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Hadron masses
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Y QCD symmetries

¢ QCD Lagrangian has two approximate symmetries
m Z;—(centre) symmetry (for pure guage, i.e. in the limit m;— =)
= chiral-symmetry (restored with vanishing masses, i.e. m;,— 0)

¢ At high density and temperature eventually
m Z;-symmetry destroyed (confinement—deconfinement transition)
= chiral-symmetry restored (chiral phase transition)
= responsible: QCD vacuum condensate

¢ Questions:
= is there one phase transition for both or two ?

= what is the order of the phase transition(s) ?
is it first order (it has a latent heat) ?
is it second order (is just a kink’) ?
is just cross-over transition ?
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Lattice QCD at high temperature
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* Order parameters of QCD phase transitions:
e quark — antiquark vacuum condensate
* chiral phase transition in limit m, — 0O
« expectation value of Polyakov loop
* deconfinement phase transition in limit m, — <
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e rigorous way of doing calculations in non-perturbative regime of QCD
e discretization on a space-time lattice

- ultraviolet (large momentum scale) divergencies can be avoided
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Bulk observables:
multiplicity and volume



Initial conditions: collision geometry

Nuclel are extended objects
Impact parameter can be estimated experimentally

© Central (1) Peripheral

(more details on initial state later)

M. Floris CU Boulder Colloquium, Feb 2016
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* Glauber model: geometrical picture of AA collision mg%
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» Straight-line nucleon trajectories

* N-N cross-section independent of the number of =
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- Radius=6.62+0.06fm

- skin depth=0.546+0.01fm

- Intra-nucleon distance=0.4+0.4fm

* Nucleon-Nucleon inelastic cross section
APt Oy O4E0 mb at 2.76 TeV

N. of Participant

« Estimate uncertainty by varying model
assumptions

2 Sept 2013 Soft Physics in HI collisions K.Safarik J



Particle multiplicity
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* result at 5 TeV confirms NN  ”invariance” of dependence

trend established by lower energy data
strong rise in Pb-Pb is not solely
related to the multiple collisions

from centrality with respect to energy
smooth trend towards value measured
in minimum bias p-p and p-Pb collisions

~ 20% increase of multiplicity density (2.76 vs. 5.02 TeV/NN) as expected
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cnergy density

¢ To evaluate the energy density reached in the collision:

.o 1 dET S = transverse dimension of nucleus
Sct, dy 7, ="formation time"~ 1 fm/c
y=0
dE
e for central collisions at LHC: d_yT ~2200 GeV
y=0

e |Initial time t, normally taken to be ~ 1 fm/c

e i.e. equal to the “formation time”: the time it takes for the energy initially stored in the field
to materialize into particles

S=160fm> (R, ~1.24"fm)

> More than enough
for deconfinement!
Factor ~4 higher
than on RHIC

£ ~(2200/160) GeV/fm’ ~ 13 -14 GeV/fm*
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ABT Interferometry

Phys.Lett. B696 (2011) 328-337
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arXiv:1303.0737

»(Good description of the spectra in combined fit ranges especially for central

events

»The individual fits can describe spectra over the full measured range

»Useful tool for comparison with previous results
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X Radial flow
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>Centrality dependence of the T, <f,> similar to RHIC
>More rapid expansion with increasing centrality
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Aydrodynamical models

Pb-Pb central collisions 0 — 5 % centrality

g 10: (& o AUCE PbPb|s, -276TV ] Hydro models:
g " [ - STAR Auhuj, =206 ] VISH2+1: viscous hydrodynamics without description of hadronic phase,
R o using thermal yields at T, =165 MeV
gL 5 g thermal yields at T = e
5 wf e (Shen et al., PRC 84, 044903 (2011))
4 i v Op e X ¢ 7 HKM: hydro+UrQMD, additional radial flow built by hadronic phase which
5 L Nt "9 g :**J:fé g also affects particle ratios as a result of inelastic interactions
m 100 e W Tsrvniil ’ % (Karpenko et al., arXiv:1204.5351)
S sl e Krakow: introduces non equilibrium corrections

N D e S | due to the bulk viscosity at the transition from the
3 [ e hydrodynamic description to particles which
S isf K changes the effective T
© - ; + 4
T C———— (Bozek, PRC 85, 034901 (2012))

I EPOS: uses breakup of the flux tubes created by initial hard scatterings to
el b P+Pp - described the spectra shapes for all p,
T “\\“_’w ——— (Werner et al., Phys. Rev. C 85, 064907 (2012))

0 1 2 3 4 5 . ..
Hydro models provide a reasonable description of the

p, (GeVic) measured spectra at p_lower than 3 GeV/c.
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Aydrodynamical models

