the QCD phase diagram
EOS, the chiral and the deconfinement phase transions in lattice QCD
experimental access to the QCD phase diagram

- delineating the phase boundary from hadron yields

- access to chiral criticality via fluctuations of conserved charges

- deconfinement and quarkonia

work done over the past 18 years in collaboration

with Peter Braun-Munzinger, Anton Andronic,
Krzysztof Redlich
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at low temperature and normal density
colored quarks and gluons are bound in
colorless hadrons - confinement

chiral symmetry is spontaneously broken
(generating 99% of proton mass €.g.)
1972 QCD (Gross, Politzer, Wilczek)
asymptotic freedom at small distances

at high temperature and/or high density
quarks and gluons freed from confinement

-> new state of strongly interacting matter
1975 (Collins/Perry and Cabibbo/Parisi)

called Quark-Gluon Plasma (QGP)
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computation of QCD EoS one of the major goals in IQCD community since 1980

A.Ukawa, arXiv:1501.04215
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400

consolidated results on EoS from
different groups, extrapolated to
continuum and chiral limit

rapid rise of energy density
(normalized to T4 rise for

relativistic gas)

- signals rapid increase in
degrees of freedom due to
transition from hadrons to
quarks and gluons

- 1QCD points to continuous
Cross over transition
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order parameter: chiral condensate, its susceptibility peaks at T

S.Borsayi et al. Wuppertal-Budapest Coll., JHEP 1009 (2010) 073

A.Bazavov et al. HotQCD Coll., PRD 85 (2012) 054503
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comparing different measures and different fermion actions, consensus:
pseudocritical temperature T, = 154 £ 9 MeV for chiral restoration
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X5 /X5 o baryon number?

H.T.Ding, NPA931 (2014) 52

1.2
B, B -
Xy /X3 1 HRG stout: cont. 1« confined: |
0.8} HISQ: N.=6 -& measure suggested by Ejiri,
HISQ: N_=8 - Karsch, Redlich (2006)
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rapid drop suggests: chiral cross over and deconfinement appear in the same
narrow temperature range
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Nz=2QCD SU(3) YM

1QCD finds continuous analytic 2nd (o)
. O(4) crossover
cross over for physical quark Ist
masses
o THYS: < jj?:’ )
meaning for deconfinement? wicrit. § © PO & A
pont P O
= &
closeness of physical point to 2nd m N
.. 5 2nd e,
order O(4) transition could have 7(2) =
observable consequences in i N,=2+1QCD
fluctuations
0
0 o0
m,q

'Columbia plot' Kanaya, Lattice 2010

Johanna Stachel @fﬁ% RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




QGP and phase diagram studied in high energy collisions of nucle1
since 1987 at AGS/SPS,

since 2000 at RHIC,
since 2010 at the LHC at SNN = 2.76 TeV, now 5.02 TeV

nuclear collision rates 2018: 8 kHz, from 2021: 50 kHz
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about 3750 charged
particles in 1.8 units
of pseudorapidity

Run: 244918

Time: 2015-11-25 10:36:18
: Colliding system: Pb-Pb

ALICE Collision energy: 5.02 TeV



Experimental Observables

. and link to QCD phase diagram
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Hadro-chemical composition of the fireball

what are the 25 800 hadrons observed in the final state at LHC?
(32 300 at full LHC energy)
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all thermodynamic quantities derived from full QCD partition function Z
e.g. thepressure p _ 1 0mZ(V.T,p)

T T3 A%

trace anomaly from 1QCD 45|, | » | /]
full dynamical quarks with realistic pion al (&-9) F |
mass (HotQCD coll. PRD 90 (2014) 094503) . _
perfectly matched by
hadron resonance gas prediction T
(solid line) 25 1
2 L
similar agreement seen for many other 1.5 |
observables 11 .
05 k=" T el

110 120 130 140 150 160 170 180 190
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in the dilute Iimit T < 165 MeV:

mZ(T,V,p)~ Y WZY(T.Vipg.us)+ Y W25 (T, V. o, pig. 1is)

1€ mesons 1€ baryons

- partition function of hadron resonance model expressed in mesonic and
baryonic components.
- chemical potentials reflect the baryon number, charge and strangeness
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partiction function Z(T,V) contains sum over the full hadronic mass spectrum and is
fully calculable in QCD

for each hadron species 1, the grand canonical statistical operator 1s:

In Zz = ng

[ +p2dpln(l + exp(—(Ei — p:)/T))

leading to particle densities:

T Oln Z; ; oC 2
_NJV = — O In _ 9 / p~dp
V. ou 272 exp((E; — ;) /T) £ 1

for every conserved quantum number there 1s a chemical potential:

pi = ppBi+ psSi + pr, I}

but can use conservation laws to constrain V, its, (1,

Fit at each energy
provides values for
T and

use full hadronic mass spectrum from the PDG to compute
'‘primordial yields' and feeding from strong decays e
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excellent description of
ALICE@LHC data with
grand canonical (GC)
statistical ensemble
T=156.5+1.5MeV

fit includes nuclei

2.7 sigma deviation for protons
solved in the mean time

2/dof = 19.7/19
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A. Andronic, P. Braun-Munzinger, K. Redlich, JS

Nature (in print) arXiv: 1710.09425
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A. Andronic, P. Braun-Munzinger, K. Redlich, JS
I free parameter: temperature T arXiv: 1710.09425
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A. Andronic, P. Braun-Munzinger, K. Redlich, JS
I free parameter: temperature T arXiv: 1710.09425
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mass = 2990 MeV, binding energy = 2.3 MeV

A separation energy = 0.13 MeV

molecular structure: (p+n) + A

rms radius =rms separation between d and A = (4 B.E. M,.q)-1/2=10.6 fm
in that sense: hypertriton = (pnA) = (dA) 1s the ultimate halo state

yet production yield 1s fixed at
156 MeV temperature

(about 1000 x separation energy.)

0.217 figure by Benjamin Doenigus, August 2017

0.15

triton
0.1

(r) / (arb. units)

hyptertriton
0.05 P

hypothesis: all nuclei and hyper-
nuclei are formed as compact multi-
quark states at the phase boundary.
Then slow time evolution into

hadronic respresentation.

Andronic, Braun-Munzinger, Redlich, JS, i 20 2
arXiv :1710.09425 r/fm
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-ArXiv:1710.09425
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- matter and anti-matter produced in equal proportions at LHC
- consistent with net-baryon free central region, (ub =0.7 £ 3.8 MeV)

similar to early universe

p/p

o
o
an
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w
W
o
N
N
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"--.-f(J-I

- even 10 anti-4He nuclei observed!

= _ ~ =
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fluctuations of conserved charges (baryon number, strangeness, charge) sensitive to
criticality related to spontaneous breaking of chiral symmetry.

