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http://indico.hep.lu.se//conferenceDisplay.py?confId=1534

LHC run | period (2009-2013) 2

0 LHC 2011 HI RUN (3.5 Z TeV/beam) , LHC 2013 HI RUN (4.0 Z TeV/beam)

10

—o— ATLAS 167.6 ub™!
TD 1601 o~ cMS 1497 ub~! Pbe TD pr PO
3 1 .: [= AR :: amiitie
< 10 = ALICE 143.6 b n < 10t
i) PRELIMINARY )
3 8
c 120 <
E E
= 100} 2 10%°L
o o
g g
s 80 B
g g
S 60} € 10tk H
= = —o— ATLAS 31.20 nb™!
Ee] =
v | x —#— CMS 31.69 nb™!
[l 40 [
> > —o— ALICE 31.94 nb™!
g 20t 8 10 —o— LHCb2.12nb™ 4
- PRELIMINARY
0 1 1 1 1 I
46 47 48 49 04 05 06 07
Week in 2011 Week in 2013
8 including fill 2351 i i

e 2009: Commissioning and first pp data (0.9 and 2.36 TeV)
e 2010: First pp run (7 TeV) and first PbPb run (2.76 TeV, ~10/ub)

o 2011: First pp (2.76 TeV) and long pp (7 TeV) run,
and second PbPb run (2.76 TeV, ~150/ub)

« 2012: Long pp run (8 TeV) and 8 hours pPb (5.02 TeV, ~1/ub)
« 2013: Long pPb (5.02 TeV, ~30/nb) and second pp run (2.76 TeV, 5/pb)
 Mar 2013 — end of 2014: Long Shutdown 1 (LS1)

- Consolidation + upgrade of machine and experiments



(Heavy-)lon data-taking experiments 3

Example ALICE PID capabllltles

1600
- ’ . » ,
T 1400 F | § “"”
© LY e o2
~ 1200 = | % | PERFORMANCE 25
O E! % | 2012007 20 ToF
& 1000 £
c C 0% Fe ]
= 800[ ey T
;—; 600 — g PR e e :
% 400 :i “ee Pb+Pbat276TeV -
L 200k ' :
* ALICE dedicated HI experiment W B L e e 35 4 45 5
Rigidity Z (GeV/c)
_ B} i <
Low-p+ tracking, PID, |n|<1 s0.E, [GeV]
- Forward muon spectrometer a0- Example ATLAS:

Calorimeter coverage

« ATLAS/CMS large HEP experiments 3°§
- Large acceptance, full calorimetry

 LHCD (recorded pPb data)

- Forward tracking+calorimetry, PID




Study QCD bulk matter at high temperature 4

>10 GeV/c

Bulk QCD
matter at high
temperature

Nebula M1-67
(see hubblesite.org)

Momentum transfer

o N

0.2 GeV/c
~10f

Transverse size of collision region



External parameters: Collision energy

Collision energy

T (MeV)
(o]
3

Initial conditions
and freeze-out paths

g | N

1 | ok { 1

Hary Jniverse
250‘» ; ;@,1 ,.yc, ]'J

."ji'j\‘f d 0 4 »

150

100

50

QGP

Hadron Gas

Nuclear
* Vatter

Vacuum

0 200 400 600 800 1000
ks (MeV)

 dN/dp, (mb GeVi/c)*
© 4 5 o

1/2m 1/,
> © o o

ey
o

Ratio of “soft” to “hard”

Processes
l Drees, QM 01
CDE © 1800GeV
p * 530 GeV
UA1 * 900GeV
o 500 GeV
= 200 GeV
-1 [
-2-
5
4f
51
-6} - power law fit
— interpolation to 130 Ge\-"
-....|....|....|....|....|.--.-"'--..VV
0 1 2 3 4 5 6

p, (GeV/c)

5



External parameters: Collision centrality

Collision energy

10?

10

107

102 Mt L

Nuclear cross-section classes
(by slicing in bins of multiplicity)

50-60%
40-50%

VZERO Amplitude (a.u.)

Cross-section percentile (in %)

Collision centrality

6




External parameters: Collision centrality I

Nuclear cross-section classes Glauber model
(by slicing in bins of multiplicity)
e 5 ' EGlaubér Montd Carlo: Pb-Pb'at ' {$, =276 TeV™ " " (b) T3
o ¢ | B Bewm :
v Glauber fit & Os10% =0 cow .
@ [110-20% .70
olINw %W'z []20-30%  [170-80% =
e : Se, :
1 o _|
3 & o E
107 3 2 .
- ™~ - _
10E i weeew . Tewmsm B
0 5000 10000 15000 20000 T N coadibapl 6 b el L 0 e L B EE ey
50 100 150 200 250 300 350 400
VZERO Amplitude (a.u.) N

Cross-section percentile (in %) <=  Number of participants (collisions)
Via model

Collision energy

Collision centrality



The sQGP at RHIC (Vs ,=0.2 TeV) 8

BNL -73847-2005

Hunting the Quark Gluon Plasma

RESULTS FROM THE FIRST 3 YEARS AT RHIC
ASSESSMENTS BY THE EXPERIMENTAL COLLAB OMNS
April 18,%005

LLAB

PH ENIX BRAHMS
C Brookh al Labo pt: 00
PP—=5" Office of
=24 Science SERooKHATEN

s TR G S

RHIC whitepapers: NPA
757 1-283 (2005)

The quark-g}_uon liquid

Strongly coupled QGP
- Not freely roaming quarks and gluons

- Instead, strongly coupled liquid with
almost the minimum value of shear

viscosity to entropy density ratio (n/s)


http://www.phenix.bnl.gov/WWW/info/comment/
http://www.phenix.bnl.gov/WWW/info/comment/

Lattice QCD: Energy density (u=0) 9

Fodor et al., JHEP 11 (2010) 077
1 I ] | I I 1 1 I I 1 1 1 I 1

SB

Slow
convergence
to ideal gas
(SB) limit

15

What carries

the energy?
Complex bound
states of g and g?
Strongly coupled
plasma?

—
o

| 1 1 1 I | 1 1 1 I | 1 | 1 I l|_-

I 1T 1 I 1T 1T 1 I T 1T 1 I T

200 400 600 800 1000

Cross-over, not sharp phase transition
(like ionization of atomic plasma)

Transition temperature region between 140 and 200 MeV, with
wide range of energy density between 0.2 and 1.8 GeV/fm?


http://link.springer.com/article/10.1007/JHEP11(2010)077

Time evolution in heavy-ion collisions

\Frecafe-OutT At f f /Tfi/ Tch

central region

1,< 1 fm/c

Q A z
2
- .QG
The “fireball” evolution:

* Starts with a “pre-equilibrium state”
« Forms a QGP phase (if T is larger than T )

- At chemical freeze-out, T_,, hadrons stop being produced

At kinetic freeze-out, T, , hadrons stop scattering

fo?

-
2
#
3




Time evolution in heavy-ion collisions 11

Freeze-Out At Tio Ten Te
t T f 94 / Observables

Multiplicity

Particle yields

Particle spectra

E

central region

Transverse flow

1,< 1 fm/c

Hard probes

- |ets, heavy flavor
P . Q y flavor)

Experimental approach is to study various observables
with different sensitivity to the different stages of the collision
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Energy dependence of dN/dn

parf

(dN_./dn)/(0.5(N

o

0o

D

=

pp NSD SppS

pp NSD RHIC

pp NSD FNAL

pp NSD LHC

AuAu AGS

PbPb SPS

AuAu RHIC average
PbPb ALICE (shifted)
PbPb ATLAS (shifted)
PbPb CMS (shifted)
PbPb LHC average

— 0.758%1%3
--==- 0.78InVs - 0.4
--- 0.80s*1°

<e QO

4> ol + >

13

Avg. Pb+Pb (ALICE, ATLAS, CMS)

~SO.15 flt

Previous fit: ~In s

pp (LHC energies)

Central collisions

-
-
-
-

L ‘+|¥ﬁ 1

arXiv:1202.3233
y 3 e ol N

—h

10 102 10°
Centre of mass energy |'s,, (GeV)

