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ALICE

THE ALICE PHYSICS PROGRAM

 Pb-Pb |
« Study the properties of strongly interacting matter under

extreme conditions of temperature and density.
* Confinement — deconfined QGP
analogous to the early Universe evolution

*PP
« collect ‘comparison data’ for heavy ion program
 comprehensive study of MB@LHC (MC tuning)
soft & semi-hard QCD
« very high multiplicity pp events - mini-QGP?
* p-Pb
e Control experiment for Pb-Pb

* Important measurements in their own right
nucleus structure in low-x (gluon saturation, shadowing...)

* Run ll: new higher energy pp@13 TeV, PbPb@5TeV
* New frontiers in physics
— study the evolution of the basic event properties
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THE ALICE EXPERIMENT

ALICE
Experiment designed for Heavy lon collision VERY robust tracking (0.1 - 100 GeV/c)

-~ comprehensive, cover all relevant observables high-granularity 3D detectors _
(TPC: up to 560 million —» 180 space points/track)
very low material budget (<10%X,inr<2.5m)
SPD SDD SSD TOC VOC

Central Barrel ACORDE

Tracking, PID ° SHATC = ey = Secon_dary
ITII <1 g, K% Y k7w  vertexing

e PID large p, range

. TOF, dE/dx, RICH,
TRD, topology, EM cal

ZDC
— Hadrons
e~ W o T & Ll - -leptons
TOA, VOA s T Y 9 - MTR  _photons
PMD

- -muon
TRD
TOF

Detector: :
Size: 16 x 26 meters
Weight: 10,000 tons |4

¥ Muon Spectrometer

absorber

-4<n<-25
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ALICE PERFORMANCE

«Central Barrel: - Decay T°p°'°9$’PC s
I X

yégockmg and PID |n |n|<1 --------------------------------- ryrT =
=5 2 \ois | "Pb-Pb 3 -~ ToF
m 900F- 1 _ ]

E \ VS =2.76 TeV 3

* 800F | \ E TPCdE/dx
L] E_ | z ITS dE/dx
o) 700:_ —: ”””””””””””””””””””””””””””””””””
@) == 1 3 \ [ R R N Ll Lol
& 600§ 1 R 107" 1 10 10

500 52253354 3 eMUON arm: P, (GeVie)

400F- 2 (GeViie) 3 e

aiak 3 reconstruction In -4<n<-2.5

S0l wx4 WandY measurements down to p,=0

o TR NG s SRR e S igger - x10°
100 ;‘_g ------------ % 16 ALICE Performance, pp Vs = 13 TeV
0.1 02 03 1 > 3 45 S M py integrated
n/Z (GeV/c) 2
ALICE, Int.J.Mod.Phys. A29 (2014) 1430044 Dimuon invariant 1oi — Data
- --- Iy fit
. mass distribution - - y(2S) fit

Spe_czlflc energy Ioss_ dE/dx versus reconstructed 8 - Background fit

particle momentum in the TPC in the muon 6 — Sum of fit functions

- anti 4He observed directly spectrometer .

Combined dE/dx and TOF
methods offer Tt/K/p separation .
up to high momenta N SO LA R N PO T

4 4.5 5
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DATA COLLECTED

Runl (2010-13) ALICE

year system energy Vs, integrated
TeV luminosity

2011 Pb - Pb ~ 0.1 nb
Run2 (2015-18)

Pb-Pb @ 5 TeV: up to 1nb*
p-Pb @ 5 TeV: 10 x more statistics than Runl
pp @ 13 TeV and 4 days @ 5 TeV (109 nb)
reference for p-Pb and Pb-Pb measurements

Tg_ 4,50 ALICE Performance, pp 2015, 1s = 13 TeV ‘._g - ALICE Performance, Pb-Pb 2015, |'s,,, = 5.02 TeV
'@ 4.0F Dimuon: 4.35 pb” 2 4005 Delivered: 433 ub™
E - VO HM: 1.81 pb g - Dimuon: 241 b’
3 3'5'5_ SPD HM: 0.24 pb”' S 350 Central UPC: 139 ub’'
B 3.0~ MB:0.011 pb ' (620M) B 3005_ CALO: 126 ub’’
© - © = Single muon: 27 pb’'
g 250 & 250" MB: 19 ub” (157M)
£ = £ -

2.0 200

1.50 150"

1.0 100

0.5 50

] D: ‘

el s
0'83Jun 03 Jul 02 Aug 01 Sep 01 Oct 31 Oct



MULTIPLICITY: PP

Global properties of the system *Energy dependence fitted with pME
Multiplicity ~ energy density law function as”:
«INEL: b =0.103(2)
«Minimum bias trigger— 96.6% of ¢, ., *INEL>0: b=0.111(4)
.chh/dn measured fOl’: E_:_:._ 9: T T T 11T T T T 111 T T T 1170 |:
INEL: inelastic events S INEL, fit o< s%1%@ e INEL>0, fit o= s>1"1®
INEL>0: at least one charged particle in |n|<1 = 8;_ m ALICE e ALICE B
/e_ 9 [T T T T [T T 1T T [ T T T T T T T E _J':_ ‘ CMS _:
T [ [E]ALICE (NEL>0) --- EPOS LHC i T 4 PHOBOS n
S [ [®JALICE (INEL)  seems PYTHIA 8 (Monash-2013) | = ]
< | ®E CMS (INEL) — PYTHIA 6 (Perugia-2011) 6 v UAS (pp) -
S g - - A ISR ]
I ] 50 -
[ _ JF E
Un 7 - 5; .
— : 3 ! E
6_— —_ 2:_ Pw"ﬁ*’w _:
- 3 - Ma&"‘ ]
i i 1= —
L 4 - In| <0.5 -
- — B Lol Lol Lol L]
- pp. Vs = 13 TeV 0 10° 10° _10*
I BT T R A R SR N R R B B S R A R . . f
R R i 2 Fair agreement with 's (GeV)
ALICE PLB753 (2016) 319 7" Monte Carlo and expectations

Cutls FILETSI (2018) Ia from low energy extrapolations
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Global properties of the system
Multiplicity ~