- in 1QCD susceptibilities exhibit characteristic properties governed by universal part

of free energy in vicinity of O(4) critical region of chiral transition

OP(T. ) /T*

BQS - -
\-fjf (1) = with fix = px/T

B i]ﬁiﬁi)ﬁ%i)ﬁg .
can we see signs of this criticality in experimental data?
- look at moments of e.g. net baryon number 5. XX
ANp=Np —Np. p;={((ANp—(ANp))") 1[}5
cumulants of this distribution are directly "} + HRG
linked to 1QCD susceptibilities 0.5 = + +
3. B 3
kg = fig = VI3 o + $%%00
g = ug — 3ps = VIS b + N
T 140 160 180 200
T [MeV]
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take net proton distribution as a proxy for net baryons
need a number of corrections before comparing to IQCD

- correct for volume fluctuations

- correct for baryon number conservation

second moment of ALICE net proton
distribution completely understood

and comparison to 1QCD baseline
fulfilled

higher moments very statistics hungry
and need very good understanding of
all experimental fluctuation (efficiency
3rd and 4th moments from 2018 data
up to 6th moment LHC run3

.-iéh. 1 _1 5_| T T T T T T T T T T T T T T T ]
2 © [ ALICE Preliminary, Pb-Pb Sy = 276 TeV  _
{Il E 1. 1_— 0.6 < p < 1.5 GeV/c, centrality 0-5% ]
;E:'I @_, : —@— ratio, stat. uncert. :
52' 1 05_— — ﬂoingao:sm arXiv:1612.00702 _
1~ -
0.95 -
0.9_I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 ]

0.5 1 1.5
An
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slope constant of spectra Teg o< m
reflects superposition of random
thermal motion and collective
expansion

at surface velocity 34 speed of light
even fragile objects as deuteron
follow radial flow
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the original idea (Matsui and Satz 1986): implant charmonia into the QGP and

observe their modification (Debye screening of QCD), in terms of suppressed

production in nucleus-nucleus collisions with plasma formation

table from H. Satz, J. Phys. G32 (2006) 25

in the QGP, the screening
length Apepye(T) decreases

with increasing T. If

xDebye(T) < I'¢harmonium the

system becomes unbound < ® | o [fm] | 0.50

state | J/0 ] ve || T ow | Y| | Y
mass [GeV] | 3.10 | 3.53 | 3.68 | 9.46 | 9.99 | 10.02 | 10.26 | 10.36
AE [GeV] | 0.64] 0.20 | 0.05| 1.10 | 0.67 | 0.54 | 0.31 | 0.20
AM [GeV] | 0.02 | -0.03 | 0.03 | 0.06 | -0.06 | -0.06 | -0.08 | -0.07

0.72 | 0.00 | 0.28 | 0.44 | 0.56 | 0.68 | 0.78

— notion of charmonia as thermometer — sequential melting
signature of deconfinement, but no direct link to phase boundary

Johanna Stachel

?;‘:I 1 -8
BN RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




new insight (Braun-Munzinger, J.S. 2000):
QGP screens all charmonia (as proposed by Matsui and Satz), but charmonium
production takes place at the phase boundary,
——3 cnhanced production at colliders — signal for deconfinement
production probability from thermalized charm quarks scales with N char-

yields of charmonia (and open charm hadrons) directly linked to phase
boundary and hadronization temperature
still probe of deconfinement
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@ assume: all charm quarks are produced 1n 1nitial hard scattering; number not
changed in QGP
Ndreet from data (total charm cross section) or from pQCD

o hadronization at T, following grand canonical statistical model used for

hadrons with light valence quarks (canonical corr. if needed)

technically number of charm quarks fixed by a charm-balance equation
containing fugacity g.

Néléirect _ _gCV(Z ntherm + ntherm) 4 ch(Z ntherm

|

the only additional free parameter
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a Development of b

Start of callision quark-gluon plasma Hadronization 12
1.0 =y
Lievwr 3 ] 1";
(RHIC) . — 2 — @D < l \
energy ce s : & 0.8 ;
x o> L T
W 0.6 H E
e | U S
& %o o ﬁ @D gﬂ-d_ hh‘ﬁ.m.ﬁ"hﬂ———_
High L Pl f " : Nod SR 5 LHC mudel @
(LHC) . - 5t Y b @gﬁ g §02] - RHICmode
energy | TR P ; " @P.gp & G @ RHICdata
@0 @ 0 .

6 50 100 150 200 250 300 350
Mumber of nucleons in collision

charmonium enhancement as fingerprint of deconfinement at LHC energy

- a prediction!
Braun-Munzinger, J.S. Phys. Lett. B490 (2000) 196
Andronic, Braun-Munzinger, Redlich, J.S., Phys. Lett. B652 (2007) 659
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Expectations for LHC

2 possibilities:

statistical regeneration

600¢C 23%¢S'H

sequential suppression

J/ W Production Probability

Energy Density
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, , _ measured ccbar cross sections at
A. Andronic, P. Braun-Munzinger, K. Redlich,

J. Stachel Phys. Lett. B652 (2007) 259 appropriate faPldltY by ALICE and 'LHCb
2 | | and shadowing from measured J/psi
Eg a3 do,/dy (mb) 1.28 .~ production in pPb collisions compared to
%, 1.75 . pQCD
'c; 15|
“"::r 0.85..
2_31.25
g mid-y LHC 2.76
S 1 1 land 5.02 TeV
=075 | 0.43 |~ including shadowing

05 = 032 fOI'W&I'd-y LHC 2.76

} and 5.02 TeV
0.25 including shadowing

50 100 150 200 250 300 350

part
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(1/NADd* N4 Jdnd pr

evi

Ras(pr) = - N PP\ 2N DD 7,

= 14— (Neott) (1/Nevy )d_‘;\ch /dndpr § < 143 VS=5.02 TeV (ALICE, |y |<0.8, +17% syst.unc., preliminary)
;303 - = \.E:SOZ TeV (ALICE, 2.5<y<4.0, +8% syst.unc.) ] x " @ |/5.5=0.2 TeV (PHENIX, [y|<0.35, £12% syst.unc.) ]
12 T ® {5 =0.2 TeV (PHENIX, 1.2<y<2.2, £9% syst.unc.) 7 1.2 - \53=0-2 TeV (STAR, |y|<1.0. +14% syst.unc.) —
1 —: 1 } IE -
0.8 : 0.8] l H -
iili I!EEEEIE ] [&] &1 - i
0.6 H @ o 0.6 ! H E -
0.4 —~ 0.4 E .
0.21 i By - 0.2 L .
B | | | | | | | | | | | | | ‘ | | | | ‘ I_ : | | | | | | | | | | | |:
00 500 1000 1500 2000 00 560 1 0|OO 15|00 20|00
dNy/dn| dN /A7 |

energy density --> i

‘% statistical regeneration

sequential melting scenario not observed ;

rather: enhancement with increasing energy density!
(from RHIC to LHC and from forward to mid-rapidity) S| eoenialsppession
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B \s, =2.02 TeV (ALICE, 2.5<y<4.0, £8% syst.unc.) ]