Stronger rise with center-of-mass
energy in AA wrt to pp, and wrt to

extrapolations from lower energies
(dNch/dn, . 1600 ~ 2 x dNch/dngc)

~SO.11 flt

ALICE, PRL 105 (2010) 252301
CMS, JHEP 1108 (2011) 141
ATLAS, PLB 710 (2012) 363


http://arxiv.org/abs/arXiv:1202.3233
http://prl.aps.org/abstract/PRL/v105/i25/e252301
http://prl.aps.org/abstract/PRL/v106/i3/e032301
http://www.sciencedirect.com/science/article/pii/S0370269312001864

Energy dependence of dN/dn and dE;/dn 14

PRL 109 (2012) 152303

=~ 10— = — Central coII|S|ons N
E_ -0 44 NSD Arha — 0.75s%1%% _ 12 ~+ FOP, 0-1% AuAu |
< . < pp NSD FNAL ) > _ —« E802, 0-5% AuAu CMS ¢ |
> NSD LHC 0.78InYs - 0.4 © 1ol ol
n 8- 4 ﬁﬂ AU AGS - 0.805%10° (O V[ -+ NAd9,0-7% PoPb A

gf B m PbPb SPS . ~ 8: -=-WA98, 0-5% PbPb -
~ I ¢ AuAu RHIC average Rt = o
£ 6 * PbPb ALICE (shifted) A T LT ERSSSUREA
== [ 4 PbPbATLAS (shifted) e ZE _ —e CMS, 0-5% PbPb
R T N [
T 4 . o Ve =  [--046s22 \5,287Gev P
~ Central collisions {ﬁ@f-:ﬁ £ 4k ol _
Z o o e
2I - 2 ab o -
I arXiv:1202.3233 - -
1 10 10? 10° 1 10 10° 10°
Centre of mass energy | Sy (GeV) \/Sy (GeV)
Stronger rise with center-of-mass (t)= dE,/dn _ 1/ dN _,/dn
energy in AA wrt to pp, and wrt to =T 20y ) ——
extrapolations from lower energies
(dNch/dn, . =1600 ~ 2 x dNCh/dNgc) TE ™2 9XT €y

Initial energy density at LHC (as at RHIC) is well above ¢, = 0.5 GeV/fm?


http://arxiv.org/abs/arXiv:1202.3233
http://prl.aps.org/abstract/PRL/v109/i15/e152303

Centrality dependence of dN/dn 15

® LHC PbPb 2.76 TeV

T 1
Lt

~0[- arxivi1202.3233

m =
2mL i RHIC Au+Au $| LHC Pb+Pb
v 8 avg x 2.14 i ¥ ¥ g ¢ average
= B i * | 4 '
= g o 3
= 6k 14 . 'y ¢ *
© 6__ 11 +++
"'--.: l

&)
2
L=

R

B RHIC AuAu 200 GeV x 2.14

¥ pplinel 2.76 TeV

+a
IIIIJ-

| ALICE, PRL 106 (2011) 032301
_ CMS, JHEP 1108 (2011) 141 A pp Inel 200 GeV x 2.14
| ATLAS, PLB 710 (2012) 363

0 I [ [ ] [ [ I [ ] [ ] [ ] [ I [ ] [ ] [ ] [ I [ ] [ ] [ [ I
0 100 200 300 400

Number of participants ¢ N_. »

Factorization in energy and centrality:

Shape is strikingly similar to RHIC
(holds all the way down to 19.6 GeV, not shown)



http://arxiv.org/abs/arXiv:1202.3233
http://prl.aps.org/abstract/PRL/v106/i3/e032301
http://prl.aps.org/abstract/PRL/v106/i3/e032301
http://www.sciencedirect.com/science/article/pii/S0370269312001864

Centrality dependence of

dN/dn

o

— arXiv:1202.3233

16

—
L))
a |

< | LHC Pb+Pb

v 8 average

o F

S L

:é i

s °r

M — o=

£ F # - ® LHC PbPb 2.76 TeV

% avl s ¥ pp Inel 2.76 TeV

S B -*
S DPMJET IIl Glauber IC +
__ _ shadowin

2 ALICE, PRL 106 (2011) 032301 — HIJING 2.0 (sg=0.23) J
. CMS, JHEP 1108 (2011) 141
| ATLAS, PLB 710 (2012) 363 ~ =*7°" Albacete et al. " EEEIET
I 1 1 I [] 1 I [] 1 I [] 1 I .
0% 100 200 300 400 (saturation)

Number of participants ¢ N_. »

Two-component models need to incorporate strong
nuclear modification. Models based on Glauber
and CGC initial conditions can describe the data.



http://arxiv.org/abs/arXiv:1202.3233
http://prl.aps.org/abstract/PRL/v106/i3/e032301
http://prl.aps.org/abstract/PRL/v106/i3/e032301
http://www.sciencedirect.com/science/article/pii/S0370269312001864

Direct photon production in PbPb
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arxiv:0809.0548

:lIII|I||I|IIII|IIII|IIII|III||IIII|I|II|IIII|||II|IIII|IIII:
_ 2.76A TeV Pb+Pb@LHC _;
= .—. Thermal (FIC, =04 fm) =
;_ — - prompt photons _;
= . —— Compton+annihilation E
;_ r+"‘~.M — Fragmentation _;
EJI['I[II'IJI[JI[JI|IIII|IIJIIJIll||III|JIlJ|lIIl|IIIJ|lJIlE
S 1.0 1.5 20 25 3.0 35 40 45 50 55 6.0 6.5
pp (GeV/e)
Thermal Prompt photons

photons


http://arxiv.org/abs/arXiv:0809.0548

Initial temperature at LHC

B= (/) e (V)

mecC
% 3_[]_ T \!f{ L T 1]
i 0 %ﬁé 0-40% Pb-Pb, {S = 2.76 TeV I
-— L /] —
2 25— ALICE —
“‘g B PRELIMINARY B
= | —#— Direct photon double ratio i
90— == NLO prediction: 1 + (Nw”ydimlpp:NLOf’ydecay) _|
B forn=0.51t02.0 P, ]
15— |
T LRE .
1.0

1 * ]
Excess .

OEb | | | 2| | | | 4' | | | {L’ | | | | | | | | | | | ||2 | | | |

P; (GeVl/c)

e Measure R = (Y/7)ine / (Y/70)me

e Uncertainties (exactly or
partially) cancel in the ratio

Normalization

Photon reconstruction
efficiency

18

,ydir _ (1 o 1/R) /yinc

103E71 T I I T T T I T T T | T T | I T | T T T | T T T 3
19"’: 0-40% Pb-Pb, s, =2.76 TeV .
10 ALICE =

- . PRELIMINARY T

1 —+— Direct photons

E —— Direct photon NLO for p = 0.5,1.0,2.0 p, (scaled pp}j
107 — Exponential fit: A x exp(-p/T), T= 304+ 51 MeV 3
102} te -
10°e= XCESS
10"k
10°%

&

Preliminary

10? L 1 L 1 1 1 L I L 1 1 | L 1 1 | 1 1 | 1 1 | L 1 L

0 2 4 6 8 10 12 14

P, (GeVic)

* |Inverse slope: T=304+51 MeV

- Larger than at RHIC
 T.texpectedtobe>T

But models have difficulties
reproducing the yield !


http://arxiv.org/abs/arXiv:1210.5958

Intensity interferometry (HBT) 19

e Two particles whose production or
propagation are correlated in any
way exhibit wave properties in
their relative momentum difference

- First used with photons by 5 4
Hanbury Brown and Twiss to Cila) = fS(‘”:qW(q”” d'r
measure size of star Sirius q=p,—p, r=r,—r,

HBT, Nature 178 (1956) 1046

 Quantum statistics effect:
Enhancement of correlation
for identical bosons

e From uncertainty principle
- AqAx~1

- Use to extract source size
from correlation function

- Need Aq ~ 200 MeV to be
sensitive to fm scale


http://www.nature.com/nature/journal/v178/n4541/abs/1781046a0.html

Intensity interferometry (H BT)

e In LCMS (p.1+p.»=0) of each pair
decompose correlation function in
three directions

- Longitudinal direction
- QOutward (along kr direction)

