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Heavy-ion Collisions
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ALICE Experiment
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e Efficient low-momentum tracking — down to ~150 MeV/c

¢ Excellent particle identification (hadrons, leptons and photons) and jets

e Excellent vertex capability (HF, VO, cascades, conversions)

VO amplitude (a.u.)



Mass Difference of (Anti-)nuclel

e Test of CPT invariance of residual nuclear force by measuring mass
difference in the nuclel sector (3He and deuterons)
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Direct Photons in Pb—Pb Collisions

ALICE, arXiv:1509.07324
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o Low-pr: 2.60 excess w. r. t. models in 0—20% central — thermal contribution
o =304 +11(stat.) =40 (syst.) MeV in central collisions
e 30% higher than at RHIC (Au—Au at Vsnn=200 GeV)
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Azimuthal Anisotropy

e Quantify anisotropy: Fourier decomposition of particle azimuthal distribution
relative to the reaction plane (Wrp) — coefficients vz, v3, va... Wy

e Elliptic flow (v2): spatial anisotropy to momentum anisotropy — large
pressure gradients and more particles emitted in plane — hydrodynamics

e Higher order flow: bring additional constraints on the initial conditions, n/s,
EoS, freeze-out conditions...

v =< cosn(p — Yrp) >
-y
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Azimuthal Anisotropy

e Quantify anisotropy: Fourier decomposition of particle azimuthal distribution

re

o E

ative to the reaction plane (Wrp) — coefficients vz, v3, v4... Wy

iptic flow (v2): spatial anisotropy to momentum anisotropy — large

pressure gradients and more particles emitted in plane — hydrodynamics

e Higher order flow: bring additional constraints on the initial conditions, n/s,

EoS, freeze-out conditions... ALICE, Phys. Rev. Lett. 107 (2011) 032301
014 Model, Int. J. Mod. Phys. A28 (2013) 1340011
Vo — | Data: ALICE v, {2}, pt>0.2 GeV
012 7 vy -~ n/s = 0.2 1
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Flow Harmonics Correlations
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e |tis necessary to look at more than v, to extract n/s(7)
¢ Standard flow measurements are not very sensitive to n/s(7)

e At least for central and semi-central collisions
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Flow Harmonics Correlations
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e New observable: Symmetric Cumulants (SC)
¢ |nsensitive to non-flow effects — due to multi-particle correlations
e S(C(3,2): sensitive to initial conditions
e SC(4,2): sensitive to both initial conditions and n/s

e Higher sensitivity to n/s and initial conditions than v, alone



Identlfled Particle v,,: KE{/n, Scallng
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e |n very central collisions: va>v4>Vv2, geometry is not a dominated mechanism

e Scaling seems to hold better for higher order harmonics

e Additional constraint on medium expansion — radial flow, baryon/meson
difference...
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Event Shape Engineering

| ALICE 30-40% Pb-Pb s, = 2.76 TeV
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Event eccentricity quantified by g-: <(g2)°> = 1 + <M-1><(v2)°>

Spectra are harder (softer) in events with larger (smaller) eccentricity

Blast-wave study implies the correlations between elliptic flow and radial flow

Increasing n/s decreases (increases) elliptic (radial) flow — further constraint
on n/s in hydrodynamics models



Hard Probes: Medium Tomographf

e Hard probes (heavy-flavours, jets...)
¢ Produced in the early stagy of heavy-ion collisions

e |nvolve in the full evolution of the QCD medium and interact with particles
In the medium and loss energy

e Efficient probes for understanding the transport properties of the medium

e Nuclear modification factor, Raa, quantifies in-medium energy loss
PbPb measurement

ANaa/dpr g
< Tan > dop,/dp [

o Raa =1, if there is no medium modification op reference

Raa(pr) =
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Heavy-Flavour in QCD Medium

e Nuclear modification factor, Raa, quantifies in-medium energy loss

PbPb measurement
ANaa/dpr
< Tan > doyp, /dpr ERERETS %

e Raa =1, if there is no medium modification

Raa(pr) =

pp reference

AEg > Aquc“ > AEZ) + RZA < Riﬁ < Ri (?)