§ " M s, =5.02 TeV (ALICE, |y|<0.8, +17% syst.unc., prenmjnary)
® \s,=0.2 TeV (PHENIX, 1.2<y<2.2,+9% systunc.) - QC . e hSNN-02TeV (PHENIX, |y|<0.35, +12°/9..5..¥5t une’y

lines: Statistical Hadronization Model
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T | T 1 T
Saet s

0.8
E .!EE El -IE'E'EEIEIEI—

0.6 . 06 1 E
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04— . - 04 :— BEE ﬁ
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0 500 1000 1500 2000 00 ! I5C|)OI I‘IO|OOI |15|OOI 120|00
dN_/dn| _
n= dN_ /dn |n=

production in PbPb collisions at LHC consistent with deconfinement and
subsequent statistical hadronization within present uncertainties
main uncertainties for models: open charm cross section, shadowing in Pb
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M. Kohler A Andromc P. Braun Munzmger JS arX1V 1807 01236

< " Pb-Pb s, =5.02 TeV SHM ALICE .
% 150 I 2 5<y<4 Jhy ® PLB766(2017)212
n y(2S) B preliminary _
: do®® / dy x shad. = 0.334 + 0.063 mb
1 o
i |
N R i
0.5F _ T .
ol Ny N ]

0 100 200 300 400
Npart

also excited state completely in line, suppressed by Boltzmann factor
errors will decrease with more data
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yield in PbPb peaks at mid-y

where energy density is largest
?

for statistical hadronization J/y yield
proportional to N 2 -higher yield at
mid-rapidity predicted in line with
observation

(at RHIC and LHC)

Jhy
AA

0.5

Johanna Stachel

M. Kohler, A. Andronic, P. Braun-Munzinger, JS
arX1V 1307. 01236

- Centrality O- 10 %

Pb Pb, \syn —ZTGTGV

: + R

Statistical Hadronisation Model

® ALICE data
Jhy —e'e, |y|<0.9 (Phys. Lett B 734 (2014) 314)
Jhy — piu-, 25 <y < 4 (Phys. Rev. Lett. 109 (2012) 072301)

4 —2 0 2 4
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5 2 - L L L L L e s 1 o o
@ 1 8F ALICE, Pb-Pb |5 = 5.02 TeV, 0-20% - compared to pp collisions
1.6 ;_ @ Jw — 25 <y < 4, (PLB 766 (2017), 212) _; enhancement at Small pt!
1.4F B Jy—e'e |y <09 (Preliminary) . . ..
" H e ’ : — was predicted for statistical
s .. e * hadronization component
08N @ ]
0.6 o ; what does statistical hadronization have
04 T = .
ook _ I o - . ; to say about p; spectrum?
0 : | 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 | 1 | 1 1 [ :
0 2 4 6 8 10 12
P, (GeVi/c)

the physical picture: charmonia are formed at hadronization from charm quarks in
the medium

implies: they should exhibit — as other hadrons — a spectrum characterized by the
temperature and the flow of the surrounding medium

recipe: take flow characteristics at T, from a good hydro describing the other light

flavor observables, normalization given by ccbar cross section
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¢ - velocity profile linear in r

- average transverse velocity:
J 0.55¢c

~

rifm
first approach: use blast wave parameterization with hydro input, i.e. linear velocity
profile and correct mean velocity and T=T_. and m=m(J/y) for core

and pp spectrum for corona
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M. Kohler, A. Andronic, P Braun Munzmger JS, arXiv:1807.01236
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F Pb-Pb, {5 = 5.02 TeV #
- Centrality 0-20 %
| 1
10
0
p_ (GeV)

>
S)

GJ 10—2

£ Pb-Pb, {5,y = 2.76 TeV
[ Centrality 0-20 %

Stanstlcal Hadromsqtmn I\Iodel y
dazg /dy = shad. =0.218 = 0.032 mb

ALICE data

Jhy - pum, 25<y <4
JHEP 05 (2016) 179
pp shape (a.u.)

quite reasonable agreement without any free parameters
J/y formed at hadronization at T from deconfined thermalized charm quarks
flowing with the rest of the medium

Johanna Stachel
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semi-central collisions: asymmetric overlap region — asym expansion velocity profile

0.05

charm quarks thermalized in the QGP

arXiv:1709.05260 should exhibit the elliptic flow

ALICE 20 - 40% Pb-Pb, | s, = 5.02 TeV

PRL119 (2017) 242301,
— T

generated 1n this phase

s expect build-up with p; as
observed for T, p. K, A, ...

ot P

—to-

_E_
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

and vanishing signal for high py
region not dominated by flow
op Inclusive J/y — e'*e, |y| < 0.9, v,{EP, An = 0}
o Inclusive J/y — p'n,25<y<4, v,{EP, An=1.1}
- global syst : 1%
P I TR TR N AN TR TN T A TR T TR A SR T S BN TR S
2 4 6 8 10 12

P (GeV/c)

first observation of significant J/y v, in line with
expectation from statistical hadronization

Johanna Stachel %ﬁ% RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




Hadronization of the QGP delineates the phase boundary as computed
with lattice QCD

Even yields of fragile nuclei determined by this temperature

Fluctuations of conserved charges developed as tool to access chiral
pseudo-criticality, measurements of higher moments start appearing

Global, Hubble-like expansion of the nuclear fireball

Charmonia give evidence for deconfinement, formation at hadronization
of the fireball together with the rest
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The thermal proton yield anomaly in Pb-Pb collisions at the LHC and its resolution
Anton Andronic,! Peter Braun-Munzinger,%4 Bengt Friman,®

Pok Man Lo.% Krzysztof Redlich,%72? and Johanna Stachel®:2

use S-matrix formalism to include N interaction in hadron resonance
gas (analysis of measured phase shifts)
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Production of ccbar - open charm
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3800

Counts per 5 MeV/c?
S
=

5103
ALICE

p-Pb, {5,,,=5.02 TeV

D" - Kt

and charge conjugate

O<p. <1 GeVic

e« Kz ULS pairs

:_ e bkg

F —— TrackRot bkg

N R R ¥R N N
M(K=) (GeVic?)

Event-mixing bkg subtracted

very hard struggle to deal with (irreducible) combinatorial background,

il I
-

e
M(Kz) (GeVic?)

Side-band fit bkg subtracted

I1?Eil = %IEIéI I |2
M(Kx) (GeVic?)

