


Phase diagram of nuclear matter
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Core of neutron stars?

Quark Gluon Plasma — a /iguid of quarks and gluons created at temperatures

above ~170 MeV (2:10"°K) — over a million times hotter than the core of the sun
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The phase transition in the laboratory
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EMCal & DCal

7 Beam View

\EMC-1
EMC-2\

An=1.4,A¢p=107°

Installed in Fall 2014
An=1.4,A¢p=60°

Lead-scintillator sampling calorimeter
13 k towers

Each tower An x Ap=0.014 x 0.014
o(E)/E=0.12/NE + 0.02
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EMCal & DCal

Pb-Pb \/SNN = 5.02 TeV

An=1.4,A¢p=107°

Installed in Fall 2014
An=1.4,Ap=60°

Lead-scintillator sampling calorimeter
13 k towers

Each tower An x Ap=0.014 x 0.014
o(E)/E=0.12/NE + 0.02
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p+p collisions

3D image of each collision
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Pb+Pb collisions

\/! / Pb+Pb @ sqrt(s) = 2.76 ATeV
/%
N— % / 1 2010-11-08 11:29:42
—Z I\ | A
AN s Fill : 1482
/ I | Run : 137124
7 Event : 0x00000000271EC693
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ALICE Int.J. Mod. Phys. A29 (2014) 1430044

Decay Tapalogy

TPC rdE/dx
HMPID
TOF
 TPC dEfdx
TS dEddx

p-(GeV/ éu)

107"

o Low-p; tracking: down to 150 MeV/c

e PID: anti-3He observed directly
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* Vertexing capabilities: heavy flavors, VO, cascades, conversions
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Data collection

ALICE Performance, pp 2015, (s = 13 TeV

Dimuon: 4.35 pb’”

VO HM: 1.81 pb™
SPD HM: 0.24 pb
MB: 0.011 pb™ (620M)

_||| | | e |
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- ALICE Performance, Pb-Pb 2015, |s,, = 5.02 TeV
450—
Delivered: 433 b’
Dimuon: 241 ub™
Central UPC: 139 pb’
CALO: 126 ub"
Single muon: 27 pb”’
MB: 19 ub ™ (157M)
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e Pb—Pb at 5.02 TeV: up to 0.5 nb"!

pp at 13 TeV and 4 days at

5.02 TeV (~100 nb-!)

Upcoming p—Pb at 5.02 and 8 TeV: 10 times more statistics

than in RUN-I
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Charged particle multlphclty
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5 10— Phys. Rev. Lett. 116 (2016) 222302 #—ﬁ_
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* ALICE: Pb—Pb at 5.02 TeV — highest energy so far

- For 0-5% most central collisions, confirms trend from lower energies

* <dN/dn> vs. <Npart>: similar evolution with centrality between 5.02 and 2.76 TeV

- Provides further constraints for models

- ~20% increase going from 2.76 to 5.02 TeV
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D1rect ph()tons in Pb-Pb collisions
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\ C =
> 0t [ 0-20% ALICE — PDF: CTEQ6MS, FF: GRV | > 9] [« ]ALICE ]
G | [+]2040%ALICE -- (n)PDF: CTEQE.IMEPS09,] 3 'OF 0-20% Pb-Pb |5, = 2.76 TeV
-:h 10% [ *+/40-80% ALICE FF:BFG2 - > F —A eXFJ('PTf To) ]
2o JETPHOX 12e | Ty =304+ 117% £ 40" MeV 1
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e Low-p.: 2.66 excess w. r. t. models in 0—20% central — thermal contribution
o T =304+ l1(stat.) £40 (syst.) MeV 1n central Pb—Pb collisions at 2.76 TeV
» 30% higher than at RHIC (Au—Au at Vs,,=200 GeV)
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Relativistic fluids

out-of-plane

10f  Au+Aus =200 GeV
b=7 fm

E.