.. AND PB-PB

energy density

*Pb-Pb: b =0.155(4)
Minimum bias trigger - 96.6% of o, ., ALICE PRL 116 (2016) 222302
.dNCh/dn measuredfor /:\ 147|\||| T T I N R U I R L
INEL: inelastic events St gpL(lr():pE) INEL ﬁﬁ’ggmral .
INEL>0: at least one charged particle in |n|<1 =>° 12—3 CMS : CMS —
o 9 T | T T 1 | 1T T 1 | T T 1 | T T 1 | T -O : :
§ " [E] ALICE (INEL>0) --- EPOS LHC i i g gﬁ%BOS ; QLBABSOS _
5 [ [&JALICE (INEL)  wme PYTHIA 8 (Monash-2013) | ~ ISR A PHENIX .
5 | EEE CMS (INEL) == PYTHIA 6 (Perugia-2011) | v BRAHMS uf o 50155417
8- ] . PA(dA),NSD * STAR =
i § B ALICE x NAS50 i
I i 6_ + PHOBOS &
s m i A
I | ar o
i i - oM Zid 30.103(2):
61 7 i - .
; ; 2L A P
i _ - X n] < 0.5
5— = O_I\Ill | | \\Illll | Il\ll\l | ||||||| \_
— — 2 3 4
[ op. V5 = 13 TeV 1 10 10 10 10
b b Lo fad e x 2.5 pp or pPb collision at the same energy ieV)
- - n° Much stronger energy dependence
ALICE PLB753 (2016) 319 « not solely related to the multiple collisions undergone
CMS PLB751 (2015) 143 by the participants (e.g. proton in pA collisions).
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*Energy dependence fitted with pcﬂHrgE
law function as’:




/E' ‘ T T T T | T T T T | T I T T | T T T T | S ‘ T T T T I T T T T T T T T T T ‘
;q: - Iml <05 i ;q: - In[<0.5 {
>° 10 = >° 101 B
g W B e
“~x | Q 7 & "I .__:.“-“'I ---- ]
© ] "ia
o8 T o 1 o8 T 2 .
2 g 3 - Z g -
- ' 1 i : Pb-Pb, s =5.02 TeV |
I ﬁ 1 m ALICE 1
6 ] 6 L1 ~HIING 21,5 =028
i ALICE ] o — EKRT, 1/s = 0.20 ]
§ m Pb-Pb, s, =5.02 TeV ] L] - 1cBK-MC, MV <
+ p-Pb, {5, = 5.02 TeV ] I ! -- EPOS LHC l
O Pb-Pb, {s=2.76 TeV (x1.2) | 4/ .. Armesto et al. =
2 pp, (S =276 TeV (x1.13) 4 e e Kharzeev et al. 1

| l I | 1 1 1 1 | | | l | | | 1 1 | | 1 | | 1 1 1 1 | | | | | | 1 1 1 | ‘
100 200 ’ ‘ 100 200 300 A.
<Npart

ALICE PRL 116 (2016) 222302

The average yield per participant pair is strongly dependent on collision centrality
- Similar trend seen at Vs ,=2.76 TeV

- Energy- (and system-) scaling
* Yield in peripheral collisions close to the one measured in p-Pb and pp collisions
» Most of the models fairly describe the data (except HIJING).
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MULTIPLICITY IN WIDE RAPIDITY RANG

e ALICE
Central Barrel: multiplicity in |n|<5
dNcn/dn vs N measurement over 10 rapidity units using forward detectors
in Pb-Pb collisions at Vsnn=2.76 TeV
- mALI(‘:El NE TR L L L L L L L L ] Pb_Pb\/m=276TeV
4] Bl 0-5%
8 10° Bl 5-10%
3 : B 10-20%
C I e B 20-30%
i B 30-40%
g e W 40-50%
50-60%
10° = _ 1 El 60-70%
- 1 H 70-80%
: o gy S gy l \-: - 80‘90% ALICE PLB754 (2016) 373
B ‘ ) | -, o 1—— P _ T | | | | | | T
i . 1 —— 20 o ALCEPOPY AR =276TeV 4
- SRRy, o ey - - EEI(}OOU — " ALICEPLB 726610 2013) ]
10 = L_ ' '4 N S é 5 t R MO0 4 PHOBOS PRC 74,021902 (2006) (x2.87) ]
n G a2 (14-6N23) ]
. 10000 — a =1
allows for an estimate of the total number of o ]
charged particles produced _ | 6 = o _
— Total multl!oh(:l_ty scales approximately with A\ - .
- hard contributions small Genliy ’
0 0 50 100 15‘0 2(‘)0 2510 3(1](} 3%0 (

=
B
=
2
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ANICOTROPIC FLOW

Initial spatial anisotropy of the overlap region of colliding nuclei
— anisotropy in momentum space via interactions of produced patrticles.

Sensitive to:
« initial collision geometry

e transport mechanism dN —
— provides a measurement of collectivity do oc 142 Z vncosn(@ — V)]
(properties of deconfinrd medium) n=1
. v1: directed flow
v2: elliptic flow
¥ // v3: triangular flow
Coordinate 10018
~ ALICE PRL 116 (2016) 132302
space = 008 5 (2016)
0.06— ,@{Q o ® 1500 s
System GO = ‘¢_¢ e ALICE
expansion o021 g4 ¥ PR
= PHOBOS 2000 s
P O -rs-g=--==-mmmmmmmm e 0 PHENIX -
= m NA49
—0.02— o CERES SCIENCE
= + E877 Vol: 298
=004 1 * EOS 2179 (2002)
—0.06- ¥, A E895
\ A ; v FOPI Ultra-cold Li
",‘ aiis Momentum —-0.08— I | L | | eXplOde thO

/ | space 1 10 107 10° 10* vacuum
P \ Sun (GeV) 10



ANISOTROPIC FLOW

— [ ALICE Pb-Pb 0-5% (a)
S | 5.02Tev 2.76 TeV
A 0oL evi2 sl [Tv2, Anis1)
= m V{2, [An[>1} V{2, |An|>1}
4 ¢ v {2, |an|>1} v,{2, Anl>1)
o
~ 0.1

0 __.' | | ] | |
= |l 30-40% (b)
=) I "
A 0.2}
= 4|
<1 I
< 0.1
> L

0

0

ALICE PRL 116 (2016) 132302
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ALICE