1.8 1.85

very recently successful for DO in pp and pPb

Johanna Stachel

dQG/(dedy) (ub GeV™' ¢)

!

10°

10*

10°

102

PRC94(2016) 054908 arXiv: 1605.07569

ALICE

e

iy

it

it

i

p-Pb, 5,,,=5.02 TeV]

DY -0.96<y  <0.04
cms

—=— Inclusive

—=— Prompt

—

+ 3.7% lumi, = 1.3% BR uncertainty not shown

o

2 4

6

8

10 12 14 16

P, (GeV/e)
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B 10° _ 1 FONLL: Cacciari et al., arXiv:1205.6344
9 Prompt D, y|<0.5 3 Prompt D, lyl<0.5 3 GM-VFNS: Kniehl et al., arXiv:1202.0439
= 10 —— ALICE _: —=— ALICE _
E B FONLL 3 GM-VFNS =
<, B 7 data are compared to
5 - 1 perturbative QCD calculations
e —— EH e % reasonable agreement
10 e T +===== - at upper end of FONLL and
+ 3.5% lumi, = 1.0% BR uncertainty not shown o 2= 3.5% lumi, £ 1. Uncerainty not snown ]
f b at lower end of GM-VFENS
N -
R TV R TV R - 2530 35
P (GeV/c) [ (GeVic)
mid-y cross sections Extr. factor to pr >0 | do /dy |,j-05 (UD)
DY 1.000210-9904 512 4 37(stat) 4 39(syst) & 18(lumi) + 5(BR)
D+ 125195 235419(stat) £26(syst) = 8(lumi) = 6(BR)*32 (extrap)
D*f 1.211958 251 +29(stat) £ 24(syst) £ 9(lumi) £+ 3(BR) "3 (extrap)
DY 2231088 89 4 18(stat) & 11(syst) & 3(lumi) + 3(BR) 35 (extrap)

Johanna Stachel
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PRC94(2016) 054908 arXiv: 1605.07569

S TTT || T T T TTT I‘ I T T TTT || T T T TTT ||
= | —@ ALICE (total unc) o
“‘Eﬂ 0* [CJALICE extr. unc. kK -
O - —&— ATLAS (total unc.) L =
© — [ ATLAS extr. unc. ,.$ -
[ —— LHCb (total unc.) el i
| % STAR |
A PHENIX -7

10° —— NLO (MNR) ¥’ —

R ] HERA-B (pA)
10 = M E653 (pA) 3
- \/ E743 (pA) ]
B V¥ NA27 (pA) N
i , ¢ NA1S (pA) |
10 ,'li} O E769 (pA)
:IIII ' | J!\\III‘ | ||||||| | ||||||| .

10 10? 10° _ 10°
I's (GeV)

@ cross sections in good agreement with NLO pQCD
(at upper end of band but well within uncertainty)
@ beam energy dependence follows well NLO pQCD

?;‘:I 1 -8
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use shape of FONLL to interpolate to proper s and y-interval

—g 14 W LHCb, pp, 2.0<y<45 7
~ _  FONLL (CTEQS6.6), pp, 2.0<y<4.5 ]
1:;? 1o central ]
“‘HIU R CR— max .
DU . best fit |
° I 7
08k .
061 .
041 .
02F .
O _ | 1 1 | 1 1 | | 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 | | ]

2 4 6 8 10 12 14
s (TeV)

LHCb: 5 TeV arXiv:1610.02230
7 TeV NPB 871 (2013) 1
13 TeV JHEP 03 (2016) 159
plus erratum

0.8

0.6

0.4

0.2

0

-8

FONLL central —»_

FONLL min —»

[ FONLL (CTEQ6.6) pp {5 =7 TeV
| ----- central ® ALICE
A min, max f/’r‘_h\‘\\ m LHCb
T — best ﬂt/__w’
" FONLL may’ +

best fit % |

-6 -4 -2 0 2

ALICE: 7 TeV PRC94(2016) 054908

Johanna Stachel

and 1702.00766
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Hpr

1

af P (i = 502 TaV ALICE forward/backward arXiv:1308.6726
L b = . .
I ALICE arXiv:1308.6726: inclusive J/y -y, 0<p_ <15 GeVic good agreement with LHCb arXiv:1308.6729
1 2 = 'Llnt {-4.46@'}"“!‘:-2.95} = 55 I'Ihl 1 LIM {2.“31}"‘““{3.53} = 50 Hb. ALICE mid_y hard probes 20 1 3
=l H ALICE Preliminary: inclusive Jiy—e'e’, pT:-lJ GeV/c
i HM_II Wl L, (137<p_ <0.49) = 527
P o o OO
0.8
0.6F ae0
0.4 L [(J[Juncorr. systematic uncertainty
B part. corr. systematic uncertainty
L common T, uncertainty
0.2+
0 i | L | | L | va el | 4 |
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0

pF

1.4

ALICE Preliminary

> Inclusive Jiy — pw, p-Pb |s,,, = 8.16 TeV

0.8+
0.6 B EPS09NLO + CEM (R. Vogt) %
B nCTEQ15 (J. Lansberg et al.)
qu. l-_— CGC + NRQCD (R. Venugopalan et al.)
i CGC + CEM (B. Ducloue et al.)
B Energy loss (F. Arleo et al.)
02 -_ —— Transport (hot + cold nuclear effects) (P. Zhuang et al.)
: = = = Comovers (E. Ferreiro)
UlIIIiIIIJJJ]lll.LIII|IIIIJJJll|.l||||JIIIJJJJ[I.ll||

-5 4 3 -2 -1 0 1 2 3 4 5
ycms

good agreement with shadowing calculations
also with energy loss models wo shadowing
and CGC calculation

Johanna Stachel

ALICE new 8.16 TeV data

pp open charm do/dy plus
nuclear effects from J/y in pPb
form current baseline for
charmonia in PbPb
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< 2_[ I TT ' T TT1 | T T 17T | T 1T l T 17T ' T TT | T 17T T |_ .
<C - i

'y - ALICE 1X

1 8j 0 — m

- 0-10% Pb-Pb, s\ =2.76 TeV mD - g

1.6~ AD* lyl<05 &

1.4 °D” 1S

- 12

1.2 Filled markers : pp rescaled reference — ©

C Open markers: pp pT—extrapoIated reference E
Ao .
0.8F -
0.6 m =
0.4 i -
0.2[ - ﬁﬁﬁ;@; I .
0:| I 1 1 | 11 1 | L1 1 1 | | T | | I | ‘ | I I | | 111 | L1 1 |:

0O 5 10 15 20 25 30 _ 35 40
pT(GeV/c)

energy loss for all species of D-mesons within errors equal - not trivial
energy loss of central collisions very significant - suppr. factor 5 for 5-15 GeV/c
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strong energy loss of charm quarks elliptic flow for charm — participation in coll. flow