< pushed o

|
\ |
Ry S |II |
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articles p

X

— - - -

Equipotential lines

Xiv:nucl-th/0305084
Non-central Collisions ‘1“'a.r e . . | .
10 -5 0 5 10
x (fm)

e Initial overlap asymmetric — pressure gradients

e Momentum anisotropy — Fourier decomposition:
2
% dlcj 2,[¢Nl+2vlcos(dq))+2v2cos(2d(|))+2v3cos(3dq))+2v4cos(4d(|))+2v5cos(5d(|))+...
T
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Ratio of v at different energies

Phys. Rev. Lett. 116 (2016) 132302
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Charged particle R |

|I ALICE F‘nalln'unzstryr Pb-Pb ] charged particles, | ;| < 0.8
2 i v-e% S ERLE .
d*N AA / ded"I? _ N _
RAA — n.gf filed symbals:ys,, = 5.02 TeV 1
TAA dQ O—pp/ded,r] . open symbols: s, =276 TeV |
0.4} _— 3 ¢]) 'ﬁh = |r_j.
« R, >1: enhancement 02} T AN
R, ,<I: suppression T
0.8f

* Strong modification of the spectrum ol

shape in most central collisions ol |
e Strong centrality dependence I D'T'
 Raaat 5.02 TeV similar to 2.76 TeV 08
Ny
0.2}

0 5 101520 253035400 5 10 15 20 25 30 35 40
P {GeV/c) P, (GeV/c
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Heavy-Flavor Ry,

< [ ALICE

180 0-10% Pb-Pb, |$y = 2.76 TeV

1.6i e Average D%, D¥, D** , ly|<0.5 ;

C o with pp p. -extrapolated reference

1_4} s Charged particles, n|<0.8 E

- e Charged pions, n|<0.8 .
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[ —E— 6" Ryep, {Syy=5.02TeV, -1.065<y_ < 0.135 ]
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L ALICE cb—(I" +1)/2

N

L & &* Rpppy {5,0=2.76 TeV 50-80% ly|<0.6
[ —©— W* Rpypy [Syy=2.76 TeV 40-80% 2.5<y<4

arXiv:1609.07104
Phys. Lett. B 754 (2016) 81

TTY I TN TOd

® Heavy flavor electron R |, consistent with unity for p,> 2 GeV/c

® Large suppression at high p. heavy quark in-medium energy loss

®R,, (D) and R, () compatible with uncertainty at high p .

P, (GeV/c)
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AA
Out-of-cone radiation
RAA<1
Incoming _/
parton
In-cone radiation
Jet broadening
e Out-of-cone radiation: energy loss in jet cone & 5 Data 50-50 % (ppPOWHEG) -
- Jet yield suppression, di-jet energy 0 E
. . . . . p.4— ]
imbalance, jet-jet/hadron-jet acoplanarity... 0of ;
 In-cone radiation: medium modified ) 21_ ____________________________________________________________________ DR SO0 % PR ORI g ]
- S ey e - Data 50-90 % (ppPOWHEG)
fragmentation 2:_ .................. o 2 stopourcatainy -
. . . F ] correlated uncertain 3
- Jet shape broadening, modification of E':iiffffiffﬁifffi:iff:iiffﬁiffffifiE!ﬁéé:ﬁiéﬁiri:iiﬁéiiE
transverse energy profile... (gt f’é , 1:? |
. . . pTch st evic
e Consistent with Raa of charged particles and o
harged-jet Raa at 2.76 T 2
charged-jet Raa 76 TeV P d NAA/dPTd’/?
AA —
= Taad?o®? [dprdn
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Hadronic Phase

* Reconstructible resonance yields may be changed by hadronic scattering processes
after chemical freeze-out:

— Regeneration: pseudo-elastic scattering of decay products
— Re-scattering:

Resonance decay products undergo elastic scattering
* Or pseudo-elastic scattering through a different resonance (e.g. r)

* Resonance not reconstructed through invariant mass

7
TZ\/K A A V’\/’YA
T T
T

Kinetic freeze-out

gRREERRRERRRRRRNNR LLRARERAR LARRRRRRRRRRRRRNRRRRRRNRRRARRNRRR! RERERRRIARARERARARANARINARIRARINERINE QRRRRRRERE) IIRI*IIIIIIIIIIIII Chemical freeze_out
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Other Resonances
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Ratios to Stable Hadrons

*  Suppression of pp and K*%K in central Pb—
Pb w.r.t. peripheral, pp, p—Pb, thermal model

— Suggests that re-scattering 1s dominant
over regeneration

— Well described by EPOS+UrQMD
*  K*YK in small systems:

— decreasing trend observed in p—Pb (slope
not consistent with 0)

— Multiplicity-dependent suppression in pp

* No suppression of ¢/K, no strong centrality
dependence

— Central Pb—Pb consistent w/ thermal model
— Lifetime of ¢ ~10x longer than K*9 ~35x

longer than p°, re-scattering effects not
significant

— Ratio in p—Pb consistent with trend from
pp to peripheral Pb—Pb

£
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0.02

to K o
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—p >t ly| < 0.5

e - - ——
-
~—-
-
-

pp, Pb-Pb
THERMUS
— . — EPOS3, PRC93 (2016) 1, 014911
EPOS3 without UrQMD

Uncertainties: stat. (bar), sys. (box), uncorr. sys. (shaded box)
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
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05 f T I T T T | T T T | T T T | T T T | T *6 T | T ]
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o

~
—TT
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0.3f H ]

0.2f H .
L t bty

0.1F == EPOS3 g
- NEW — --- GC Thermal model (T=156 MeV);

| Uncertainties: stat.(bars), syst.(box), uncorr.(shaded box) ]
I 1 1 | 1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1

0 2 4 6 8 10 12
1/3
dN _/d
N /AT Py <05

Phys. Rev. C 91 024609 (2015)
Eur. Phys. J. C 76 245 (2016)
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Jet mass and virtuality

T

=1

M = v"',ui—p% — p? P=ZPT. cosh 7;. . = ng sinh 7;
B |

e Jet mass increases with the radial distance
of the constituents from the jet axis

— Soft constituents, away from the jet axis
within the cone — larger mass

— Few hard constituents — smaller mass

— E.g. gluon vs quark jets jet mass difference

9025 || | kel | |l | | Bl | 1 | il | || J
5 80<p. <100 GeVic ]
?_-l 0.2 e Quarks ]
j _E % Gluons
@%15 “ +=All jets

= *
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| [ [ | [
024 6 8 10121416182022°24
M, 1 (GeV/C?)
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Comparison to models

§ 60<p, . (GeVic)< 80 § - 80<p_  (GeV/c)<100 § ; 100<p, (GeV/o)< 120
aé 02'_ ALICE Pre”minary T\(; 02'_ ‘:'\(; 02'_ [ ] Pb-Pb 0-10% ‘SNN=2‘7ﬂeV
s [ 5 [ 5 [=—E— PYTHIA Perugia 2011ys,, = 2.76 TeV
2 E% < E‘S < Eﬁ i JEWEL+PYTHIA Recoil on 0-10% PbPb
S o B T === JEWEL+PYTHIA Recoil off 0-10% PbPb
~—| 8 $ ~—| 8 =g w—I 8 |—— aPYTHIA
L L o L
< I -+ < I -+ = <
0.1 T —o— _i__i__s_ 0.1 _l_ 0.1 =g
; B o+ e LT TR TR
- —o— F STty : A Ty
e —f= —t= [ 0= == [ i :&_—"‘
[ = — -t [ - -4= = -¢= I -
et == E L = _‘_-i- +'.'=E= L T = G =l #
s L L o e g E F A Y T R W
Cb 2 4 6 8 101214 16 18 20 22 % 5 10 15 20 00 5 10 15 20 2
M, e (GEV/C?) My, o1 (GEV/CE) M, et (GeV/C?)

e Quenching models (JEWEL, Q-PYTHIA) show a larger mass than pp-like PYTHIA jets

- JEWEL: 2—2 pQCD matrix elements with parton shower taking into account radiation. For charged jets the
background subtraction is implemented by shifting the distribution considering the background estimated for full

jets and the difference between full and charged jets in pp

- Q-PYTHIA: PYTHIA with medium effects in the final state branching through an additive term in the splitting
functions computed in the multiple-soft scattering approximation

JEWEL with “recoil off” (removing recoil centres before hadronization) shows a
depletion of the jet mass wrt pp due to less low-p; fragments wrt recoil on

Pb-Pb measurement can discriminate among these predictions

Christine Nattrass, US LHC Annual Meeting 2016 23



Conclusions

* Precision tracking and PID enable precision measurements of
— Global observables (N, E.)
— Direct photons
— Hydrodynamical flow
- Jets

— Resonances
e More to come!

— Results from DCal
- Upgrades for run 3
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