e Open heavy-flavours (HF)

® Raa: radiative energy loss vs. collisional energy loss

e Mass and color charge dependence

e Elliptic flow

e | ow-pr:initial conditions and degree of thermalization of HF in QGP

¢ High-pr: path-length dependence of HF in-medium energy loss
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R, of D mesons and Non-prompt J/@
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o Raa(D)<Raa(J/WB): AEc>AEr — mass dependence of HF energy loss

e Raa(D)=Raa(17): reproduced by more advanced models — different parton pr
distributions and fragmentation functions

o Hint of Aaa(D)<Raa(Ds*) at low pr: if true — indicates charm hadronization
through recombination in medium (due to strangeness enhancement)
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Heavy-Flavour Decay Leptons
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Both Raa and v» of heavy-flavour decay muons at forward rapidity (2.5<y<4) are
compatible with heavy-flavour decay electrons at mid-rapidity (1yl<0.6 or <0.7)

Large suppression of Haa in central collisions — final-state effect

Observed positive v» (30 effect) — similar as for D mesons — confirms the
significant interaction of heavy quarks with the medium
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Heavy-Flavour Decay Muons: Model Predictions

ALICE, Phys. Lett. B753 (2016) 41

L 2 L SN PR SR BN L BN B LR LRI B L 03
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e The simultaneous description of Raa and Vv, of heavy-flavour decay muons is
challenging

e Same picture for D-mesons and heavy-flavour decay electrons at mid-
rapidity

e R\ and v, measurements together provide constraints for models



Jet Production in Heavy-lon Collisions

e Jet: a spray of particles from hard parton fragmentation — get closer access
to parton energy rTN

e Hard partons produced before the QCD Y7
medium forms "

e |nteract with the hot and dense medium 004220800648

Out-of-cone radiation

I?AA<1
Incoming /

ncom _9999999)
In-cone radiation
Jet broadening

e (Qut-of-cone radiation: energy loss in jet cone — Raa < 1

medium

= Jet yield suppression, dijet or hadron—jet acoplanarity...
® [n-cone radiation: medium modified fragmentation — Raa = 1

= Jet shape broadening, modification of transverse energy profile...
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Jet R,a in Heavy-lon Collisions

e Jet: a spray of particles from hard parton fragmentation — get closer access
Out-of-cone radiation

to parton energy Rua<t

E_) 2E Ch. particles Jets - :;c::;ing 9999999/ /

o 8 auce ALIGE Ch. Jets R=0.3 - ‘ n-cone radiation
1.6 * | (0-10%)/(50-80%) |_® ] (0-10%)/(50-80%) = Jet broadening
1.4 CMS ATLAS Calo Jets R=0.3-

1 oF = 1 (0-5%)/(50-90%) | © | (0-10%)/(60-80%) E

[ - o ATLAS: calorimetric jets
0 85— Pb-Pb \'s,,=2.76 TeV | E | |

E == [T+ 1 e ALICE: charged-particle jets — more
0.6:— - 4 00606023 o
0.4 wﬂe’ssm?ﬁg = sensitive to the low-momentum
%2 ALICE, JHEP 03 (2014) 013 7 fragments

10 10°

plrack, ,ojTet (GeV/c)
e Agreement between ALICE and ATLAS
= Contribution of low momentum jet fragments to jet energy is small

® [cp of jets and single hadrons are compatible

= |ndication that the momentum is redistributed to larger angles



~7 i Jet Shapes

i€jet pTJet .
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e Radial momentum (g) — pr-weighted width of jet DT jet

e g shifted to lower values in Pb—Pb data relative to PYTHIA — indication of
more collimated jet cores in data

e prD — dispersion of jet constituents

e prD shifted to large values relative to PYTHIA — indication of few jet
constituents and large dispersion