{ 2_| TTT T T 17T | TTTT | T TTT | T TTT | 7171 | T T T | T T LI —_— C T T T T | T T T T I T T T T | T T T T T T T T I_
< T ALICE - o)) - N~ -
@ 18- 0-10% Pb-Pb, |5, =276 TeV — L 3 0-3C ALICE Preliminary :
B - AN - o _ ]
1 6F « Average D°, D", D", ly|<05 - O <]:0_25__ 30-50% PDb-Pb, \s\ = 5.02 TeV =
r o with pp p_-extrapolated reference - ; . - |y|<0.8 -
1.4 » Charged particles, |<0.8 = & 0.2 —
- e Charged pions, ||<0.8 - W -z - $ ‘ ]
1.2 - ~0.15F =
- . E N ]
o - 0.1:—{, % J%f 3
0.8} - o B -
- . 0.05( -

0.6 gud.s . - 2 ell : J$L 1w
- C . O b —
0.4 e = + . 0 055 e Prompt D°, D" average i
:Ii"HL . —0.05 ] Syst. from data —]
0.2 .ﬂi*ﬁ - N Syst. from B feed-down ]
0 L 11 | | | I - | L 111 l L 111 I L 111 | 1111 | L1 1| | (.| r _0.1:_ | I | | | _:

0 5 10 15 20 25 pSO(Gg%/C‘;{O 5 10 15 20 o5

T (o (GeV/c)

M.Djordjevic, arXiv:1307.4098:

equal Rp A 1s a conspiracy of different

fragmentation functions of light quarks,
_gluons, charm and different color factors in

energy loss
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2 47—# T T | T 1T ‘ T T 1T | L I T 1T I T T 1T T 1T [ 4—;
o E ALICE ]
1.8-0-10% Pb-Pb, | s, = 2.76 TeV —
B BT yepepu TAMU elastic .
1 61 ® Average D° , D", D*" |y|<0.5 .. ... Cao Qin, Bass
"7 - O with pp p_-extrap. reference Cieiein MC EJ%TESE) -
1 4 — NLOMNR) with EPS09 shad. — o EXMEANG 7
L BAMPS el.+rad ]
e e PHSD
1.20
1'_’ .....................................................................

i

: Y . M o
OltllllltlIIIIT\II\’JN\Llllllllllllllll

llllllllll}llllllmllll

| J

PRL 111 (2013) 102301, PRC 90 (2014) 034904

>

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

0.4

I T T ‘ L | 17T | 1T | L | 1T | T T T | LI | T
30-50%, Pb-Pb
Sy = 2.76 TeV

- = ALICE D°,D", D™ average
- [ ]Syst. from data
_ []Syst. from B feed-down

0.3 =
0.2F =
0.1F ]
(0] ]
- WHDG rad+coll ]
| — . POWLANG in-medium had. ]
—0.1— ... MC@sHQ+EPOS cuees PHSD o
L Cao, Qin, Bass - BAMPS el. -
C--- -‘TAMUI elastilc | e El’AMPS| el.+ra}d.:

0 2 4 6 8 10 12 14 16
[ (GeV/c)

models capture various relevant aspects leading to thermalization of charm
— serious need to put together a coherent picture

- a difficult theoretical challenge, that is being addressed

- recently an EMMI rapid reaction task force took up the issue
(Andronic, Averbeck, Gossiaux, Masciocchi, Rapp)

Johanna Stachel
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0-100% 0-10% Central

25.8 pb1(5.02 TeV pp) + 404 ub ' (5.02 TeV PbPb) 25.8 pb™ (5.02 TeV pp) + 404 pb' (5.02 TeV PbPb)
:_CMS l-|H DD :_CMS EIHMDU
1-4: Preliminary AR 1-4: Preliminary —— S Caoc et al.
B —  S.Caoetal 0-80% B ]
1 '2; T, and lumi. . 1 '2; Tiux and lumi. PRSD W/ Shadm'””lg
45 -uncertainty ... OS] q ungert@inty ... [ FHSDwioshadowing
- Centrality 0-100% - L._ Centrality 0-10%
C 0.8 lyl <1 C 0.8+ Llyl<1
2P B
0.6+ 0.6
0.4 0.4
0.2 0.2F
U_ 1 1 1 1 11 1 I| 1 ] 1 1 11 II| U_ 1 1 1 1 11 I| 1 ] 1 1 | | II|
1 10° 1 10°

10 10
P (GeV/c) P (GeV/c)

models: predictions before run2 data

« PHSD (Parton-Hadron-String Dynamics model[2])
» S.Caoetal. ( Linearized Boltzmann transport model + hydro ) arXiv:1605.06447v1
» M. Djordjevic [ acD medium of finite size with dynamical scattering centers with collisional and radiative energy loss ) Phys. Rev. C 92 (Aug, 2015) 024918
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PLB 718 arXiv:1209.3715

—~ 80
Pb+Pb— Ph+Pb+JAy V_ 2.76 TeV N(_;
~ C ‘ T T T T | T T T T T T T T ‘ _| —
& = = >
£>£ 40E- = O 70
2 e ALICE E =
S o 3
€ 30— 36<y<26 - > o0
)] = n -—
L 25— — S
T - g 3 50
c C . ~—
I 1S
c 1°H = T 40
o) I i T
2 105 = <
£ = B ©
Q  E =
OE ! | ! | I I | \'T' l '[l 4 \l l l‘Ll l i==ld TE
4

25 3 35

.h
(.J‘I

M., (GeV/c?)

photoproduction in ultra-peripheral PbPb
collisions — excellent signal to background
very good understanding of line shape

(probes nuclear gluon shadowing, not discussed
here)

ALICE EPJC73 arXiv:1305.1467

Pb+Pb—Pb+Pb+J/y |s,, = 2.76 TeV
ly|<0.9

—s— Opposite sign electron pairs
? N, =265+ 40

ﬁ m,,, = 3.092+0.036 GeWc
GJ,.I. =25.0 + 1.9 MeV/c?

05 3 35 4 4n T &% 26
M, (GeVic?)