Anisotropic flow measurements using
two- and multi-particle cumulants

Elliptic flow results show very similar
values to the ones seen at Vs, =2.76 TeV

*Higher harmonics (v3,v4) are also
unchanged with energy

*v3 becomes larger than v2 at
p,>2GeV/c in central collisions
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ANISOTROPIC ELOW

0.155.02Tev 2.76 TeV

vo{2, [An|>1} =V, {2, |An|>1}

- APAPSISASARRRRERN Collectivity of the system? ALICE

5.02TeV, Ret.[27] - Anjsotropic flow measurements using

:L’,g §§ m}ZH o V22 Anis1} v ani=1} | two- and multi-particle cumulants

oV, (2, ]Anj>1} O Vv4{2, [An|>1} Elliptic flow results show very similar

i E‘éi © Va4 values to the ones seen at Vs ,=2.76 TeV
0.1, (8)

Ilillllllll

0.05

i

*Higher harmonics (v3,v4) are also
unchanged with energy

*v3 becomes larger than v2 at
p,>2GeV/c in central collisions

J
IIIIIIIIII

-pT-integrated v2, v3 and v4 indicate a
—++++ Mild increase with collisions energy

attributed to the increase in <p_>

*Good agreement with hydrodynamical
calculations
Measurements support a low value

L 1 L L I L L L I I I l

_I LI L I L I I I I I .|
ol.2 Vy, Vg vd Hydrodynamms Ref [25] =
— E = - — n/s(T), param1 =
&___U 1.1 : “n/s=0.20 =
1E* *ﬂﬂ""‘J—_*_'L (b)—I

:I L l I I ) l I I = L) l I l = 1 l l l I T I I I I l I I I I l I l I l I l I:

o 1.2F 3
o= E ............. 414zeT8 N IR E
@ TE | @ o E

for the shear viscosity to entropy
ratio (n/s)

10 20 30 40
ALICE PRL 116 (2016) 132302
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FLOW IN WIDE RAPIDITY RANCE ()

-3 | Pb-Pb |5, = 2.76 TeV 20-30% o , ALICE

e S i Longitudinal scaling?

= [ ] t 1 | | @
0.06 |- 11 ‘e, Temperature dependence of n/s

o B At forward rapidities T drops

ALICE Hydrodynamics @ . n/s Change
o ov,(2) vo{2) e .
: oV,{2) vy{2) — the system spend less time in QGP phase
+V.{2} v{2}
i " B A At RHIC it was found that in the rest frame of
I | g e, one of the colliding nuclei (n-y, ) particle
+ . T .
+|+ +|+ +|+ - .+ +|+ +|+ * . _:_ production (multiplicity, v , v,) is energy-
& - . T 40-50%| Independent - longitudinal scaling
0.06 111114 Shape of v_(n) largely independent
@ . .

i . | T 3 1 of centrality for the flow harmonics

006~ @ | n=2 3and4
* e » The higher harmonics fall off more

0.04 - steeply with increasing |n|.

o s ¢ Y by » Results are not well reproduced by
L oA e k. hydro, new challenge to the theor

+ 4 T F + 4 F + + 5 + + 4 L y 1 IS g Yy
-. I...I...I...I....I....I...I..bl.+l-.'...+. Communlty
P S S i 2 3 4 5
ALICE arXiv: 1605.02035 M
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JET FLOW

- ALICE
0.3 Pb-Pb 15, =2.76 TeV
R = 0.2 anti-ky, In_[<0.7

® v, 0-5%, Stat unc.

[ ] Systunc. (shape)
[ Syst unc. (correlated)

ALICE

ALICE
0.3~ Pb-Pb 15, =276 TeV
R = 02 antikr, i |<0.7

ALICE PLB 753 (2016) 511
e

® v, " 30-50%, Stat unc.
[ ] Systunc. (shape)
[ Syst unc. (correlated)

W ATLAS v;¥°* 30-50%

B ATLAS v*°®'5.10%
& CMS V) "{|An|>3} 0-10%
ALICE v)™{jan|>2} 0-5%

|I\II|IIII|II
o

oS

L . %'I

=

® CMS v/*"{jan|>3} 30-50%
ALICE v *"{|An|>2} 30-50%-

(a.) o pT."ack.> 0.I15(3IeV/rl:, pT; IealdI>3(I3|eV/Ic | ] (b:) o pT’."“".> 0.l15(3:ewclr, pTileadl>3(I3ueV/lc | ]
0 50 100 | 150 0 50 100 150
p*, p (GeV/c) PP, p* (GeVic)
- Non-zero v, in semi-central Pb-Pb collisions (significance >30).
- v, of calo jet (ATLAS/CMS) (charged+neutral) — qualitative agreement
— different energy scale of ALICE v, ™ (no neutral) and ATLAS v
- the difference in the central values of the measurement is not significant
- v, of single charged particles — Different energy scale but qualitative agreement
-~ weak p. dependence
- Indication of path-length dependence of parton energy loss.
- Large parton energy loss and sensitivity to the collision geometry persist up to high p..
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HARD PROBES

*Hard processes are those processes with
high momentum transfer — short distances — Time Scale short
*Experimental observables connected to hard processes are:

ALICE

B~ Fragmentation
(non-perturbative)

« Hadrons with high p; = Jets A

- Hadrons from open heavy flavour (charm and beauty) ~— A% )

° Quarkonia (J/\P, v T Y, T”) Hard Scatter | ".\fi-'H—
*In pp collisions calculable with pQCD techniques PSS parton Distrbutin
using universality (of PDF and FF) and factorization theorem (non-perturbative)
In AA collisions hard processes are expected to scale with the number of
elementary nucleon-nucleon collisions 3:

x -
*The nuclear modification factor is defined as: S R,=1
R, (py) = 1 dNga/dpr _ 1 dNga/dpr gjg /R, <1 -
Ncout depfde T 44 dappﬁdp'l" >2r

R T s e e

*Rutherford experiment o — atom discovery of nucleus Tranverse Momentum (GeVc)
SLAC electron scattering e — proton discovery of quarks

~
QGP >
\, absorption or scattering pattern

penetrating beam
(jets or heavy particles)
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HIGH P, PARTICLES: PP