- Sideward (orthogonal) direction

Cla)

C(a)

« Assuming Gaussian for correlation 3

2 2 2 2 2 2
Co (Q) x 1+ exp (_RothOut - RSideride - Rlonngong)

 Three components of C(Q)
for pairs of identical pions
In pair transverse momentum

kr = 0.5 (p1 + p2)r
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EHH.':-.E? 3.3, 3.8, 4.3 GeV d}-
:.-'l-. MA4S 8.7, 12,5, 17,3 GeV 1
]

CERES 17.3 GeV

ﬁ 5@%@5 =

[ & STAR&2.4, 200 GeV b) |
r O PHOBOS 62.4, 200 GeV
»

ALICE 2780 GeV

[ —-— HRM

[ - KRAKOW c) ]
[ - —— HEM

— AZHYDRO o

Inten3|ty interferometry (HBT)

From RHIC to LHC

Increase of radii in all directions

e Qut, side and long

21


http://www.sciencedirect.com/science/article/pii/S0370269310014565

——~~10

Rout (fm

Rside (fm)

Rlong (fm)

31

6t

EEH].'::.E? 3.4, $E4‘Gﬂ"|" d}-

i-. MA4D 8.7, 12,5, 17.2 GeV
B CERES 17,3 GaV

e
 STARGZe0GY b
O PHOBOS 62.4, 200 GeV ]
® ALICE 2760 GeV
L
el
} :--:--:-:- ;{::‘;P::'::m:ll: +——t—— :'::::I::
[ -~ HKM _
[ — — AZHYDRO W
[ —-— HRM = o
e
PLB 696 (2011) 328
24 8 8 11n/ 12
(dN/dn)™""

Inten3|ty interferometry (HBT)

From RHIC to LHC

— Increase of radii in all directions

e Qut, side and long
- “Homogeneity” volume: 2x RHIC

3
long ”m }

R

side

2m)*® R,R

6000

Phys. Lett. B 896 (2011) 328 (values scaled)

22

eO%ED» |

E8952.7, 3.3, 3.8, 4.3 GeV
NA49 8.7, 12.5, 17.3 GeV
CERES 17.3 GeV

STAR 62.4, 200 GeV
PHOBOS 62.4, 200 GeV
ALICE 2760 GeV

21

b

500

- Substantial expansion
e For comparison: R(Pb) ~ 7fm - V~1500fms3

e Lifetime (extr. from Riong) ~

1000

1500 2000
(@N_/dn )
[

10fm/c


http://www.sciencedirect.com/science/article/pii/S0370269310014565

External parameters: Transverse geometry 23

Initial state eccentricity

Nucleus 1 Nucleus 2

e

e
w

e
]

o .
TTTT T T TT

= PHOBOS Glauber MC

Overlap (participant) L Ry
region is asymmetric in Number of participants

azimuthal angle

Eccentricity

&

2 2

_ Oy—()x
Estd_ 2 )
Oy+(5x

Collision centrality



How do we prove that we make “matter’? 24

Non-interacting particles Collective expansion

What happens to the shape (eccentricity)
iInformation during the expansion?



How do we prove that we make “matter’? 25

Non-interacting particles Collective expansion

Eccentricity infermation‘is not Eccentricity information does get
transferred to momentum space transferred to momentum space

A dN/do 1 34 AN/de 4

N/ \o”

Flat azimuthal distributi»on cos 2¢ modulation g




Initial and final state anisotropy 20

A dN/do

Nucleus 2 \/\/

cos 2¢ modulation .

Nucleus 1 y

Initial spatial anisotropy: teractions Momentum space anisotropy:
Eccentricity present early Elliptic flow

(self quenched)

O, —0

(O o 0

v,=(cos(2¢p—2W,))

2
b4
Estd_ 2
y

= = N



Measuring the v, coefficient 2/
v,=(cos(2¢p—2W ,))

Af

Need to deal with the reaction plane angle:
Use differences between particles in azimuth
(or attempt to reconstruct it directly)

Two-particle correlations
V,(2}=y(cos(2¢9,~2¢,)) B
e

Can suppress “non-flow” : _ : (Near-side region)
by employing cuts in |An|
If p_ cuts are used:

V{Z}:\/V(pT,l)V(pT,Z)

Recoil-jet
(Away-side region)




Two-particle angular correlations at LHC 28

2 Q-BO% P

et

30_ 40%

Lo

- 50-60%

.-" o -~

ATLAS
2<p_|_trig, pTassoc<3 G eV/C

PRC 86 (2012) 014907


http://prc.aps.org/abstract/PRC/v86/i1/e014907
http://arxiv.org/abs/arXiv:1203.3087

Measured v, vs centrality at LHC

ALICE Preliminary, Pb-Pb events at \[s, = 2.76 TeV
Two-particle Uil
methods I
0.05F EEHEE
| v, (charged hadrons)
L a0 V,{2} (|An| > 0)
- g =0 vo{2) (| An| > 1)
0IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII
0 10 20 30 40 50 60 70 80

centrality percentile

29



Multi-particle correlations: v.{4} and higher 30

(From S. Tuo)

o] o 0O fo) O 0O
o 00 O Oo"'o O 0O
O O O O lo) 0O 0

& “E 7

<€m (=1 ) > <€ (o) P, =3 =y ) >

Four particle correlations (Q-cumulant method):

| } v,{4}=Y

—Cy (4]

2
<€m[qr.'l + ==y ) > _ <€r'n (g =p3 ) ><€i;r! (ga=0py }> _ <€r'n (g =4 }><€i;r! (g2 =y })

Multi-particle correlations (cumulant) studies
extract the genuine multi-particle correlation




Multi-particle correlations: v.{4} and higher 31

ALICE Preliminary, Pb-Pb events at \[s, = 2.76 TeV
Two-particle Uil
methods : 0
Multi-particle L
methods
(diffe_rence betwee_n 0.05 -
multi- and two particle | W s v, (charged hadrons)
correlations originates 'y, 2 v{gz} (A > 0)
from non-flow and e ] V§{2} (|An| > 1)
flow fluctuations) " = o] v,{4)
o (=] v,{6}
L EVZ{B}
ol vy b b b b b L
0 10 20 30 40 50 60 70 80

centrality percentile

Multi-particle correlation v2{n} results converge for n=4,
indicating that non-flow contribution is negligible for n=4



Elliptic flow vs p; (LHC vs RHIC) 32

PRL 105 (2010) 252302

77

S C ALICE

= 02 10-20%

£ ,,F 20-30%

s “E 30-40% 4

= - .

S 015

O n

= C

2 01

Q -

2 0.05

w =
— ] N N 2 2 | . N . 2 | 2 . N . ] 2 2 . N
0 1 2 3 4 5

pt(GeVlc)

Observe v,(p1) e = V.(Pp1)ruic @above 1 GeV to about 5% despite

factor 14 increase in energy, but consistent with hydro predictions!
(Int.v, 30% larger due to radial flow)


http://prl.aps.org/abstract/PRL/v105/i25/e252302

Hydrodynamical model calculations 33

Heinz, arXiv:0901.4355

Hydrodynamics: conservation
8, =1

Generally: PR T .
T = (e + P)u*u” — Pgt¥ + w7, ™,
First order Navier Stokes theory:
o L1/ o

1/ ’ / 2 / d : 5
1y = n(Viu” + V' — SAV u®). |

N: Shear viscosity

3 ¥ —'ﬂ—'—l—'_l—'—
Large shear viscosity — transport (E-3p)T”
of momentum across fluid layers 6 HolQCD
A Laine
' EoSL ----
. Krakow
+ initial + freeze-out + Equation &k |
conditions ~ conditions of State |ENB TMeVT
0 DQ 0800

Today even second order calculations (full Israel-Stewart) calculations done.


http://arxiv.org/abs/0901.4355

Integrated elliptic flow and hydro 34

PRL 105 (2010) 252302
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N . ;‘ﬁ'%{ . vALYZ) ]

Y e Lnzmm vy/s=0.08 (Glauber) ]
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centrality percentile

Measured v, well within the range of viscous hydro predictions


http://prl.aps.org/abstract/PRL/v105/i25/e252302

Identified particle elliptic flow versus p- 35

arxiv:1202.3233

N
> i .
— = ALICE preliminary
B S0.3|- Pb-Pb \s, = 2.76 TeV |
Eccentricity S5 [ Centrality 20-40% + +I '[
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Calculation: - —_—
M.Luzum, - _E S
arXiv:1011.5173 -
1 I [ ] I
% 3 7
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Observed mass ordering in v, due to radial flow
can be described by hydrodynamical models


http://arxiv.org/abs/arXiv:1202.3233

Importance of initial state fluctuations 36
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Higher harmonics and viscosity 37

Initial spatial anisotropy not smooth, leads
to higher harmonics / symmetry planes.