Johanna Stachel BN RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




forward y—2 5 4. O

mid IyI < 0.8

x10°
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most challenging: central PbPb collisions
in spite of formidable combinatorial background

(true electrons, not from J/y decay but e.g. D- or B-mesons) resonance well visible
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1.4

ALICE Pb-Pb {5 = 2.76 TeV

R AA

1.2

@ Jy-—ee ly<08p>0 GeV/c global syst.= + 13%

B Jy o W, 25<y<4, 0<p <8 GeV/c  global syst.= + 15%

"""""""""?:E]"'

0.8
g ﬁ '
0.4
0.2
0|||||||||||||||||||||||||||||||||||||||
0 50 100 150 200 250 300 350 400
(Npart>

s nearly flat over large centrality range
s indication of rise for most central and mid-rapidity
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arXiv:1606.08197 [nucl-ex]

q: LI IIIII IIIIII IIIII IIIIII IIIIII IIIII IIIIII
<
44 ALICE, inclusive J/y — putu
2.5<y<4,pT<8GeV/c
1.2
1
0.8} ]
- E@@@m@ UNCRUR
06 m m .
0.4F .
i ® Pb-Pb |s, =5.02TeV ]
02r B Pb-Pb |5, =2.76 TeV E
O-II IIIII IIIIII IIIII IIIIII IIIIII IIIII IIIIII-

0 50 100 150 200 250 300 350 400
(N_)
part

Ran” "(5.02 TeV) / Ran” 2 *(2.76 TeV) = 1.13 + 0.02(stat) + 0.18(syst)

increase of J/yy Rp A for all centralities and over large range of p; (but within 1 ©)
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4 S 2440 +13% syst. ) ]
S 214 B ALICE (2.5<y<4.0, £15% syst. uncert.) e m ALICE (lv]<0.8, 113% syst. uncert)
oc T F Statistical Hadronization Model ] C e Statistical Hadronization Model ]
o Transport Model (Zhou et al./Tsinghua) _: 1o iransport moge: (;2011 et a:-gi:ﬂgdwa)_—
Clwl - Transport Model (Zhao et al./.TAMU) - - T ransport Model (Zhao et al. ) A
1 ‘ —: 1 :*\._;"" ___________________ {
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in transport models (Rapp et al. & P.Zhuang, N.Xu et al.) J/psi generated both in QGP and
at hadronization

@ transport models also in line with Rz 5
part of J/psi from direct hard production, part dynamically generated in QGP, part at
hadronization, but different open charm cross section used
(0.5-0.75mb TAMU and 0.65-0.8 mb Tsinghua vs. 0.3-0.4 mb SHM)
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JAy formation via statistical hadronization at T, implies in classical picture:

Ap< 1y~ 0.5fmatT=156 MeV or wp/T>2.5
compare to recent finite temperature IQCD potential result:

- value at T lower

- systematics?

- and: lattice potential has real and
imaginary part, both contribute to
screening

other observable to determine Ap ?

e.g. Y vs J/y

2.5(
2.0}

1.5]

Y. Burnier, O. Kaczmarek, A. Rothkopf,

mp/T JHEP 1512 (2015) 101

I'l

0.5}

Johanna Stachel

’w% RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




RAA

RAA

1.4

1.2

0.8

o©
fo

o
N

o
N

o

1.4

1.2F

0.8

0.6}

0.4F

0.2

L Pb-Pb {5, =276 TeV
:— Bl ALICE J/y — p*u’, 2.5<y<4, centrality 0% —90% global syst. = £ 8%
i ® CMS J/y - u'u, 1.6<|y|<2.4, centrality 0% —100%  global syst. = + 8.3%
; H relative yield larger at low p_in nuclear
: H collisions
i o ' good agreement with CMS at high pt
:\\I\|IIII‘\I\I‘\III|I\I\‘I\II‘II\Il\I\\l\IIIlI\II
0 1 2 3 4 5 6 7 8 9 10
o (GeV/c)

ALICE Preliminary, Pb—Pb\’sNN =276 TeV, L~70ub"’
~ ALICE
| PRELIMINARY o |nclusive JAy, centrality 0%-90%, 2.5<y<4 global sys.=+ 7%
L %é;é;;( Model (x Zhao & al., NPAS59 (2011) 114)

------- Regenerated J/y
—— Total without shadowing

=== Primordial J/y
....... Regenerated J/y

_ - statistical hadronization only expected for
e charm quarks thermalized in the QGP

_______________________________________

..................................... p dependence in line with this prediction
t

o 1 2 3 4 5 8 77 T8__ - :
p, (GeV/c) in CMS only suppression
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- =Charged particles, nl<0.8, 0-10% 5 q:< o PPE S =276TeV
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» ] ® CMS Jy - p'w, 1.6<|y|<2.4, centrality 0% —100%  global syst. = +8.3%
Ao - 1
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1s high p; part indicative of the same charm quark energy loss seen for D's
out to what p; 1s statistical hadronization/regeneration relevant?
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{p,) (GeVic)

T
W

2.5

1.5

Inclusive J/y
A ALICE pp 15=2.76 TeV, 2.5<y<4, p_<B GeV/c, arXiv:1203.3641
- ® ALICE Preliminary Pb-Pb 1s=2.76 TeV, 2.5<y<4, p,<8 GeV/c
- A PHENIX pp 15=200 GeV, 1.2<|y|<2.2, p,<7 GeV/c
i calculated from PRL98,232002 (2007)
@ PHENIX Au-Au 15=200 GeV, 1.2<|y|<2.2, p.<5,6 GeV/c
calculated from PRC84,054912 (2011) ALICE
- © PHENIX Cu-Cu 15=200 GeV, 1.2<|y|<2.2, p <5 GeV/c PRELIMINARY
calculated from PRL101,122301 (2008)
@
- )
| 1 1 L1 111 | 1 1 1 L1 11 I| 1 | 1
2
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P2 o
(oh)

L

2
I'\J<p T

0.5}

Inclusive Jhy

A ALICE, pp \s=2.76 TeV, 2.5<y<4

o ALICE, Pb-Pb\s,,=2.76 TeV, 2.5<y<4
A PHENIX, pp \s=200 GeV, 1.2<|y|<2.2
e PHENIX, Au-Au \s,,=200 GeV, 1.2<|y|<2.2
e NAGBO, p-A 1s=17.3 GeV, O<y<1

o NA50, Pb-Pb \s,,=17.3 GeV, O<y<1

ALICE

PRELIMINARY

0 et :

IIIIII| 1 1 IIIIII| | 1

10 10° (N

part

)

At LHC for central collisions softening relative to peripheral collisions and relative to pp
(opposite trend to RHIC) - consistent with formation of J/psi from thermalized c-quarks

Johanna Stachel
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Inclusive J/y — p*u, 0-20% centrality

Johanna Stachel

3 ® ALICE, Pb-Pb\s,,=5.02TeV,25<y <4 B
B ALICE, Pb-Pb\s,, =276 TeV,25<y <4 N
m PHENIX, Au-Au\s,, =02TeV,1.2<|y|<2.2 '
] H s :
A uRC _'
L E
_ '8 ege B M
m ow B o o ;
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 ]

0 2 4 6 8 10 12
p. (GeV/c)

softer in PbPb as compared to pp

a qualitatively new feature as
compared to RHIC where the
trend 1s opposite

in line with thermalized charm in
QGP at LHC, forming charmonia
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Zhou,
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Faa = <P>an/<P