*p, distribution measured In *The general features seen in the data are FILICE
0.15 < p, <20 GeV/c and In|<0.8 reproduced well by the models, but not all details
«Comparison with Monte Carlo « Evolution with energy and multiplicity
e EPOS LHC S 22 o 2.2 — ;
. . D L charaed particles. In < 0. L\J r ALICE Vs =13 TeV, charged particles, | 17 | < 0.8 1
— collective (flow-like) effects 2 [ ALCE s NEL-o. crarged pariies.r <08 D 2] oo (V) - 67,0404 (o 015 G l
* PYTHIA 8 (MonaSh'ZO].S) E 2‘_—- E‘F()?I-SHALEC(Mmash-ZM 3) ,.i_-hi ‘g 1.85_ : (1;“;:,)1 ;,i;:i ;(N“EC} 4‘}#‘"’”{'—{[ _'
PYTHIA 6 (Perug|a 2011) 2 [ - PYTHIA 6 (Perugia-2011) n— F R A e ]
. @ 1. rl ; (04 a ch :r:,'J -:,m#"
— color reconnection P :
) 10p ALICE, pp, V5 = 13 TeV, INEL>0 % ' : 4 . JH
% 1: charged particles, || < 0.8 > C LL'"-. R, . _
-_;.]..'_ 1 0_1 ? . i 0-42* MC, selection on N, H.f_ﬁ'il';‘hﬁ__r___
ERl : 0% T vt omnaors, 01+ ]
0 ! S E— ’ 1 10
S 1o} \ p, Gevio Py (G
35105— "I=
T F = Daa N « p, spectrum harder at 13 TeV than at 7 TeV.
107°F ... EPOS LHC | : .
L grl = PYTHIA® (Monash.2013) * models reproduce the trend in the data but exhibit a
155_', """"" PYTHIAS Pewgazoth more pronounced hardening
< T Il » The correlation of the spectrum with multiplicity (same
T A — —— kinematic region) is prominent for the whole p, range
= 0.5: |:|Data systemauc uncelrtamues |:|Data comblnelbd !JHCEI";BIHLIES

1

ALICE PLB 753 (2016) 319
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- and in particular it is stronger at high p_, then it saturates

P, (GeVl/c)
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HIGH P, PARTICLES: PB-PE

« Spectra measured for 0.15 GeV/c < p, <40 GeV/c ¢
« Compared to pp-reference (measurement!)

scaled by T, ,

* Reconstruction and track selection improved wirt.
Run 1 — Reduced systematic uncertainties.
* Larger statistics recorded for Pb—Pb and pp.

Currently under reconstruction

5-10% 20.48

1430

20-40%

60-80% 0.032
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) EN/dp. dn (GeV?ed)
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_—y
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[+ +]
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—_—
.

2

,+++_.L s Pb-Pb {5, = 5.02 TeV

—
=

T T T TTT T T T T T TTT T T

i ALICE Preliminary

charged particles, | < 0.8

_.._I- E!u L *|
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41._'—-;‘ —¢:-| !"'l - Ii: : I--I
-+ ;; l- _;_ 'i;l_l-tJ :_ﬂ_""l _._:___
T *a, ill--|‘L Iu"'l :
" Wy oo e
o ot I st 1 [EPS
==
5 "i“ "":‘j ! l: - : ”
e 0-5%x10 "#3 5 [ IR R
L
" 510%x 10" e, Thep i
+  10-20% = 10 P =5 '---.“ﬁ'I
v 20-40% x 107 =S N g
-t s (R P
+ 40-60% = 10 | O
L
+ 60-80% T
--- pp-ref scaled by <T, > : ==
- -I
]
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= ALICE Preliminary Pb-Pb 1 charged particles, | 77| < 0.8
1 o5% 1 g510%
0.8/ lilled symbols: ys,, = 5.02 TeV
open symbals: \'s,, = 2.76 TeV
0.6}
0.41 ﬁ eIy |
e O |
T {_._;' |3’- il
ff: ]
1 I 10-20% 1 | 20-40% e RAA
0.8 1
o8 . S |
MI\ T {\ L i —
0.2FF Ss™ ¥ .
=,  RAETEEE : e RCERE PP
D:ﬂ:
1 I 40-60% 1] lsman% -—
il R | A P TLIN 4]
DFE_ [+ | *]

0.4;
0.2t
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HIGH P, PARTICLES: PB-PE

~

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
P, (GeV/c) P, (GeV/c)

- Comparison 5.02 — 2.76 TeV
in 5.02 TeV similar to 2.76 TeV

_f » Hotter / denser medium?

ALICE

1 Strong modification of the spectra shape
| minimum at p, = 6-7 GeV/c

e strong rise in 6 < p. <50 GeV/c
|« strong centrality dependence for p.<40 GeV/c

Model predictions seem to describe R, , well
- Further constramt on medlum propertles

<
< L
b 0.6;

0.3f

0.2F

Vitev et al., Phys. Rev. D 93 (2016) no.7
Djordjevic et al., arXiv:1601.07852
Majumder et al., Phys. Rev. Lett. 109 (2012)

0.5F

0.4f

a s > il e =]
[ b4 s - i
t /. 4
e // | -4
I B C SopmEr ]
[ $ - e
e
. 4{ //
A

0.1

ol

ALICE Prehmmary
Pb-Pb |5, = 5.02 TeV
charged particles, | 7| < 0.8

~_“"  [®]Data0-5% (+4.5% norm unc)
— - Djordjevic 0-5%
- Majumder 0-5%

\

...............................................

0 5 10 15 20 25 30 35 40 45
P, (GeV/c)
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0.1

..............................................

ALICE Preliminary
Pb-Pb \ 5, = 5.02 TeV

charged particles, | 7| < 0.8

[[* ] Data 0-10% ( +4.5% norm unc.)]
— Vitev 0-10% ]

..............................................