Sub-jet Structure: Proposed C)be;ervablé5

X. Zhang et aI arX|v 1512 09255

o Seed jot- 2 | s=276 TeV, 90<p, <110 GeVic . :
o anti-kt, R=0.5, 0.% é 0.15 _Jet: antl kT H-05 m |<1 sub -jet: kT R=0.1_. .
> — PYTHIA 8
~ | 5 — Q-PYTHIA
|y Sub-yefs: | S 0.1 F”YTHIA+JEWEL—
o kt aud/or anti-kt o 5 .

o Roup<R (e.9. Rp=0.7) | | : :
0.05 : .............. ..................... ....................... ....................... .......................... ..................... _:
e Sub-jets: re-clustering the constituents

in a jet (possibly a different algorithm) o 5 10 15 20 25 30
Number of sub-jets

e Smaller radius/area — reduces the background fluctuations and pile-up

e Opening the degree of freedom in jets — details of fragmentation with
decreased dependence on hadronic DOFs, provides sensitivity to details of
the parton radiation/shower

e Different multiplicity of sub-jets in the two models — sub-jet production is
sensitive to quenching mechanisms



Sub-jet Structure: Proposed Observable

X. Zhang et al, arXiv:1512.09255
e The local background for the two sub-jets is (to a large extend) similar

¢ use the pr difference between the two leading sub-jets

¢ In the leading order (FastJet medlan background subtractlon)
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Sub-jet Structure: Proposed Observable

C-Umedium/de Azg; X.Zhang et al, arXiv:1512.09255
Raa(Azj) = - I
Cﬂ-vacuum/ pPT |Azsj
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e Ajet by jet selection on Az carries little experimental difficulties (both in pp and AA)
e Differences for Az selected jets with respect to inclusive Raa:
e Forlarge Az;: Raasuppressed in Q-PYTHIA but enhanced in JEWEL

e The opposite behavior for small Az Note: These are shown as examples -

_ different selections on sub-jet pr
* Small R-jet dependence only for Q-PYTHIA - B e o) SR =W 1 lo) L= LR LA

distributions etc
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Small Systems

e Small systems
e pp collisions: QCD vacuum, baseline for heavy-ion and p—Pb collisions

e p—Pb collisions: quantify Cold Nuclear Matter (CNM) effects — nuclear
modified PDF, kr-broadening coherent energy loss of partons in nuclear
medium...

ALICE, Phys. Rev. Lett. 110 (2013) 082302 HF muons

Charged particle jets
2. 5<yc|v|s<3 54, 4<yc|v|s<-2 96

Inl<0.5

Charged particles Incwusl<0.3
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] 6:*. p-Pb s =5.02TeV, NSD, |n_ | <03 E %:nn'- anti-k; jets R=0.4, |n|<0.5 25— t bod —— 2. 5<y <3 54 -]

"UF = Pb-Pb sy =2.76 TeV, 0-5% central, | 1| < 0.8 . - Reference: Scaled pp jets 7 TeV e Db,c decays —o— -4<ycms<-2.96

E 4 Pb-Pb |5, = 2.76 TeV, 70-80% central, [ n[<0.8 ] 5 _ : i
1.4 Vo Al . 151 s Systematic uncertainty ]
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Nuclear modification factor

e Rypp consistent with unity — strong suppression observed in central Pb—Pb
collisions at mid-rapidity and forward rapidity is due to the hot medium



NK<® Ratio: Inclusive V’s
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Increase of the ratio from low multiplicity (peripheral) to high multiplicity (central)
collisions seen in pp, p—Pb, and Pb—Pb systems

In Pb—Pb the enhancement at intermediate p. can be explained by collective flow

and/or quark recombination from QGP

Same qualitative behavior seen in pp and p—Pb, but with smaller magnitude
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NKs’ Ratio in Jets

30

e The enhanced ratio of A/KsP at inter-median pr of inclusive VO in p—Pb and
Pb—PDb collisions relative to pp collisions is not present within the jet region

e Baryon enhancement does not origin from modified jet fragmentation

e Results independent on jet radii and disfavor the hard-soft recombination
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Forward Muon Flow in p—Pb Collisions