1+®oos =) [+#Qkos [3 (g ]
@ s[4(gp—,)]+ @05[5(@_%)}"‘

1=0.4 fm/c 1=6.0 fm/c, ideal
600

Alver, Roland

500
400
300

200 _h/o
e-by-e hydrg

100

y [fm]
e [fm™

B. Schenke et al.

X [fm] X [fm]

ldeal hydrodynamical models preserves these “clumpy” initial conditions


http://arxiv.org/abs/arXiv:1003.0194
http://arxiv.org/abs/arXiv:1102.0575v2

Higher harmonics and viscosity 38

Initial spatial anisotropy not smooth, leads
to higher harmonics / symmetry planes.

1+®oos ¢ J+#Qeos 3 (g )
@ s[4 g—1p,) ]+ @05[5(@_%)}"'

a4 o~

Alver, Roland

1=0.4 fm/c 1=6.0 fm/c, 1/s=0.16
600 10 12

500 Viscous 10

400

300

200 o
e-by-e hydrB
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e [fm™
y [tm]

o
(o))
e [fm™]

B. Schenke et al.

-10
-10 -2 0 o 10

X [fm]

-10 -9 0 5 10

Viscosity suppresses higher harmonics,"™
— V, provide additional sensitivity to n/s


http://arxiv.org/abs/arXiv:1003.0194
http://arxiv.org/abs/arXiv:1102.0575v2

Triangular flow 39

PRL 107 (2011) 032301
Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)

[ ....v, Glauber n/s=0.08
0.1 ...v,CGCs=0.16

0.05 -

0_?I Ii I | I'I | I | ' .

11 1 I 11 | I 11 1 | | | I I | | L1 1 1 | | I

0 10 20 30 40 50 60 70 80
centrality percentile

Significant triangular flow observed. Centrality dependence is
different to that of elliptic flow. Measurements vs reaction plane
yield zero as expected if it arises from fluctuations.


http://prl.aps.org/abstract/PRL/v107/i3/e032301

Mass-dependent splitting of v, and v, 40

Elliptic flow Triangular flow
= Pb-Pb (S, = 2.76 Tey 10-20% L Pb-Pb |s,,, = 2.76 TeV 10-20%

ool SR b + | " ;

o * J E Ewe

EK 015 Gl
m— s = Glauber (n/s = 0.08)
0.15—
| e eme  eee KLN(s=0.20) *

i 0.1 VISH2+1 PLB 707, 151 (2012)

01—

VISH2+1 (CGC, n/s=0.2)

— (T 0.05 Ay
0.05 —>
Prcssotsos - oALICE | i
% O e J I — Y 0 3
P, (GeV/c) P, (GeV/ce)
e Particle mass dependent o Similar mass splitting for v,

splitting from radial flow

characteristic for v, « Qualitatively described by

hydrodynamical models
e Can be described by (+ hadronic afterburners)
hydrodynamical models

(+ hadronic afterburners) » Provides additional

constraints on n/s



Constraints on n/s from model calculations 41

0.25 . . . 0.25 . .
V2 — | RHIC 200GeV, 30-40% V2 — | ATLAS 30-40%, EP
0.2 ||V3 T | filled: STAR prelim. 02 L i
V4 open: PHENIX
« 015} « 015
< 01} | Z o4l
-t A .--@r‘
0.05 | e W 0.05 |
i
. 2 T ¢
0 - =g = L L 0 - L .
0 0.5 1 1.5 2 0 0.5 1 1.5 2

pt [GeV] pt [GeV]

n/s=0.12aty/s=02TeV n/s=0.2at+/s=276TeV

Model (IP-Glasma) consistently describes
all flow harmonics for a given n/s

(but uncertainty on n/s very large)
Schenke et al., PRL 110 (2013) 012302



http://arxiv.org/ct?url=http://dx.doi.org/10%2E1103/PhysRevLett%2E110%2E012302&v=27695772

Event-by-event fluctuatlons 42
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Flow fluctuations reflect
Initial state fluctuations

ATLAS, JHEP 11 (2013) 183
Schenke et al., PRL 110 (2013) 012302


http://arxiv.org/ct?url=http://dx.doi.org/10%2E1103/PhysRevLett%2E110%2E012302&v=27695772
http://arxiv.org/abs/1305.2942

Tomography of QCD matter

* Hard (large Q2) probes of QCD matter:
jets, heavy-quark, QQ, y, W, Z

43

e “Self-generated” in the collision at proper

time 1= 1/Q2< 0.1 fm/c

 “Tomographic” probes of hottest
and densest phase of medium

“pQCD”
probe out
“pPQCD’
probe in /
>
QCD medium

Modification?

lig ht uark .
(c lor triplet) =
2. Induced

gluon

S .
gluonwfj‘%ﬁqi’ radiation
(color octet Collisional

energy

heavy quagg loss
(slow, triple \QQ~
QQ (slow, . Eady -
single(M’\ Dissociation
W,Z
(no color) ~— Control

|
(no color)

QCD medium
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Fermi National Accelerator Laboratory

FERMILAB-Pub-82/59-THY
August, 1982

Energy loss of energetic partons in QGP:
Possible extinction of high p_ jets in hh collisions

J. D. BJORKEN
Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

Abstract

High energy quarks and gluons propagating through quark-=gluon

plasma suffer differential energy loss via elastic scattering from

gquanta in the plasma. This mechanism is very similar in structure to

ienization loss of charged particles in ordinary matter. The dE/dx 1is
roughly propertional to the square of the plasma temperature. For
hadron-hadren oollisions with high assocciated multiplicity and with
tranaverse energy dE,rp'dy in excesa of 10 GeV per unit rapidity, it is
possible that quark-gluon plasma is produced in the collision. If so, a
produced secondary high-p.r quark or glucon might lose tens of GeV of 1its
initial transverse momentum while plowling through quark-gluon plasma
produced in its local environment. High energy hadron jet experiments

should be analysed as function of associated multiplicity to search for

this affeat. A&n intereating signature may be events in which the hard

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

escaping without absorption and the other fully absorbed.

44

Bjorken, 1982

First idea by Bjorken
on collisional energy
loss in pp collisions!

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.

IN



http://lss.fnal.gov/archive/1982/pub/Pub-82-059-T.pdf

Jet quenching in dijet events (PbPb) 45

04 £ [GeV] ATLAS

Run: 169045

: i Ewvani: 1014004
* Calorimeter Sl
3, Towers Time: 04:11:44 GET

|

At LHC, jet quenching visible in dijet events

For measurement, need quantification




Jet quenching: Dijet imbalance

40 100% 20 40% 10 20% 0-10%

2040°/ " 10-20% \|' 2?’6TeV010f’
] ATLAS

7 E‘ 8] Pb-+Pb ]
++ L=1.7 ub”

40-100%

int™

1
® Pb+Fb Data
O p+p Data
OHUING+PYTHIA

2 A(p?ﬁ a 2 A(ﬁE 3 (p g AZI

Momentum imbalance wrt to MC (pp) reference
Increases with increasing centrality.
No (or very little) azimuthal decorrelation.