1.8
1.6
1.4

1.2
1.0

0.8
0.6
0.4

0.2
1.8

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

Xlll’ Zhualng’ aI‘XIVI 13097520 . & ® ALICE, {5,,-2.76 TeV, Pb-Pb, y|<0.8 e ALICE, (5,.-2.76 TeV, Pb-Pb, | y|<0.8

- ! ! ! sps N 2, §PHENIX, [S——0.2TeV, Cu-Cu, A-Au, |¥|<035 | 23 Transport model (Zhou ot al, PRCSS (2014) 05491 1]
:_ _: : : # MAS0, [5,,=17.3 GaV, Pb-Pb, |¥}<1 :: =] Transport modal (Zhao et al, PRCAZ (2010) 064005)
S g RIZIAIAR
:_':." = i 15_— 4 t } —_—
= A |
;_ | H;;\x:; _; 1__ ﬁ_lﬂ ____________________________ __ _:_.‘_.i'_'_;__ ________________________________
E (A Mid-Rapidiif SO E i [% | \-ﬁ____ s
T | | —= o8 # 'L H G '
E E _lIIII|IIIIIIIIIIIIIIII__|IIII|IIII|IIII|IIII|I
- = 0 100 200 300 400 O 100 200 300 400
3 E Neard Noard
Jp 1 - at LHC energy, mostly (re-)
3 E generation of charmonium
- 1 - pq distribution exhibits features of
: . ] t
- (B) Forward-Rapidity .
- = strong energy loss and approach to
T I thermalization for charm quarks

Number of Participants N, - challenge to regeneration models

Johanna Stachel
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1.8

> C
w’ 1.6 :— ALICE Inclusive Hy—u'y Sy = Rl_t:lrw Pb;bba—cnw NQW

1 4 :_ Rpppp! | Sy=2-76 TeV, 2.5:yem¢4, 0-90% (submitted to arXiv) § 1 4 - Inclusive Jflp'—)ﬁ"a' N

C Rp': |'5,,=5.02 TeV, 2.03<y_ <3.53 (preliminary) U: - A Pb-Pb\s,=276TeV,|y_ |<0.8, centrality 0-40% ew
1 2 [ Hbucm \ 8p,=5.02 TeV, -4. 45<y < -2.96 (preliminary) . - : O p—Pb‘ ‘SNN=502 TBV, . 3?<y <0.43

: []total uncertainty "-:‘E 1 .2 — o

S B e e o i

: S 1L
0.8 F

- Pb-Pb, 0-90 % B
0.6 ‘ ‘ 0.8
041 —H— H H 0.6F
02 : hypolhesus factorization of shadowing effects from the two :

I nuclei in Pb-Pb and 2->1 kinematics for J/y production 0 4 —

0 L I - l ) I | 1 1 1 I | -] I 1 I 1 1 | | - | 11 1 | ] ) - ' [ M2
0 1 2 3 4 5 6 (7G v/ )8 0.2 i <
. p_{&evic 4y HLICE
Forward & backward rapidity ' i
oo b e b e b e Ly
0 2 4 6 8 10

Midrapidity p; (GeVic)

at low pt yield in nuclear collisions above pPb collisions
J/psi production enhanced in nuclear collisions over mere shadowing effect
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arXiv:1709.05260
—————————

—— 0.25 B I 1 1 1 I 1 1 1 I T T T ] < <
5 F ALIGE20 - 40% Pb.Pb, |- 502 Tov ] charm quar.ks. thermayzicd in the QGP
o~ 02F 4  should exhibit the elliptic flow
0155 E generated 1n this phase
- i ¢| ]
0.1t @ 1 I% E s expect build-up with p; as
. N
0.05 — observed for T, p. K, A, ...
0 [ = and vanishing signal for high py
- g5 Inclusive J/y — e*e’, |y| < 0.9, v,{EP, An = 0} . region not dominated by ﬂOW
-0.05— o Inclusive J/y — p'n, 2.5 <y <4, v,{EP, An = 1.1} ]
~ - global syst : 1% n
-0.1 [T ST TR TR (NN TR TN TN N TN SN T N TN SN SN N T S T S T S .
0 2 4 6 8 10 12

P, (GeV/ce)

first observation of significant J/y v, in line with

expectation from statistical hadronization
can be computed following approach above with
hydro velocity profile
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arXiv:1709.05260

E_h\ 0_25 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

m - ALICE Pb-Pb, | s, = 5.02 TeV global syst : + 1%
= 02 =
0.15 [[E @J] I'%f] %ﬂ % %}] =
0.1 H $ —
0.05 ﬁ —
0 @ --------------------------------------------------------------------------------------------------------------- e
u Inclusive JAy — p-, Prompt D°, D*, D™ average,
u V,{EP, An=1.1},25<y <4 V,{EP, [Anl= 0.9}, ly< 0.8 7
—0.05 ¢5-20% * 40-60% 0 30-50%, arXiv:1707.01005 1
- ® 20-40% .
_0 1 C 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 T

"0 2 4 6 8 10 12
P, (GeV/c)

Strength of J/y v, similar to D-mesons
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charm quarks thermalized in the QGP should exhibit the elliptic flow generated in
this phase

E 0.25 | T T I T T T I T T T I T T T I T T T I _
L] - ALICE 20 - 40% Pb-Pb, | s, = 5.02 TeV .
e 02K Inclusive J/y - &
> “r me'e’, |y| < 0.9, V,{EP, An = 0} 1 <
. . C e - O, 25<y <4 V{EP, An=1.1} 12
first observation of significant 0.15 |- - global syst : 1% =
- r{'r—, -
L 4
JAy vy both at forwardand > o4F i $ +| 42
: .1 g ] =
'_ 1
mid rapidity 0.05F 13
- 12
O [ =
u X.Du et al. K. Zhouetal. (2.5<y <4) N
—0.05 - Inclusive J/y, |y|<0.9 Inclusive J/y w non-collective _]
T Inclusive J/y, 25<y <4 Inclusive J/y w/o non-collective
- Primordial J/y, 25<y <4 Primordial J/y -
_O 1 C 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 7
"0 2 4 6 8 10 12
[ (GeV/c)

JAy elliptic flow in line with
expectation from statistical hadronization
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: 1| first data in line with expectation
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- 9 l 1 phase boundary but transport
] op :::L},:::::::::::::::::::Hﬁ:; 1 model prediction also inside 1
: - 5 ﬁ [ sigma error
s - transport, Rapp
;_ ".:::________________:::::lll:::lll::::::::.:::::::::: _; SH
10 107 10° 10*
\'Syn (GEV)

Johanna Stachel

?;‘:I 1 -8
BN RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




I

ALICE

in picture where psi 1s created from deconfined quarks in QGP or at hadronization,
psi(2S) 1s suppressed more than J/psi — runl CMS results indicate the opposite!