ALICE, Phys. Lett. B753 (2016) 126 —
-g 0.12 ALICE [e | Data, Pb-going
ALICE 0.5< ptT (GeV/c) < 1 n p-Pb \s,, = 5.02 TeV o Data, p-going
p-Pb \sy =5.02 TeV Assoc. tracklets O VOS: (0-20%)-(60-100%) AMPT, Pb-going
VOS: (0-20%3)-(60-1000/0) % 0.1 AMPT, p-going
Trigger particle: muon gg

o
o
o

p-going n__,_,.,,..f:::fff.:}.,v_,,_,,..::v»-.:ff.,.,_.___m_“_

N at forward rapidity
NN 2.5<Inl<4

©
o
o2}

0.04

Associate particle:

0.02F A

57 1 DQ OO :
ALICE 0.5< p‘T (GeV/c) < 1
Pb-p sy = 5.02 TeV Assoc. tracklets
VOS: (0-20%)-(60-100%) .

e Double ridge extends up to An ~ 5

¢ Inclusive muon v2 on Pb-side is larger (~16%) than
on p-side, qualitatively consistent with expectations
from hydrodynamics (AMPT)




Forward Muon Flow in p—Pb Collisions

ALICE, Phys. Lett. B753 (2016) 126

-g 0.12 ALICE ‘e | Data, Pb-going
ALICE 0.5 < p! (GeVic) < 1 n p-Pb s, = 5.02 TeV o Data, p-going
p-Pb s = 5.02 TeV Assoc. tracklets O VOS: (0-20%)-(60-100%) AMPT, Pb-going
VOS: (0- 20/) (60- 100/) & 0.1 AMPT, p-going
4§ Trigger particle: muon gg -

SNy at forward rapidity
R 2.5<Inl<4

ALICE 0.5< p‘T (GeV/c) < 1
Pb-p sy = 5.02 TeV Assoc. tracklets
VOS: (0-20%)-(60-100%) .

e Double ridge extends up to An ~ 5

¢ [nclusive muon v on Pb-side is larger (16%) than
on p-side, qualitatively consistent with ¢xpectations
from hydrodynamics (AMPT) ’

o pr>2 GeV/c, dominated by (>60%) r muons

e Non-zero v of HF muons as in Pb—Pb collisions (?)



Charmonia in p—Pb Collisions

e J/Y—u+u measured at forward/backward rapidities

e Pb-going direction: different trends for J/¢and Y(2S) — P(2S) suppressed

e p-going direction: Indication of smaller Qppp for Y(2S5) relative to J/y

B 1 1 1 I 1 1 1 I 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1
P Inclusive Jiy, w(2S) = iy ALICE Preliminary

F p-Pb {Sy=5.02TeV, -4.46 <y_ < -2.96

3 Pb-going

3 direction

. $ .......... e

— o+ Jy (arXiv:1506.08808) my(2S)

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

0 2 4 6 8 10 12 )

(N

e T AGE Prainy
[ p-Pb {sy=5.02TeV, 2.03 <y <3.53 B
;‘ p-going
3 direction [
3 $ E g ; wf]
— o Jly (arXiv:1506.08808) ¢ y(2S) E
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 2 4 6 8 10 12
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Charmonia in p—Pb Collisions

J/P—u+u- measured at forward/backward rapidities

Pb-going direction: different trends for J/yand ¢(2S) — P(2S) suppressed
p-going direction: Indication of smaller Cppp for Y(2S) relative to J/y

Models with only CNM effects (shadowing, E loss) do not describe Y(25)
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1.8F CEM + EPS09 NLO (Vogt et al.)
- @ ELoss (Arleo et al.)
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Charmonia in p—Pb Collisions

J/P—u+u- measured at forward/backward rapidities

Pb-going direction: different trends for J/yand ¢(2S) — P(2S) suppressed
p-going direction: Indication of smaller Cppp for Y(2S) relative to J/y

Models with only CNM effects (shadowing, E loss) do not describe y(25)