0 5 10 15 20 25 30 35 40 45
P, (GeV/c)
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HEAVY FLAVOR: PP

ALICE, arXiv: 1605.07569 ALICE
— |U L | L | T | T | T | T T 1 | T T ‘ [ T T -
O J . .
3 0p, \s=7 TeV 1+ Updated total charm production cross-section
= 1 do/dy (prompt D°) =
Cg | 518+43(stat.)™"  (syst.)+18(lumi.)=7(BR) ub
3 10 PromptDO, |y|<05 _§ 3 _illll I T T Illll‘ T T T IIIII| T T T IIIII| |
: —— ALICE i - —@— ALICE (total unc.) ot
= mrow. ] Sgop Ol s
Q . 7 (] - otal unc. L ]
S 10 E [_]GM-VFNS B © - [_] ATLAS extr. unc. ’,$ _
B = [ ] LO K, fact ] [ —— LHCb (total unc.) i
K o - ] . % STAR P i
- . A PHENIX Lo
- il 103 —— NLO(MNR) R g =
1= E : # ' :
| +3.5% lumi, + 1.3% BR uncertainty not shown 4 102 ] [] HERA-B (pA)
—1L 1 1 1 [ il g lefily gl gy L 11 Lo | :_ ’, _:
Wo "2 4 6 8 10 12 14 16 : ’ SLEM
D (GGV/C) B V E743 (pA) 1
T - ; V¥ NA27 (pA) T
D° measurements at mid-rapidity I ; ¢ NATE(R) |
in pp collisions at 7 TeV, 10 ¢ 0 ET69(pA)
down top =O (no VerteX|ng) Ciiil VA JIIIIII‘ Lol Lol N
? B 10 107 10° 10t
- Data and theory calculations in agreement, (s (GeV)
but theoretical uncertainties are currently larger
than the ones of the measurements See talk/poster ~ See poster
E. Mennino M. Mazzilli
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ALICE JHEP 03 (2016) 081

D vs light hadrons

HEAVY FLAVOR: PB-PB ,'

Expectations of Hierarchy E
Radiative Energy loss decreases wrt light quarks
(Casimir factor and dead cone effect)

AE_ > AE ?
d d d
§ 2: J = ALlCE [TrorprrrprrT 1: AEra g > AEra charm > AEra beauty
@ 18- 30-50% Pb-Pb, |5, =2.76 TeV — Raa (U,D) < Raa (D) < Raa (B)
1.6 * Average D°, D", D*", [y|<0.5 - * Comparison between D and secondary J/y
1.4F ® Charged pions, n|<0.8 3 (from B decays) for central collisions
s ofF 1 ¢ RyMm <R, — expected hierarchy
S P " Charm vs beauty
: : %1_4_|||||||||||||||| AE >AE?
0.8 E @ | Pb-Pb, sy, = 2.700 b
L ] [ m D mesons (ALICE) 8<p_<16 GeV/c, |y|<0.5 _
- ] 1.2r Non-prompt J/y (CMS Prelimi -
0'6—_ ~H— - ° a.%rlg:gé“opee%, iyl<1.r2e(;mslr-1pirsy-::-|m-12-u14 .
- J}%H% . [ _._._....(emPy) filed boxes: (unjcorrelated syst. uncert. 1
04 _: - Djordjevic et al. Phys.LettB 737 (2014 298 .
0.2 — - a - gomn?ggpﬁpt Jhy i
- ] 0.8 _& Wl Non-prompt J/w with ¢ quark energy loss —|
Coaa b b b b b b b b Lo o 0 B Non Prompt J/y: CMS-PAS-HIN-12-014 -
24 6 8 10 12 14 16 18 20 i JHEP: 1511(2015)2057
V 06 = :-‘:ﬂ:__ -
: Py (e /C). : S “ﬁ:::ﬂ: == :
eSuppression of D mesons in central collisions [ S0-BIR T Ly ~<l3Z~-
: , L - ~ e, Tt —
 High p;: the suppression for D and & is similar 04 T SR e, .
. . — LT e, -1
— explained by softer fragmentation and p o 40-50% Ty e (U
T 0.2 30-40% 50 309 ..__‘._: -
spectrum of gluons w.r.t. c-quarks 50-100% for non-prompt J/y 1020% e -

e Low p;: indications of R,,P > R, ™
QCD@work 2016 Alberica Toia
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HEAVY FLAVOR IN PB-PB: V,

Does heavy flavour thermalize in the QGP and consequently flows ?

-Heavy flavour elliptic flow sensitive to transport properties of QGP

Due to the large mass, b and ¢ quarks should take longer time to be influenced by
the collective expansion of the medium

Charm thermalize
a—. 0-4 T T T | T T T | —:— T T | T T T T T T | T T T | .
. - [+ ] ALICE, € « HF iIn QGP?
~ L swmos BAMPS . lyl < 0.7 -
= 03 T BAMPS el. + rad. ol
1 T s MC@sHQ+EPOS, Coll+Rad(LPM) il
o - — POWLANG with fragmentation -
L. G e TAMU -
=, O.
> s il
0.1 "*}w- —— -
W e e T S e L T g
| o i 1Y\ L V] 1T e 1773 #T:-rrﬁ\ w"'-\‘v._"b"-:'--‘..rr\_ _,,’_..._.,_q_._v_\.__..h__\__
0 _..ns _________________________________________________ oG > S s .l
N I * | il
015 20-40% Pb-Pb, sy = 2.76 TeV E
1 1 1 I | | 1 I 1 1 1 I 1 | 1 I 1 1 1 I 1 | | I 1 1 1
0 2 4 6 8 10 12 14 -
pT (GeV/c) ALICE arXiv: 1606.00321

-Significant non-zero elliptic flow observed, v,(D) ~ v, (charged particles)

-Models which implement strong collisional energy loss and hadronisation via
coalescence agree with the data

QCD@work 2016 Alberica Toia 21



See poster

G. Trombetta QUMKON/A

Bound states of charm or beauty quark and its anti-quark
Heavy and tightly bound
Heavy quark pairs produced in the initial hard partonic collisions.