ATLAS, PRL 105 (2010) 252303 . Et1 — B
CMS, PRC 84 (2011) 024906 J = Er1 + Ero
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http://prl.aps.org/abstract/PRL/v105/i25/e252303
http://prc.aps.org/abstract/PRC/v84/i2/e024906

Jet quenching

Elastic energy loss:  Radiative energy loss:

dE dE "
=-C e —=-C gL
£ ai__]: F

dx

Energy/momentum diffusion tensor:
encodes properties of the medium.

e Induced radiation h
- Increased splitting probability Search for effects in data:
(broadens radiation)
- Finite quark mass vetos small Out-of-cone radiation (Jet R,,<1)
angle radiation (dead-cone effect)

- Modified angular pattern due g !
to enhanced incoherence between \
successive splittings Ve In-cone radiation

« Color exchange with medium (FF modication)
- Modifies color flow in the jet
(affects hadronization)
> >
o Modelling dependence AEloss(g) AEloss(q) AEloss(cl)
- Piecewise description (color factor) (dead-cone effect)

- Approximations



Nuclear modification factor 48

1.5 — ishadowing Fermi-
dNAA/de }I, B anftis owing wiswisl
Raa = ?
I
R, > 1— enhancement wrt binary scaling 0.6 - 5
R,,= 1 — no deviation from binary scaling Yor shadowing
Raa <1 — suppression wrt binary scaling 02 - X, X,
i | | IIIIII| | ILIIIII| | IIIIIII
10 10” 10" 1
£

« By definition, Rax=1 Iin absence of nuclear or QGP effects

* Binary scaling can also be broken due to initial state effects
— Transverse k; broadening (called “Cronin effect”)

- PDF modifications in nuclei (shadowing)

A e )= R e, QO TN (. 0%



Scaling of control yields in pp vs PbPb

|solated v:
ATLAS, ATLAS-CONF-2012-051

CMS, PLB 710 (2012) 256

Z boson:

ATLAS, PLB 697 (2011) 294
CMS, PRL 106 (2011) 212301

W boson:

ATLAS, ATLAS-CONF-2011-78
CMS, PLB 715 (2012) 66
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2.5

2~

0.5

"~ CMS Preliminary
" PbPb \[s, =2.76 TeV

- 0-10%, J Ldt=7150 ub"

T, Uuncertainty

S 7'

~—#— |solated photon

PbPb 0-10% Central

yl<z0 |
= W p >25GeVic |n'|<2.1 |

[nl<1.44 ~

0

20 40 60 80
E; (GeV) or m (GeV/c?)

Control probes (direct +isolated y, Z, W) scale with Ncoll

100


http://cdsweb.cern.ch/record/1451913
http://arxiv.org/abs/1201.3093
http://arxiv.org/abs/arXiv:1012.5419
http://arxiv.org/abs/arXiv:1102.5435
http://arxiv.org/abs/arXiv:1205.6334
http://cdsweb.cern.ch/record/1353227

Nuclear modification factor: LHC vs RHIC 50

Raa

0.1

[ I | [ I | | I | | I
s ALICE Pb-Pb \[s, = 2.76 TeV (0 -5%)

STAR Au-Au \[s,, = 200 GeV (0-5%)
= PHENIXAu-Au \[s, = 200 GeV (0-10%)

- '2: ALICE
L .n. | B E E _
'.iﬂ* I * . $ E E
rF : L .
. E 3 *
'I. <

B ] | | ] | ] | | ] |PLIBI6I96I (%OI:L]T) IB()I H
0 5 10 15 20

P, (GeVic)

e Strong leading particle suppression

e Qualitatively similar to the one at RHIC

6-7 times smaller
than expected
from incoherent
superposition of
pp scatters


http://www.sciencedirect.com/science/article/pii/S0370269310013973

Nuclear modification factor:

Raa

107

Data

ALICE, Pb-Pb, s, = 2.76 TeV
charged particles, [n| < 0.8 norm. uncertainty

i
-----

.
iiii
-
a®
-
a®

: B = =« HT (Chen et al.) higher density
- \ — HT (A.M.) —
i ~ ---------- ASW (T.R.) _
B 8 o — YaJEM-D (T.R.) _
- - = = elastic (T.R.) large F’EW d

Ry - = = elastic (T.R.) small P
ALICE, PLB 696 (2011) 30 ... WHDG (W.H.) ° upper limit |

FMS, EPJC 72 (2012) |1945 s=sss WHDG (W.H.) n° lower limit

0 10 20 30 40 50
P, (GeV/c)

* Qualitatively: energy loss picture consistent with data

— Models calibrated at RHIC and scaled to LHC via multiplicity growth

- Key prediction of pr-dependence of Raa: AE~I0g(E)

VS models 51


http://arxiv.org/abs/arXiv:1202.2554
http://arxiv.org/abs/arXiv:1012.1004

Back to jets...

Out-of-cone radiation (Jet R ,<1)

x>

In-cone radiation
(FF modication)

Can we capture where the energy goes?

52



Jet nuclear modification factor (Rcp)

ol T | T | L | T | L | | [ | | T | | I | [ ]
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53

cent

RCP - 1 dN
Nconl pT

60—80%

« Strong jet suppression
up to 200 GeV

« Radiation not captured
Inside cone R=0.4

* Where does the energy go?

p_[GeV



http://www.sciencedirect.com/science/article/pii/S037026931300049X

“Missing p.” analysis (inclusive) 54

e Calculate projection of pr on leading jet axis and average over
selected tracks with pr>0.5 GeV/c and |n| < 2.4

» Define missing pr "|l|" — Z _p?‘ack COS ((PTrack — (PLeading ]et)

. Averaging over event safipi&in bins of A,
find sum p; consistent with zero

0-30% Central PbPb @}M
ows - g § % Leading
a0l Pb+Pb Vs, =2.76 TeV T v S Jet
| [rat=ew’ | | ©XCess away é defines
_ 2| from leading jet »e;% §§F direction
S + 7 P gt €
S o g ¢ o
A —
i ol
) : excess towards
0] Ieadllng jet
:I || I | I | I | | I | | I 111 I: l
0.1 0.2 03 0.4
7 A, AN

balanced jets unbalanced jets PRC 84 (2011) 024906


http://journals.aps.org/prc/pdf/10.1103/PhysRevC.84.024906

“Missing p.” analysis (differential) 55

0-30% Central PbPh T Calculate mlSS|ng pT
L L L RN LN L
[ CMS . .
aol POHPD Va.s276 Tev e ] In bInS Of traCk pT
] del::E..Tu.b'I e CXCE55 HWE}" . .
o — |from leading jet ® >0.5GeVic
g ST e [ 0.5-1.0GeV/ic
8 ok [ 11.0-2.0GeV/ic
<+ | ] 20-4.0GeV/ic
20 excess towards [ 4.0-8.0 GeV/ic
ol leading jet BN > 8.0 GeV/c
: el e o b e e o boaoaa Lguog g ¢
0.1 0.2 0.3 0.4
A, LN
balanced jets unbalanced jets
() | In-Cone :: I(dl) - ;);t-of-Cone :
CMS 0-30% 14
40— Pb+Pb \5,=2.76 TeV AR<0.8 T AR=0-8
fL dt=6.7ub" T ”-

20

The momentum difference in
the leading jet is compensated

by low p; particles at large 405
angles with respect to the jet axis

<p= > (GeVic)




Out-of-cone radiation (Jet R ,<1)

x>

In-cone radiation
(FF modication)

Is there an observable difference in the jet cone?

