g 1.6~ 0-10% Pb-Pb Sy = 2.76 TeV =
‘ A]et>0 20,R=03 : o2 " 4:_ Anti-k+ charged R=04 E
gy anti-k; - I M m-Ap<06 3
N Y ’—g £ § 100 TT{20,50} — TT{8,9} _‘
\ \ SGeV/c shift” = 58 ]
: N <] e ]
------------ E 1 C 3 ]
E 0.8F £ I B
= =:0%-10% __ _é - g
2 88 60%-80% E < 06F o — ¢ —
© - — stat. error a C é’ .
o 1078 Sl syst. uncertainty = 0-4:_ = ® ALICE data 3
Z“ B : oF S : Shape uncertainty ]
Z 107k STAR at RHIC ] 02: 81 [ Correlated uncertainty
il | | _|||||||||l||||||||||||||I||||I||||I||||I|||||||||—
i ' 00 10 20 30 40 50 60 70 80 90 100
ch
pT’jet(GeV/c)
v * Larger suppression at RHIC as compared to LHC
' ' . * but similar out-of-cone radiation: 8 £+ 2 GeV

0 10 20 30

T]et (GeV/C) 7;’7R'I““I"“I"“"“"“""“'

t O GLV—CUJET ]

6 W HT-BW i

. . ;o HT-M

* Qut-of-cone radiation at RHIC and LHC s EA Mo ;
e Similar average jet energy-loss at RHIC and LHC? b ls
<t 1%
< weak temperature dependence? 3f <
2 F 1Z

L /T, rl::; - OibT: 276 TeV ]

L N Leff «tbtrbat 2. 760 leVy 1
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o Electron cloud
O

Jet quenching via hadron-jet coincidences ==— "« _

Alpha particle nucleus

_>_R’_
and LHC T
——0
._._\0\
Ratio of A, With different R’s allows to study Ratio of azimuthal correlations is sensitive to medium induced
modifications of internal jet structure accoplanarity and large angle parton-medium scatterings
o~ = [TTTITT [T T T I T I T T[T T T T[T T T T[T T T T[T T T T[T T T T[T T T T[T TTT _—~ 0_1|| L L L L LB LI LI LI
LQ 1.6:_ AL'CE T T T T T T T _: 9_ i AILICEI | | | | | |
S [ 0-10%, Pb-Pb |5 = 2.76 TeV . 2 0-10% Pb-PD {5y = 2.76 TeV
Il 1.4 Anti-k; charged jets — S ~
Ny . AgTo <06 Anti-k; charged jets, R =04
\% 1.2~ TT{20,50} _ TT{8,9} R=0.2 40 < preeod\ <60 GeVlie
§ 1?_ ______________________________________ N [ TT {20, 50} TT{8,9}
< n R=0.5 : 0.05
5 osk 2 i E | @ Pb-Pb: o = 0.173:0.031(stat)+0.005(sys)
S ek 8 ﬁ:# - - M PYTHIA + Pb-Pb: ¢ = 0.164+0.015(stat)
Il s = . L
m B % i
—= %4 £ e ALICEdata E -
8 B s Shape uncertainty . 0 = 3k
o 0.2 5 : [ Correlated uncertainty ]
g | £ | W PYTHIA Perugia: Tune 2010 & 2011 - 1 1 1 | | Stfﬂsﬂca'le"ms ?“'V
|||||||||||| ||||||||||||||||||||||||||||| L1 11 1 11 1 11 1 11 1 111 L1 1 L1 1 11
% 10 20 30 40 50 60 70 80 90 100 16 18 2 22 24 26 28 3
h . .
P?iet(GeV/C) Azimuthal correlations: Ag
Measurement’s with different R: * No medium induced accoplanarity
« Consistent with pp reference (consistent with CMS and ATLAS)

Unique limit on rate of Moliere scatterings
— sensitivity to medium homogenity
going discussion with theorists)

* No jet structure modifications within

uncertainties
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