Suppression (Debye screening) — Sequential melting
Color charge of one quark masked by surrounding quarks.
Prevents qq binding in the QGP.
Debye screening radius (A,) vs

quarkonium radius (r).
A, <r the quarks are effectively

masked from each other.
- depending on the binding energies of the quarkonium states

Recombination 2
Increasing the collision energy the cc pair multiplicity 2
increases (RHIC: ~10; LHC: ~100). o
Regeneration of J/ pairs from independently cc. a
Leads to an enhancement of J/{ (or less suppression). e = = = - o Sl o B
No/small regeneration is expected for bottomonia. §
o
3
© S
.80. energy density
P. Braun-Munzinger,). Stachel, PLB 490(2000) 196

QCD@work 2016 Alberica Toia R. Thews et al, Phys.Rev.C63:054905(2001) 2)



QUARKONIA R,

ALICE PLB 734 (2014) 314

1.4 Suppression and/or recombination?
D:é | | Inclusive J/y — p*y’, Pb-Pb |s,,=2.76 TeV, Au-Au \s,,=0.2 TeV pp n I' IC E

/| m ALICE, 2.5<y<4, pT<8 GeVic global syst.= £ 15%

1.2 O PHENIX, 1.2<)y|<22, p >0 GeV/c  global syst.= £ 9.2% 7d ALICE JHEP 05 (2016) 179

< 15[

il ALICE 2'5<y<4 e 1.2:— B ALICE, 2 5<y<4, 0-20% global syst.= + 8%

0.8 B |ﬁi PHENIX 1-2<|Y|<2-2 i ¢ PHENIX, 1.2<|y|<2.2, 0-20% global syst. = + 10%
- 1 b s R e R R R s o R R B e e L e A S A T B s

0.6} ALICE 2.5<y<4

PHENIX 1.2<|y|<2.2

311: PR ool

O4r e g

: 06F
02 = u] 5 & E o
0:1 P A I B | IR A A | | e oo ] 04_ 1 E E e
0 50 100 150 200 250 300 350 400 . v _.-ﬁ- . $
(Npan> - "q ......
{ 1 .4 i ) 0 [ 1L I. J 1' ;-:-;-i‘.-h LT T L-I--I-J..J_J dands
< [ Inclusive Jiy — p*w, 2.5<y<4, ALICE Pb-Pb \s,, = 2.76 TeV 4 S 6 8
n 1ol 3®p <2GeVic W2<p <5GeVic WM5<p <8GeV/c p (GQVIC)
global syst.= + 7% Different R, ALICE vs RHIC - recombination

- Weaker centrallty dependence
- Smaller suppression than at RHIC
Regeneration is higher at higher Vs

- High-p, J/Y are suppressed more than low p..

0.4; Regeneration is higher at low p_.(bulk of cc productior

llIIJI llllllll IIllJIl]IlIIIII

021 High p, Expected in Run2: 2.76 — 5.02 TeV
’ | - higher color screening — more suppression
50 100 150 200 250 300 350

( - higher cc cross section — more regeneration
.- part’  Alberica Toia 23



WARKONIA IN RUNZ J

Suppression and/or recombination?

pp at 5.02 TeV

L\

d’c/dp dy (ub(GeV/cy

10 ALICE, pp s =
] ,pp Vs=5.02TeV
3 ¢ Inclusive Jhy -> p+p-, 25 <y <4, le =109 pb’
- |:| systematic uncertainty
global uncert. : 3 %

_3 1 1 1 I ] 1 ] I ] 1 1 I 1 1 1 I 1 ] 1 I 1 1 1 I ]
10 0 2 4 6 8 10 12

Integrated cross section (p,<12 GeV/c)

5.46 £ 0.08 £ 0.30 pb (syst. 5.5%)

- The integrated and differential cross
sections are in very good agreement with
the interpolation values used for p-Pb
results for 5.02 TeV

ALICE arXiv: 1606.08197

QCD@work 2016

Wi

ALICE

- High statistics collected in 2015 allows the R,

study in narrow centrality
- Clear J/y suppression with almost no centrality

dependence above N

~100.

part

- Systematic difference ~ 20% wrt 2.76 TeV
within the total uncertainty of the measurements

- Excess at low-p_ in peripheral events:

photoproduction?

PbPb at 5.02 TeV
25<y<4,p,<12GeVic

0.6F

0.4F

0.2F

ALICE, inclusive Jly — e
25 <y <4, p, < 8 GeV/c

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIII

E:

Dm
L L1

® Pb-Pb |s= 5.02 TeV

B Pb-Pb |s,y= 2.76 TeV (JHEP 05 (2016) 179)

) 2

—

ZylULCliIVU 1Vvi1iQa

L)

400
N o

50 100 150 200 250 300 350
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WARKONIA IN RUNZ

PbPb at 5.02 TeV Suppression and/or recombination? ALICE
< 25<y<4,03<p;<8GeV/C | Comparison with models
@ 14E ALICE, Pb-Pb {sS,= 5.02 TeV J- statistical model: J/y created at chemical freeze-out
i Inclusive J/y — pw 1- transport model (TM1): thermal rate equation +
1.2r 25<y<403<p <8 GeVlc  Tdissociation/ regeneration in QGP/ hadronic phase.
1k - transport model (TM2): hydro for medium evolution
1- ‘co-mover’ model: dissociation via interactions with
0.8 1partons/hadrons in the same y-range + regeneration
I 1+ shadowing
0.6} .
0.4} | . Double Ratio — (some) error cancellation
[ (- Transport, p_ > 0.3 GeVic (TM1, Du anc ] Data are, within uncertainties, compatible with
(0.2 H 1 Transport (TM2, Zhou) — .
[ Sttistal hadronizaion (ndroic et ) ] the theoretical models, and show no clear
s I'lllll. centrality dependence
100 150 200 250 300 350 400 — 1.6 e e e e e
(Npan) [ ALICE, Pb-Pb, inclusive J/y — p ]

2.5 <y<4,0.3<pT< 8 GeVi/c

—
=N

eLarge uncertainties due to the choice of input
parameters in particular cc cross-section

*For most calculations a better agreement is found
when considering their upper limit.

*For transport models this corresponds to the
absence of nuclear shadowing, which can be
clearly considered as an extreme assumption

—

o
o0
T

Transport, p>0.3 GeV/c (TM1, Du and Rapp)
[ [ ]Transport (TM2, Zhou)
0.6 -_ Statistical hadronization (Andronic et al.)