56



Jet fragmentation function 57

Fragmentation functions constructed using tracks with p>1 GeV/c
In R<0.3 and the reconstructed (quenched) jet energy
PRC 90 (2014) 024908

10E — e PhPb -l- 1ﬂﬂ'¢PT1'¢|2'DGEV-"E' .l_ [+ i 1GeV/ce,R<0.3 ‘
i POPD y/syy = 2.76 TeV — pp reference data P 03<n®|<2 :
o [ 150 ub™! 1 I
5 I I
§ 1 i 3 ¥
s | ﬂE : :
-3 i + I
E\- - .
=0 Y *
154 50-100% EEF 30-50% EEF 10-30% i

LI LR | T LI L T BLELEL R LR R R | | L L L T EELEL L BN R | I
- E

PbPb/pp

f:ln{Hz} = |I"I“.I"E} &= |I"I{1.I"E}
RZOIS = N = . gmn
100<p;<120 Gevic Fragmentation function is modified:

Track p;>1 Gev/c  More particles at low p; in more central collisions


http://arxiv.org/abs/1406.0932

Energy loss of (open) heavy flavor 58

The study of open heavy flavor in AA collisions provides
a crucial test for the understanding of parton energy loss

Heavy flavor mainly come from quark fragmentation,
while light flavor from gluons (in particular at LHC energies)

- Smaller Casimir factor, smaller energy loss

Dead cone effect: Suppression of gluon radiation at small angles
depends on quark mass

Suppression for
0 < My/Eq

Should lead to a suppression hierarchy

AEg > AEcharm > AEbeauty

Raa(light hadrons) < Ry, (D) < Raa(B)




Prompt D-mesons and non-prompt J/y R,, 59

ALICE, JHEP 09 (2012) 112
CMS, JHEP 1205 (2012) 063

< oel :

C o e ALICE D°, D', D7, |y|<0.5
EI.E!—D "20% Pb+Pb - Charged hadrons, n|<0.8 —

a CMS non-prompt Jw, |y|<2.4 *

0.6

-l
0.4 hLJIiI, 5 e
| . ‘ E'
UE:_ “ﬁg; . _ a ©
n 1 1 1 | L1 L1 | L 1 1 | [ | L1 | | L 1 1 | L 1 1
0 2 4 6 8 10 12 14 18

P, [GEWC)
Raa(TT) < Raa(D) < Raa(B) ?

>
+
| L1 1

Suppression pattern may be compatible
with expected energy loss hierachy


http://arxiv.org/abs/1203.2160
http://arxiv.org/abs/arXiv:1201.5069

Charmonia and Bottomonia at high T 60

Screening of strong ® o
interactions in QGP (¢ (T ‘ 0 C ] O
® o ©

Perturbative Vacuum ColorScreeninyg
E o y.es@ 1 Screening stronger at high T
c{QO.ﬁ :] - . |
o5 | Y (0.56 fm) 1 Ap ~ maximum size of bound state
o || _PoDebye length from lattice OCD decreases when T increases
03 J/Yomw 1 Resonance melting  ""p "
C ] 2 - Y(15)
" | E = | x1P)
B dc?/\ T .13 im) - x(1?
01l 1 12 W 3v05)
E . <1 %.(1P)

T T QGP thermometer



Regeneration at high temperature 61
At sufficiently high energy, the cc pair multiplicity becomes large

In most SPS RHIC | LHC
central A-A 20 200 2.76
collisions GeV Gev | TeV
Ncmrr‘event ~0.2 ~10 ~60

e Statistical approach

— Charmonium fully melted in QGP

— Charmonium produced together with
all other hadrons at chemical freeze-
out according to statistical weights

Kinetic recombination

— Continuous dissociation and
regeneration over QGP lifetime

J/ W Production Probability

—

statistical regeneration

sequential suppres aik

Energy Density

Contrary to the suppression / melting scenario,
these approaches may lead to J/y enhancement




LHC: J/Y production in Pb-Pb 62

PLB 734 (2014) 314

< 1.4
Efi | Pb-Pb \s,, =276 TeV and Au-Au |s,,, = 0.2 TeV
1.2 ® ALICEJ/y — p'w, 2.5<y<d, centrality 0%—20% global syst. = + 8%
¢ PHENIX Jiy — p*p’, 1.2<|y|<2.2, centrality 0%—20% global syst. = £ 10%

1;, .......................................................................................................................................................

0.8F H
0.6 - H “S(J/\l»') statistical
EI recombination

0.4;— §

0.2 — ql 0 [ E}] IT 0.6

thermal
) AEPINENS ISP ISP A IV I A S dissociatio
0 1 2 3 4 < 6 7 8 e
p_ (GeV/c) LHC

Different p; (and centrality) dependence of J/y R,, at LHC and RHIC


http://arxiv.org/abs/arXiv:1311.0214

J/Y production in Pb-Pb

63

PLB 734 (2014) 314

< 147
lt‘t - Inclusive J/y — u*w’, Pb-Pb \ 5, =2.76 TeV
1.2 ~ W ALICE (arXiv:1311.0214), centrality 0%—80%, 2.5<y<4 global sys.= + 8%
i Transport model (Y.-P. Liu & al, PLB 678 (2009) 72)
= =« Primordial J/y (w/ shadowing)
0.8 H _‘ ---Regeneration J\y (w/ shadowing)
0.6 & H S(Jly)  statistical
i recombination
0.4 [--... L. g @ --------- Lo T
02k e 0.6
S e thermal
D _l [N T B A B B BN B A Tl'L'.l"'ﬁ"'l'ul.l.a.l-L T T T I A A T dISSDC|at|D

RHIC
LHC

p. (GeV/c)

As expected in a scenario with cc recombination, especially at low p;


http://arxiv.org/abs/arXiv:1311.0214

Suppression of Upsilon states 64
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Suppression of Y(1S) ground, and excited Y(2S) and Y(3S) states.
Ordering of R(3S)<R(2S)<R(1S) consistent with sequential melting
(however it is not clear if concept applies as Y likely not thermalized)


http://prl.aps.org/abstract/PRL/v109/i22/e222301

CMS Experim

Orbit'Crossing: 98470229 1 201

Results from pPb
collisions at the LHC

CATLAS
1 EXPERIMENT
http://atlas.ch

High multiplicity p+Pb event

Run: 217946 Noy (p- > 0.4 GeV) = 273,
Event: 32201041 Ny (p, > 1.0 GeV) = 106 (shown)
Date: 2013-01-20 FCal A (Pb going side) 2E. = 139 GeV
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No surprises at high p_ in first results:

Supports existence of strong final
state effects (at mid-rapidity) in PbPb.
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ALICE, PRL 110 (2013) 082302
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More searches for effects at high-p-
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http://indico.cern.ch/getFile.py/access?contribId=182&sessionId=18&resId=0&materialId=slides&confId=218030
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J/P production versus rapidity in p-Pb 68

14+ p-Pb\ s, =5.02 TeV ®

Rpr

ALICE arXiv:1308.6726: inclusive J/y—pu*u, DcpT<15 GeVic
Ly (-4.46<y__<-2.96) = 5.8 nb™, L, (2.03<y__<3.53) = 5.0 nb"

1.2

ALICE Preliminary: inclusive J/y—e*e’, pT:-D GeV/c

NARN Ly (137<y, <043) = 52ub" Preliminary

Wi
0.8
0.6 - .
0.4
| [[7] CGC (Fuijii et al.)
0.2 - - ELoss, q,=0.075 GeV?/im (Arleo et al.)
- — EPS09 NLO + ELoss, g,=0.055 GeV?/fm (Arleo et al.)
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Suppression at mid-
and forward rapidity

- Consequences for
Raa: Suggests even
stronger
recombination

Consistent with
shadowing models
(EPS09 NLO) and/or
coherent parton
energy loss

Specific CGC
calculation disfavored


http://indico.tlabs.ac.za/getFile.py/access?contribId=170&sessionId=3&resId=0&materialId=slides&confId=30

Two-particle angular correlations 69

CMS N = 110, 1.0GeV/c<p_<3.0GeV/c CMS PbPb |S,,, =2.76 TeV, 220 < Ny™* < 260
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Near-side ridges
apparent in high
multiplicity events
at LHC energies
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CMS, PLB 724 (2013) 213

CMS, JHEP 1009 (2010) 91
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http://arxiv.org/abs/arXiv:1212.2001

Two-particle angular correlations 70

CMS N =110, 1.0GeV/c<p_<3.0GeV/c CMS PbPb |S,,, = 2.76 TeV, 220 < Ni*™ < 260
CMS PbPb |5,,, = 2.76 TeV, 220 < Ni™ < 260 CMS, EPJC 72 (2012) 10052
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In PbPDb, long-range correlations can be explained by flow harmonics (v,)
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Extraction of double ridge structure /1

ALICE,
ALICE, PLB 719 (2013) 29 PLB 719 (2013) 29 ] “0-20%”"
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e Extract double ridge structure using a standard technique
In AA collisions, namely by subtracting the jet-like correlations

- Assumed that 60-100% class is free from non-jet like correlations


http://arxiv.org/abs/arXiv:1212.2001
http://arxiv.org/abs/arXiv:1212.2001

Extraction of double ridge structure (2

ATLAS, o ALICE,
PRL 110 (2013) 182302 < 0-2% PLB 719 (2013) 29 ]
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2

e Extract double ridge structure using a standard technique
In AA collisions, namely by subtracting the jet-like correlations

- Assumed that 60-100% class is free from non-jet like correlations
— Similar analysis strategy by ATLAS


http://arxiv.org/abs/arXiv:1212.2001
http://arxiv.org/abs/arXiv:1212.5198

Multi-particle correlations: CMS 73

PbPb pPPb CMS-HIN-14-006
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Multi-particle correlation results are the same within 10% in pPb
True collective effects in pPb?


https://cds.cern.ch/record/1705485/files/HIN-14-006-pas.pdf
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» Characteristic mass splitting observed as known from PbPb

e Crossing of proton and pion at similar pr (2-3 GeV/c)
with protons pushed further out in the pPb case

- If interpreted in hydro picture, suggestive of strong radial flow


http://www.sciencedirect.com/science/article/pii/S0370269313006503
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Also for v, crossing at around 2 GeV/c,
same physics origin for v, in pPb as in PbPb?