PbPb 351 ub™, pp 28.0 pb™ (5.02 TeV)

E ® |5, =502TeV

- & I{SNN=2.?BTEV

Prompt only

N (PRL113 (2014) 262301)

16<|yl <24, 3<p, <30 GeVic

CMS

IIIIIIIIIIIIIIII[IIIIIIIIIII

Cent.
0-100%

expect value of 1/3
for inclusive pt and

5% CL

rrrorgrrrryrrrryrirryrrrryrerrd
ALY SALRI AR ALY AR

T eemcL

T T I I

I‘Illlllll|III1|IIII[IIIIII

——

central collisions

Lo oo I
DD 50 100 150 200 250 300 350 400

Npart

the anomaly (enhancement relative to pp) from 2.76 TeV is not there at 5.02
TeV - very nice ALICE data from pt=0 to be approved this week

Johanna Stachel
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—@- ALICE Preliminary Pb-Pb, \s,,=2.76 TeV |y|<0.9, 0-80%
—k— CMS PbPb,\s,,=2.76 TeV |y|<2.4, 0-100%

o ALICE pp, 15=7 TeV, |~_.rw|<D.9
v ATLAS pp, 15=7 TeV, |~_.rd__v|<0.?5
a CMS pp, 1s=7 TeV, Iyd__w!cﬂ.g
» CDF pp, 1s=1.96 TeV. |yJ__w|cIIl6

p; integrated non-prompt B-fraction of
small

within current errors no significant
difference in pp and PbPb collisions

llJlIJlIJIlIIIIII.IIl

T

ALICE

PRELIMINARY

1[[1[[1l[]lrlI[IIIII[II[]]II][['I[[]Ifll[llfllr'llf
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LHC runl:
2 PbPb runs
- 2010 O(10 ub-1)
-2011 O(150 pb-1)
luminosity reached =2 1026 cm-2 s-1 twice design lumi at this energy

1 pPb run
-2012/2013 O30 nb-1)

from 2/2013 until end of 2014 LS1: consolidation of LHC to allow full energy

LHC run2: 2015-2018 PbPb running at v SNN =35.5TeV
to achieve approved initial goal of 1 nb-1

2019 start LS2 — increase of LHC luminosity und experiment upgrade, LHCb will join PbPb!

LHC run3: 2021 onwards - expect =6 1027 cm-2s-1 or PbPb interactions at 50 kHz

achieve for PbPb 10 nb-! corresponding to 8 1010 collisions sampled
plus a low field run of 3 nb-1 + pp reference running + pPb - a program for about 6 years
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Jhy

2
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1.4

0.2

12+
19N
o.sf
o.sf

0.4

Oo'”so

- Pb-Pb \T- 5.02 TeV, |y| < 0.8

| Statistical Hadronization Model _
r —— do_ /dy=0.560 mb
dG /dy + U 106 mb

'100 150 200 250 300 350 400

N

part

well on the way towards goal for run2
expect still a huge jump in performance

for runs3/4

fﬁ

Rel. stat. error on

di-electrons statistics limited, 10 nb-1 will have huge

effect

y

but also syst uncertainties will decrease with
upgrade:
will also add TRD for electron 1d - reduced comb
background
thinner I'TS reduced radiation tail

both affect signal extraction

Johanna Stachel
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if charm quark thermalize, their spectral
distributions should also reflect collective flow of

liquid
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first spectra a mid-y appearing
much more to come
we are computing spectra
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future statistical errors
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Absolute error on v

central barrel

Y

goal for run2 in muon arm already achieved
for e+e- at mid-y getting there

0'08: full: TPC PID, open: TPC+TRD PID (|y|<0.9) ]
0.07E centrality: 10-40% =
E . —— ]
D'OB:_ ® L =1nb", current readout|
C _ -1 ]
0.0sE- mL.-10nb ]
= —0— .
0.04— —
£ ]

: —{ ]
0.03F 3
= — ]
0.02:— - _:
- - —f 11— b
0.01= g - — —
- — g — B —{— E
:I_IDI_I'T’:‘_I'TIE!_IWIDI_I] I A A i

S R T S R 7

P, (GeV/c)



not a detail, which model 1s right, but fundamental question
link to phase boundary and existence of bound states beyond T at stake

- Raa can be reproduced by both, albeit with different charm cross sections
go away from R o, normalize to open charm cross

- spectra: transport models start to be challenged, need more precise data
and more refined hydro based computation

- similar: v, of J/y
- maybe decisive: excited state population
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for statistical hadronization need to see suppression by

Boltzmann factor

Y even bigger difference

expected ALICE performance ===
muon arm run2 and run3

Johanna Stachel
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in factChereone can

distinguish between the
transport models that
orm charmonia already
in QGP and statistical
hadronization at phase
boundary!

- y(2S) statistical model scenario
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A. Andronic, F. Beutler, P. Braun-Munzinger, K. Redlich,

J. Stachel Phys. Lett. B678 (2009) 350
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open charm hadrons in pp collisions consistent with quarks hadronizing at

about T = 165 MeV

what about PbPb collisions? all D and A, states predicted. Data to come soon!
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new high performance ITS plus rate increase (TPC upgrade)

Upgrade of the

ALICE Expe

rrment

Letter of Intent

Upgrade Upgrade
:rtE_' L LR BB L IR -|-.|.J;.O,4 LA B ™
« 1.8-ALICE Upgrade ~ Pb-Pb\s, =5.5TeV — g 35/ E Pb-Pb, |s.,,=5.5 TeV |
| . ] 5 ]
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\UCE CERNLMCCa013.00s Py GV ALICE, CERN-LHCC-2013-024 T

Charm and beauty R, , down to
p,~0 using D° and B-decay J/U

Johanna Stachel

Input values from BAMPS model: C. Greiner
et al. arXiv:1205.4945

Charm v, down to p;~0 using
prompt and beauty v, down to B
p,~0 using B-decay D°
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dissociation of Upsilon in a
hydrodynamically medium will not
produce an increase with increasing
energy density

yield of Upsilon(1S) increases with
beam energy
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Ran®20%(5.02 TeV) / Ran®%0%(2.76 TeV) = 1.3 £ 0.2(stat) £ 0.2(syst)
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not in line with collisional damping in expanding medium
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SHM/thermal model: Andronic et al.
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in this picture, the entire Upsilon family is formed at hadronization
but: need to know first — do b-quark thermalize at all? spectra of B
- total b-cross section in PbPb
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Beauty: non-prompt J/y separation via impact parameter distribution
arXiv:1610.00613

- mass ordering between charm and beauty observed
- for more central collisions, electrons from b-decay show suppression for p; > 3 GeV/c
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