: = | Co-movers (Ferreiro)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
O 100 150 200 250 300 350 400
(N
p

R1(5.02 TeV)IR,,(2.76 TeV
[hS]

ALICE arXiv: 1606.08197

QCD@work 2016 Alberica Toia




WARKONIA IN RUNZ J

Suppression and/or recombination?

:E [ T T T | T T - T T T T T |_ T T T T T T T T T T T
«, , £ ALICE, inclusive Jiy — p'p
[ 25« y<4 Transport |/s, = 5.02 TeV (TM1, Du and Rapp)

12 ® Pb-Pb |5, = 5.02 TeV, 0-20%

: E B Pb-Pb |5, = 2.76 TeV, 0-20%
08 C ]
°FY B ]
06 uN0 i
L d ® :
. ] E| =
02 -
> ! M 5 M ! M ! 1 1 :
e 16F r
S314F EI IH ;
X 12F H r
= E
® ] S T T (L o SRR RS SRS § I I e RS =
25 08F 3
© 06rF . =

0 2 4 6 8 1 OpT (GeV/c)12

ALICE arXiv: 1606.08197

QCD@work 2016

Alberica Toia

Wi

ALICE

R, measurement now extended up to
12 GeV/c

sLess suppression at low with respect to high
pT, with stronger pT dependence for central
events as expected from models with strong
regeneration component.

«Hint for an increase of R.. with \/sNN IS visible in
2<p,<6 GeV/c, while they are consistent
elsewhere

«TM1 describes the data at low p_, but the
overall shape of the p,_ dependence is steeper

In the model, which tends to underestimate the
data at high p..
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CONTROL EXPERIMENT _
ALICE

e various observables measured in
“cold” nuclei (p—Pb):

Is suppression of hard probes an effect of QGP?

2_'"'|""I""I""I""I"lll!:""l""l""l""_ALICE

" m N, Pb-Pb (ALICE) e N, p-Pb s, =5.02 TeV, NSD (ALICE, prel) 1

1.8 a4 N,. Pb-Pb (CMS) — % v, Pb-Pb |5 =276 TeV, 0-10% (CMS) ui Nch’ EPJC 74 (2014) 3054

6 VS = 276 TeV, 0-5% | | o w*, Po-Pb [5,=276TeV, 0-10% (CMS) ] - heavy flavor, PRL 113 (2014) 232301

¥ 2% Pb-Pb |5,,=276 TeV, 0-10% (CMS, prel)] - Jets, EPJC 76 (2016) 5, 271

T {1 Electroweak probes

] CMS

oo P 1| E— = t¥1--7 -y, PLB 710 (2012) 256

1- W+, PLB 715 (2012) 66
1-Z° PRL 106 (2011) 212301,
1 CMS-PAS-HIN-13-004

Rpopb - RpF‘b

1 - N__ binary scaling

coll

0 10 20 30 40 50 60 70 80 90 100
p_ (GeV/c) or mass (GeV/c?)

...provide experimental demonstration
that suppression in Pb-Pb is due to parton energy loss in a hot QGP

QCD@work 2016 Alberica Toia 27



JETS R .
” ALICE

i - [ ] L L G . . .
Q" | gF ALICE p-Pb |5, =5.02 TeV CERtElyaazsasiEnA > Charged jets production in p-Pb
p Fastlstantikrjels, Iy | <0.5 — o : collisions measured as a function of
1.6 |- Reference: scaled pp jets 7 TeV B 40-60% - I
14 :_ 4= 60-80% _: Centra Ity .
g B 50-100% ] - Q1 for all centrality classes and
g - . :
1 1 independent on the resolution
ok : parameter R and jet pT
il: _ - No or very small CNM effects in
oer E this kinematic range
0.4F .
0.2F ) I
T Resolution parameter R =0.4 ]
l l l | 1 1 l I Il 1 ] I l 1 l I 1 l ] I
g T I L LA L
<2 1.8 - ALICE p-Pb |s = 5.02 TeV Centrality classes (ZNA) 1
" [ FastJet anti-ky jets, I 1 <0.5 e 262%3/ ]
1.6 |- Reference: scaled pp jets 7 TeV = 40:60°/: -
8 A =%= 60-80% E
o —+- 80-100% ]
1.2F -
1 i
0.8] .
0.6 =
04F =
0.2 _ -
20 40 60 80 100 120

pT, ch jet (GeVic)
QCD@work 2016 Alberica Toia 28



0.8

0.6

0.4

0.2

|I\|III|1~\‘|¢I\|\|_

=

HEAVYY ELAVOR R, '

Do hard probes scale with N_, in p-Pb?

p-Pb, \[s\n=5.02 TeV _

Prompt D mesons, —O.96<ycms<0.04
—=— Average D°, D", D"

IllllllIIILJ

------

--- CGC (Fuijii-Watanabe)

—— pQCD NLO (MNR) with CTEQ6M+EPS09 PDF
Vitev et al.: power corr. + kT broad + CNM Eloss
Kang et al.: incoherent multiple scattering

IlJIlIILlIIIXIIJIJI

1 1 1 | | 11 1 | | 1 11 | | [ | I { | | I 1 1

OO

R

pPb

QCD@work 2016

5 10 15 20 25
o (GeV/c)

R pPb

ALICE arXiv: 1605.07569

L

=

1.6

1.4

1.2

T T T T | T T T | T T T | T T T I T T 1 | T T

ALICE p-Pb, |5,,=5.02 TeV

Prompt D mesons, —0.96<ycms<0.04
—=— Average D°, D', D™

lllllllllLllll

- £
F .
0.4] i e
:F . pmodels with QGP :
0.20f- — ' POWLANG (HTL) A
[ - POWLANG (IQCD) 3

_I | | | | ] 1 1 I | 1 | | 1 | | l | l | 1 1 1 1 | | I_

% 5 10 15 20 25

o (GeV/c)

consistent with unity — no suppression at intermediate/high-p_.