Break-up due to interactions with hadronic resonance gas (“comovers”) is a
possible explanation for P(2S) suppression

% ﬁ 2_2 B II II Il IJ/I T 2IS I T +I_ T I T T T I T T T I T T T I T % ﬁ 2_2 B II II Il IJ/I T 2IS I T +I_ T I T T T I T T T I T T T I T i
DT of Meevedw V(2S) = W ALICE Preliminary N T W(28) = W ALICE Preliminary 1
- p-Pb |s=5.02 TeV, -4.46 <Y oms< -2.96 - p-Pb |s,,=5.02 TeV, 2.03 <Y oms< 3.53 ]

1.8F CEM + EPS09 NLO (Vogt et al.) b i 1.8F CEM + EPS09 NLO (Vogt et al.) % I -

- @7 Eloss (Arleo et al.) P b g O I n g - @7 Eloss (Arleo et al.) p g O I n g .

1 6 [ aeeas Jhy: EPS09 LO (Ferreiro) d 1 t. 1 6 [ aeeas J/y: EPS09 LO (Ferreiro) d 1 t_ .

" F —— J/y: EPS09 LO + comovers (Ferreiro) " F —— J/y: EPS09 LO + comovers (Ferreiro) ]

14 [ —— y(2S): EPS09 LO + comovers (Ferreiro) I reC IO n 14 [ —— y(2S): EPS09 LO + comovers (Ferreiro) I reC IO n ]

0.2 F 4 J/y (arXiv:1506.08808) mw(2S) l% - 0.2 F 4 J/y (arXiv:1506.08808) e w(2S) -
O : 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 : O : 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
< mult> < mult>
coll coll

35



Charmonia in p—Pb Collisions

J/P—u+u- measured at forward/backward rapidities

Pb-going direction: different trends for J/yand ¢(2S) — P(2S) suppressed
p-going direction: Indication of smaller Cppp for Y(2S) relative to J/y

Models with only CNM effects (shadowing, E loss) do not describe y(25)

Break-up due to interactions with hadronic resonance gas (“‘comovers”) is a
possible explanation for P(2S) suppression

Models with QGP and Hadron Resonance Gas in fair agreement with data
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Conclusion

e Pb—Pb Collisions
e Confirm CTP invariance in light nuclei
e Excess of low-pry: Teif = 304 MeV — 30% higher than at RHIC
® Vm—W correlations, identified particle via and ESE— new constraints for bulk property

¢ Open heavy flavours: mass dependence of parton in-medium energy loss, collective
motion of heavy quarks at both mid- and forward rapidity

e Jet shapes: jets are more collimated and more pr dispersion in Pb—PDb collisions

e New observable: sub-jet structure — sensitive to quenching details and robust against
heavy-ion background

e Small systems
e Strong suppression observed in central Pb—Pb collisions is due to the QCD medium
e A/KsP ratio in jets: disfavor the soft-hard recombination mechanism
e Non-zero v» of heavy-flavour decay muons as in Pb—Pb collisions (?)

¢ |nitial-state effects not sufficient to describe P(2S) production
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In Progress...

ALICE, arXiv:1512.061 04

. LI 14IIII| [ I IIIIII| I I IIIIII| I I IIIIII| |

* Pb-Pb Collisions § " pp(pp), INEL AA, central ]

- N s . 5 . O ALICE m ALICE -

e Confirm CTP invariance in light nuclei % 125 oms o CMS 3

0T V- Toar = _ .~ [V UA5 e ATLAS -

e Excess of low-pry: Teit = 304 MeV * |"tqol.% PHOBOS + PHOBOS B

. e . N - A ISR PHENIX -

®* Vm—Vh correlations, identified particle v; \Z/Q - 5 : BRAHMS 1& oc 01554

8- pA(dA), NSD % STAR -

e LHC RUN-II " w ALICE % NAS50 ]

- 4+ PHOBOS -

* Pb-Pb at Vsnn=5.02 TeV i o

: . i A

e Higher collision energy and 4l 2T o roser

v - ' . 2 Ay o< S g

luminosity relative to RUN-I - i

. oL A@ ________ _

Upgrade of EM calorimeter and X Il <0.5 -
tracker OIIII| l IIIIII|2 l IIIIII|3 l IIIIII|4 l

10 10 10 10
Better conditions to access the | Syn (GeV)

deconfined matter s in Pb—Pb collisions (?)