Freeze-out radii (R,,) vs N, /6

g -+ pp (s=7 TeV : ] g -+ pp Vs=7 TeV a

i 2_1[1; p-Pb {5,,=5.02 TeV 15 B ; ,;_1[1; p-Pb {5,5=5.02 TeV N 4 B=

c i N = - e =

[IJE.— 8: - Pb‘ljb .lll'J,.'NN:E.?E TE\J sé— __ L"JE-_ 8: . Pb'Pb '||||=1"-NN:2-?6 Tel"u"l . K, __

o L 0.16<K <03 GeV/e LB ] o L 0.16<K ,<0.3 GeV/e ~ ]

< E gL . 8° i 2 al : i ]

> 61-0.2<k,<0.3 GeVie J8° ] EUE_ 6/-0.2<k.<0.3 GeV/c _&° -

B e ] B v ]

al- ﬁ$ ¢ Two-Pions A Two-Pions

n 5 @ B oo - B oo i

| | - | -

2 - iﬁgg.ﬂ - Three-Pions— oL Three-Pions—

— ] = .- .+ 7] B *E 4+ |

: & 1{3:[].1 : K4:G.5 : = 1-;_3:[:]_1 : K4:G'5 :
D......u‘ o C s []""""""""""'I"

10 102 103{:‘\? \ 2 4 b 8 10 12 i

chy Nﬂh

« Exhibit different trend (with linear fit over measured region)

* Radii in pp and pPb at similar measured Nch are with 5-15%
while larger difference (up to 30-50%) between pPb and PbPb

* Not much room for a hydro-dynamical expansion in pPb
beyond what might already be there in pp



Radius (fm)

Radii comparison with IP-Glasma model 77

- __GLAsMAppR ' 4 e Similarity between radii in
o GLASMAp-PbR o] pPb and pp can be
| GLASMAPb-PbR . S0 described by Yang-Mills
l GLASMAppR 2] evolution alone
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GLASMA points are first scaled such that the calculations in pp match the ALICE pp data.
Scale = 1.15. GLASMA calculations have uncertainty due to infrared cutoff (m=0.1 GeV).

Schenke, Venugopalan, arXiv:1405.3605


http://arxiv.org/abs/arXiv:1405.3605

P(2S) production in p-Pb

o 1.8

arXiv:1405.3796
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Not expected by initial state + CNM effects and coherent energy loss

Stronger relative suppression in backward direction:
Qualitatively expected from break-up due to comoving system

But also strong suppression in forward direction

Final state effects?


http://arxiv.org/abs/arXiv:1405.3796

Summary/Outlook 79

As at RHIC, the QGP formed at the LHC behaves like a strongly
Interacting liquid, almost opaque for colored high p; processes

- Indication that n/s larger than at RHIC
- Indication of partonic energy loss flavor and mass hierarchy
- Indication of J/{) recombination

But prominent signatures of collectivity also present in pPb
guestion our understanding of the baseline

- Opportunity at LHC to consistently study high mult. pp, pPb and
(peripheral) PbPb collisions at high energy

Run 2 and run 3 will provide orders of magnitude more data

- Will enable more differential and qualitatively new results

Only a selection of all available results shown, you find them here

ALICE results: http://aliceinfo.cern.ch/ArtSubmission/publications
ATLAS results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavylonsPublicResults

CMS results: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN


http://aliceinfo.cern.ch/ArtSubmission/publications
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN
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Initial temperature at RHIC 81

Direct photons: No charge, no color, ie. they do not interact after
Use (at low p;) to extract temperature of the system.

Te
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http://journals.aps.org/prc/abstract/10.1103/PhysRevC.87.054907
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.104.132301
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.94.232301

Initial temperature at RHIC 82

Direct photons: No charge, no color, ie. they do not interact after
Use (at low p;) to extract temperature of the system.

Models

D. d'Enterria & D. Peressounko
S. Rasanen et al.

D.K. Srivastava et al.

S. Turbide et al.

F. Liu et al.

J. Alam et al.

or % 4 p 0O

suui— om |
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- PRC 81 (2010) 034911
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Different measurements performed
using real and virtual photons

Exponential (thermal) shape
with inverse slope of
T~220 MeV in excess region

No excess seen in d+Au (or pp)

Emission rate and shape
consistent with that from
equilibrated matter

From models:
Tinie = 300 - 600 MeV (> 2 Tc)

First experimental
observation of T>T,



http://journals.aps.org/prc/abstract/10.1103/PhysRevC.81.034911

Radial flow and kinetic freeze-out

Different shape for particles
with different masses
Indicate radial flow

Hydro calculations can
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Radial flow and kinetic freeze-out 384
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http://arxiv.org/abs/arXiv:1405.4632

The @ meson

At low p, follows mass ordering

V,{SP,An| > 0.9}

At high p+ close to p in central and close

0.4

0.3

0.2

0.1

to 1T In mid-central

In central collisions p and ® have
similar shape up to ~4 GeV/c.

- As expected from radial flow

Mass (and not number of constituent
guarks) scaling drives the v, and
spectra in central collisions

ALICE 10-20% Pb-Pb \s,, = 2.76 TeV

ALICE 40-50% Pb-Pb s, = 2.76 TeV

-

arxiv: 1405.463|2

e © @

4 6
(GeV/c)

= M-
_4|

86

arxiv:1404.0495

< @) *0-10%
o 107 il
é | 120—40,-*3:
8r = 60-80%-
: gg v 80-90% |
6 — g
L s 3] 3 !
af L:ﬁ‘ [!H;H % % n
2| EE f
[ Pb-Pb |5, = 2.76 TeV _
P, (GeV/c)
= 1'(b} ]
=] 3 n.
: g
T =
o :
i
107 2
Centrality 0-10%
= p/n
: = p/m (rebinned)
102 ; -(WTIK"-LE

4 5
P, (GeV/e)


http://arxiv.org/abs/arXiv:1405.4632
http://arxiv.org/abs/arXiv:1404.0495
http://arxiv.org/abs/arXiv:1404.0495

Initial state fluctuations and flow ridges 87

Alver+Roland, 2010

ALICE, PRL 107 (2011) 032301
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Structures seen in two particle correlations are naturally explained
by measured flow harmonics assuming fluctuating initial conditions.


http://arxiv.org/abs/arXiv:1003.0194
http://prl.aps.org/abstract/PRL/v107/i3/e032301

Measurement of higher harmonics
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Strong constraints on hydro calculations.
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Double ratio and direct photon spectrum 89
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« Analysis strategy ala PHENIX

» Uncertainties (exactly or partially)

cancel in the ratio

— Normalization
— 119 - measurement
- Reconstruction efficiency
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e Inverse slope: T=304+51 MeV

- Should be related to
initial temperature, but ...