- Measurement compatible with no CNM effects
- Measurement compatible with models including initial or final state effects

- Experimental uncertainties are still too large to distinguish between the existing models
- Much larger sample of p-Pb collisions to be collected in 2016 — Constrain models

Alberica Toia
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IDENTIEIED PARTICLES Kk,,

Do hard probes scale with N_, in p-Pb? ALICE

5 8 ALICE arXiv: 1601.03658
o = + LT+
o L mZ42 05<y,, <0  05<y, <0 forp <20GeVic
o e 040" 05<y_ <0 -l]‘.a-:.y < 0.3 for p_ > 2.0 GeV/c o )
2.5~ s T v Kk M i Nuclear modification factor R, of
& 05=<y MS::IJ for pTe:E.E. GeVic ] pA
B 03<y,, . <03forp >28GeVic primary Charged T, K’ P
B i p+p . —
20 I 05<y_, <0 forp_<3.0GeVic and multi-strange baryons = and Q
: .+. 0.3 < PGHE < 0.3 for p_r = 3.0 GeV/e at mid_rapidity
1.5 - — e
T g 1
R i o e o T R__in Pb-Pb
- ] hy .-II E 3 -_ﬂ: - -.--;--1 - - - - In -
. — | [ 1 <
4 . B < | [@ nlyosforp-2Gevid ALICE preliminary
057 ALICE Preliminary T | @ < ipkosnmace Po-P/pp | 5,9, = 2.76 TeV
. NSD, p_Pb )‘ SNN =502 TeV i E} ;;m ;y|<o.aforpT>sGeuxcl u:r:u%wﬂ; 0.5
— Uncertainties: stat. (bars), sys. (boxes) [ [ e gl etk
IR (PO IRPUN MRS N [BNPRTATR N U (USNH TS N er _
24 "6 8 10 12 _1a | 5

P, (GeV/c)

-R is consistent with 1 at high p_ for all species.
- Mass ordering at intermediate p_ (Cronin region)

- Strong enhancement for p, = and Q
- Similar enhancement observed at RHIC.
- Similar enhancement observed in Pb-Pb.  mmmms

— signs of collectivity or change in paradigm?
QCD@work 2016 Alberica Toia




BARYON~ OVER-MESON ENHANCEMENT ()

amz.': IFIIIII T T !Illlll F_ T T TTTT T T IIIIrII I_l'|IIIIPIL. T T T III!II
4 ALICE Preliminary pp V8= 7 TeV T ALICE p-hb Yo, =502 TeV 1 ALICE Po-Pb 5, = 2.76 TeV
"{"- 2 E=— vOMClass |, N jdv =213 '} [=— 0-5%, (dN_fdn =451 T B 05% N jdy = 1601.0

1.8 == VOM Class X, (dN,fdv =23
{VOM Multiplicity Classes)

1 = eo-80%, aN sy =98

4 = 60-80%, dN_/dy =555
{VOA Mult. Classes - Pbside) +

P, (GeV/e)

Clear evolution with multiplicity
Mid-p_: ratio increases

Low-p_: corresponding depletion

Reminiscent of Pb-Pb phenomenology
...generally understood in terms of

- collective flow
- recombination

Quantitatively similar when comparing
event classes with similar N

QCD@work 2016

Alberica Toia

in small

pp: 0-1%
pA: 60-80%
AA: 80-90%

ALICE

Collective flow or recombination

systems?

where 10<dN _ /dn<20
ratio in Pb-Pb

S
no

o

X
e

“ lv|<0.5
Eolyl<0.
2

ALICE: Pb-Pb at |'5,,=2.76 TeV
-+ MK 0-5%
~4 VK 60-80%
systematic uncertainty
Theory 0-5%

----- Hydro VISH2+1

___ Recombination
(Fries et al.)

¢ EPOS

2 4 6 8 10 12

_ P, (GeVic)
1 '
p Fraz, Muler et al
.-‘;1“1' Hwa, Yang etal |
o 107
E—m" fragmenting parton: |
Ellj-d P G, e
=
I
= 10 i
Em‘ recombining partons:
~ 407 Py ¥R~y
B J
e 2 3 4 -] -] T 8 9 10
pPr (GeV)




Ratio of yields to (m—+m*)

1073

STRANCENESS ENHANCEMENT

Which scaling for strangeness enhancement’?

Study Yields Ratios evolution across systems
 For the first time in pp collisions:
Significant enhancement of strange to non-strange
hadron production is observed
* The observed enhancement follows a hierarchy with
the number of strange valence quarks
« MC model predictions do not describe satisfactorily
the behavior of the data

« A/t and =/t comparable to central Pb-Pb

« QJ/1t close to results from peripheral Pb-Pb
— Q/1t do not reach the equilibrium limits?

o T T T T T T T | T T T
ﬁ - ALICE 1
=2 = 2;.pp,\s=7TeV i
B O p-Pb,\s,, =5.02 TeV
i ] = _
* ALICE = [ :
- ® pp, \s=7TeV . % n
& 7 ¢ p-Pb,\s\=5.02TeV | = 1.9 4
O Pb-Pb, \syy=2.76 TeV — -
— PYTHIAS - al
------ DIPSY
S EPOS LHC
; | |II|||| | | \III\Il | | I\Illli ] 0-5,0(’.:\.?....' 1 | |
10 10 10° | ALICE arXiv: 1606.07424
- . N
(dN / d 77) Alberica Toi: (d Ch/d 77>|’Tf|< 0.5

Inl< 0.5



QUMMARY A

ALICE

e Heavy ion collisions produce the most extreme state of matter ever

created in lab
 Highest energy density, temperature, flow, suppression
— The AA physics program is rich but full of open guestions
 Different probes (soft, hard) allow to access medium properties
 Significant progress in precision: v2, heavy-flavour, quarkonium...
« Quantitative understanding requires:
e Firm baseline from pp
e Constrains of cold nuclear matter effects from pA
« As control experiment: baseline measurements provide clear proof that
effects in Pb—Pb collisions are genuine hot deconfined QCD matter
effects related to parton energy loss
 Many surprises: existence of collective effects at high multiplicities also
In small systems
 ALICE has collected an excellent set of data for pp, p-Pb and Pb-Pb
collisions in Runl and Run2

— precision measurements of QGP properties

QCD@work 2016 Alberica Toia 33



Timestamp:2015-11-25 11:25:36UTC)
System: Pb-Pb
Energy: 5.02 Tey

NIGHT WRAPS THE SKY IN TRIBUTE FROM THE dTAKS.
(VLADIMIR MAYAKOVAKY, 1930)
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