More precise measurements will (28) production

come soon



In Progress...

Pb—Pb Collisions
Confirm CTP invariance in light nuclei
Excess of low-pr y: Tet = 304 MeV — 30% higher than at RHIC

Vim—Vh correlations, identified particle va and ESE— new constraints for bulk property

Thanks for your attention!

Strong suppression observed in central Pb—Pb collisions is due to the QCD medium
N/KsP ratio in jets: disfavor the soft-hard recombination mechanism
Non-zero v» of heavy-flavour decay muons as in Pb—Pb collisions (?)

Initial-state effects not sufficient to describe Y(2S) production
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Temperature T [MeV]

3

QCD Phase Diagram

Nuclei Net Baryon Density
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QCD Phase Transition
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QCD Phase Transition

|
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L attice QCD prediction SB = 15
- JHEP, 1011 (2010) 077
- 110
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e Sharp increase of energy density around Tc = 170 MeV indicates a phase
transition from hadronic matter to decomfined Quark Gluon Plasma (QGP)



Azimuthal Anisotropy

e Quantify anisotropy: Fourier decomposition of particle azimuthal distribution

re

o E

ative to reaction plane (Wrp) — coefficients vz, va, v4...

Vn

44

iptic flow (v2): spatial anisotropy to momentum anisotropy — large

pressure gradients more particle emitted in plane — Hydrodynamic

e Higher order flow: with additional constraints on the initial conditions, n/s,
VU =< COS(QO — \IJRP) >

EoS, freeze-out conditions...
\ ¢Iab plane
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.
.
\“

.
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particle anisotropic flow up to v5
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Model, Int J. Mod. Phys.
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ALICE, Phys. Rev. Lett. 1

D7 (2011) 032301
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Elliptic Flow of (Anti-)Deuterons

9061 Data  Blast-Wave e Blast-Wave model: based on
AP Dﬁ; _ﬁ; mK P d hydrodynamics
c V.9 °© -
< 4B 4D . .
— [P PP e Predicts deuteron v» with
ol O 4_‘d+d —d+d . “y g
2T e parameters obtained by fitting
> - T'p
030 L (vp)x2 e measured 11, K, p v and pr-spectra
: e
: S oA — | e
- ' ~t7 | compute the expected deuteron vz
0.1~ ALICE Preliminary | PY using measured vz of protons
G LA PP (52 To V04 o Reverse the g scaling:

1 2 3 4 5
P, (GeV/ce)

o Low-pr (pr<2 GeV/c): deuteron flow follows mass ordering — indicates a
more pronounced radial flow in most central collisions

e Well described by Blast-Wave model,
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Excess of Low-pr J/Y

ALICE, arXiv:1509.08802

O =
ALICE, Pb-Pb s, = 2.76 TeV % - ALICE, Pb-Pb \s, =2.76 TeV
25<y<4 O 25<y<4
+  0<p_<0.3GeVlc, global syst=+15.7 % g 304 T 28<my., <34 GeV/c?
¢ 03<p_<1GeVlc, global syst=+15.1 % g’_ B 70-90%
b 1<p, <8GeVic, global syst=+115% | & 250
) L
Common global syst = + 6.8 % S o0l —+
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T | 4 | 4
os 15— + + +
10— ++ + +
51 ¢ OS dimuons (data)
- —— Coherent photo-produced J/y
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e Strong excess of very low pr (0-0.3 GeV/c) J/Y in peripheral collisions
® Raa~7(2)in 70-90% (50-70%) centrality class

e Hypothesis: coherent photo-production of J/{ in Pb—Pb collisions

e STARLIGHT calculation in ultra-peripheral collisions in good qualitative
agreement