- Significant v,9" between 1-3 GeV/c

- Same as charged hadrons
(or not from direct v)

— Difficult to reconcile with T


http://arxiv.org/abs/1212.3995

Nuclear geometry and hard processes: 00
Glauber theory

Glauber scaling: hard processes with large momentum transfer
* short coherence length — successive NN collisions independent
* p+Ais incoherent superposition of N+N collisions

A — — :/jﬁ\[\: Normalized nuclear density r(b,z):
U /dzdbp(b, z) =1

Nuclear thickness function: T'a (b) = /dz p(z,b)

p+A collisions: pPA T

Inelastic_ Cross section for sinel _ /db (1 B [1 B TA(b) 0}{}?\1,} A)

I};ird Ao_hard /deA _ Ao_hard




Experimental tests of Glauber scaling:
hard cross sections in p(u)+A collisions

A O_hard

Glauber scaling: o,

0, for 7 GeV muons on nuclei

M.May et al, Phys Rev Lett 35, 407 (1975)
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These hard cross sections in p+A found to scale as A'°



http://dx.doi.org/10.1103/PhysRevLett.35.407
http://dx.doi.org/10.1016/S0370-2693(02)03265-3

Glauber scaling for A+B collisions 92

Nuclear overlap function:

Tap(b) :/dSTA(S)TB(S—b)

A
Average number of binary NN collisions s? A
for B nucleon at coordinate s;: ?{‘\ /(‘ —
ﬁ
Ni(b— sB) = ATa(b — sB) ONN Bk}?

particip mt

Average number of binary NN collisions for A+B
collision with impact parameter b:

NAR(0) = B [ dsn Ta(ss) N2h(b - sn)= AB Tan(s) ol

Nhard(b) NAB( ) Uﬁ%d/alnel

coll




Nuclear modification factor: Control probes 93
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Control probes > 4 GeV/c (direct +isolated y, Z, W) scaleie. R,, ~ 1
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http://arxiv.org/abs/arXiv:1012.1004

Dijet momentum imbalance
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Dijet momentum imbalance: A; = (P+.-Pr2)/(Pr1+Pr2)

Larger momentum imbalance
wrt to MC reference.
Difference increases with
Increasing centrality.

But no (very little) increasing
azimuthal decorrelation.

ATLAS, PRL 105 (2010) 252303
CMS, PRC 84 (2011) 024906

Pr./Pr. VS Ieadlng jet pr,

Even ~350 GeV/c jets are
guenched!

Fraction of energy lost
constant up to ~350 GeV/c.

CMS, PLB 712 (2012) 176


http://arxiv.org/abs/arXiv:1202.5022
http://prl.aps.org/abstract/PRL/v105/i25/e252303
http://prc.aps.org/abstract/PRC/v84/i2/e024906

Jet R.pvs centrality

«Strong jet suppression up to 200 GeV
*Radiation not captured inside cone R=0.4
*\Where does the energy go?

Rcep =

96
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http://www.sciencedirect.com/science/article/pii/S037026931300049X

Jet fragmentation function 97

arXiv:1406.2979
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http://arxiv.org/abs/1406.2979

Beauty via displaced J/ 98

B mesons via secondary J/y:
CMS, JHEP 1205 (2012) 063
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Fraction of non-prompt J/y from
simultaneous fit to m+m- invariant mass
spectrum and pseudo-proper decay length
distributions (pioneered by CDF)



http://arxiv.org/abs/arXiv:1201.5069

D-meson v, at the LHC 99

PRC 90 (2014) 034904
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Indication of non-zero D meson v,: It implies that heavy quarks

participate in the collective expansion.
— Need more data and to measure at lower p;


http://arxiv.org/abs/arXiv:1405.2001

D-mesons:; Data vs models 100

PRC 90 (2014) 034904
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Consistent description of charm v, and R, challenging for models.
Needs more data from future LHC runs.


http://arxiv.org/abs/arXiv:1405.2001

Charged particle R, 101

arXiv:1405.2737
dNap / dPT
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Extended measurements up to 50 GeV/c: No change of message


http://arxiv.org/abs/arXiv:1405.2737

Comparison of minbias measurements

Note:
Different kinematic
cuts and event
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Stronger than expected anti-shadowing?
Confirmed by ATLAS measurement.

Need pp reference data
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Dijet imbalance: Not present in pPb 103

Width of angular difference Momentum imbalance
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Dijet imbalance not observed in pPb collisions,
hence final state effect in PbPb

EPJC 74 (2014) 2951


http://arxiv.org/abs/1401.4433

Ridge modulation v, and v, and CGC 104

1

 Two symmetric ridges predicted
by CGC glasma graphs found to
describe the ridge yields and shape

 However, a large v; component would
be a challenge for the model
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http://arxiv.org/abs/arXiv:1302.7018
http://arxiv.org/abs/arXiv:1302.7018

Integrated v, in PbPb and pPb 105
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e« Same v;in pPb as in PbPb ¢ Same physics mechanism

despite different underlying

 Turn on at around M=50 tracks dynamics (+ system size)?

(~minbias pPDb) |
_ _ _ « Maybe we select on events In
* Established picture in PbPb which the proton wave function

- Transformation of IS fluctuations fluctuated to large values (fat
into FS via interactions proton, Mueller, arXiv:1307.5911v2)


http://arxiv.org/abs/arXiv:1305.0609
http://www.arxiv.org/abs/1307.5911v2

Y(2S)/Y(1S) and Y(3S)/Y(1S)
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— Despite similar Q2

Final state effect?

— Suppression in PbPb

much stronger!

Strong suppression (even in pPb)
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e Multiplicity scaling of
suppression?

 Higher Y states affect multiplicity?

« Same mechanism as in PbPb?


http://arxiv.org/abs/arXiv:1312.6300

ldentified particle spectra
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ALICE, PLB 278 (2014) 25
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—e— ALICE, p-Pb,\s,, = 5.02 TeV
——o— ALICE, Pb-Pb, \s,,, =2.76 TeV
—a— ALICE, pp, \s =7 TeV
—=— PYTHIAS8, \s = 7 TeV (with Color Reconnection)
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(py) [GeV/d]
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« Data in pp and pPb can be related 0 > 4 6 8 2 4 6 8
by geometrical scaling p, (GeV/c)


http://arxiv.org/abs/arXiv:1307.6796
http://arxiv.org/abs/arXiv:1307.3442

Coherent MPI effects

P2 (GeVie)

ALICE, PLB 727 (2013) 371

<p,> VS Multiplicity

Fpp 1s=7TeV 4
- @ Data b

PYTHIA 8, tune 4C
¢ without CR
= with CR

20 40
N
ch
ALICE,charged particles
171<0.3, 0.15<p_<10.0 GeV/c

Rise of <p;> can not be reproduced
by incoherent superposition of MPI

109

long strings to remnants
= comparable ng,/interaction

= (pL)(np) ~ flat.

shorter extra strings
for each consecutive interaction

= (p.)(ney) rising.

T. Sjostrand



http://arxiv.org/abs/1307.1094

Average p; versus N, 110

ALICE, PLB 727 (2013) 371 °* pp
3 Y i ALICE chargedparicles {  — \Within PYTHIA model increase in
= ISR LENE 3 mean pr can be modeled with Color

: Reconnections between strings

R - Can be interpreted as collective effect
¢ without CR _ (e.g. Velasquez et al., arXiv:1303.6326v1)

& with CR :
| 3 pPb

- Increase follows pp up to N¢»~14 (90%
of pp cross section, pp already biased)

w EPDS

ODPMIET - Glauber MC (as other models based
bt s on incoherent superposition) fails

A AMPT 3
—Glauber MG

— Like in pp: Do we need a (microscopic)
concept of interacting strings?

- EPOS LHC which includes a hydro
evolution describes the data (also pp)

|+ PbPb

Pb-Pb \s,,, =276 TeV 1
4 Data

80 80 100 - As expected, incoherent superposition
Nen can not describe data



http://www.arxiv.org/abs/1303.6326v1
http://arxiv.org/abs/1307.1094

Tweermiscsewos - TNE Cronin peak region 111
. « “Cronin peak” from 2-6 GeV/c

- Dependence on particle type

. - Enhancement dominated by protons

1+ Nowadays would attribute effect
to be due to radial flow?

charged particles, |ncms| <03
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https://indico.cern.ch/event/219436/session/14/contribution/204/material/slides/0.pdf
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