Pb-Pb peripheral collisions 70 — 80 % centrality
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Hydro models:
VISH2+1: viscous hydrodynamics without description of hadronic phase,
using thermal yields at T =165 MeV

(Shen et al., PRC 84, 044903 (2011))

HKM: hydro+UrQMD, additional radial flow built by hadronic phase which
also affects particle ratios as a result of inelastic interactions

(Karpenko et al., arXiv:1204.5351)

Krakéw: introduces non equilibrium corrections

due to the bulk viscosity at the transition from the

hydrodynamic description to particles which

changes the effective 7

(Bozek, PRC 85, 034901 (2012))
EPOS: uses breakup of the flux tubes created by initial hard scatterings to
described the spectra shapes for all p;

(Werner et al., Phys. Rev. C 85, 064907 (2012))

They fail in peripheral collisions.



R, — definition %

_ ALICE

*  Rua — ratio of p; spectrum in AA collisions to that in pp
— properly normalized by number of binary collisions

(do/dpp),,  _ _(dN/dpy),,
N n(do/dpr), Tya(do/dpy),,

Rap =

if AA would be just a superposition of pp collisions Ry = 1
for “hard probes” (low cross section)
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Identified particles at %
intermediate p; S

® charged particles @« = @ ® ® different centralities for identified particles

L2 BN B B S A B B LN NN BB L LN LN A BN N N A S N B B L A B N ML R BN BB BN L BN A N

0-5% Pb-Pb 15, = 2.76 TeV _I 5-10% Pb-Pb |5y = 276 TeV T 10-20% Pb-Pb sy = 2.76 TeV
p+p

e Charged 1 1 J
®p+P 1 1 .
" 0-5% .% . 5-10%] 10-20% :

ALICE T by

0.5 .. PRELIMINARY —| : _ﬁ .
I . 1 % I o o °
Ao.. ...”oﬁ% - o8O o o ............ao

o Y o ¢
..m...... .......

=

PRI PUIT U U U U U TS U U U NN SR Pl BPEPErS EPEPETS EPETErS PR SPE SPErArel SPErErel SrErares SPErEraS SrAraray SPErri SrArarel Srararel SArares Srarerey Srrara Srarr e

+ PEEEPE e
LI N B L B B L S B B B L B B B N L B N L e e T L B i e i e

I:{AA

'_I 20-40% Pb-Pb s,y = 2.76 TeV ‘I 40-60% Pb-Pb |5, = 2.76 TeV ‘I 60-80% Pb-Pb |5, = 2.76 TeV.
[ T <
A 1 * I
L ° ot ¢

i ..o ..o " ° o f\ ik d .L oo o ¥ te g
0.5 B LY $ eo® P $
1 s oo o ° ®eccee o % ¢ A

.Om: 0.' ose © ¢ 1

[ 20-40% 40-60% { 60-80%

0 2 4 6 8 10 12 14 16 18

PEPEESE BPETEE EPETr SR

sl oo b o b oo b e a1y PR ETEEETTE BPRPETSN BPRTAT TS AT
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
pT(GeV/c)

For pr below ~ 7 GeV/c: Rua(m) < Raa(ht), Raa(K) = Ran(ht), Ran(p) > Ran(F)

At higher p;: R,, are compatible
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Pb-Pb at |5, =2.76 TeV, lyl<0.5
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ALICE Collaboration, (2013), arXiv.nucl-ex/1307.5530



Strangeness spectra =

arXiv:1307.5543
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1 2 3 < 5 6 7 8

Models
VISH2+10L: viscous hydrodynamic model
HKME ideal hydro model, with hadron cascade
(UrGMD)
Krakow!3l: non-equilibrium corrections due to bulk
viscosity in transition from hydrodynamics to
particles
EPOS!4L: incorporates hydrodynamics and models
the interaction between high p; hadrons and
expanding fluid, also use UrQMD as hadronic
cascade model

Results
Krakéw model provides a good description for
both yields and shapes (p; <3 GeV/c)
EPOS gives the most successful description of
spectra shape in a wider p; range

[1] Phys. Rev. C 84, 044303 (2011) ) ’
[2]J. Phyz. G 38, 124058 (2011). 1204.5351 [nucith] (2012)

[3] Phyz. Rev. C 85, 034801 [2012], Acta Phys. Pol. B 43, 4,683 [2012) ININ
[4] Phyz. Rev. C 85, 054807 (2012], 1204.1394 [nuckth], (2012] stitrto
1205.3373 [nuckth] (2012] L ;
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Strangeness spectra = Q

1307.5543
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Strangeness Ry,

Nuclear modification factor

| T | q)
O k -
- w05 [yi05p, 26V 080226V b o 5 26 Ty
Qc | 4 K*0-5% [lyl<05p <3 GeVic, 08 p >3 GeVic] Vo =<

« p+P 0-5% [lyl<0.5 p <3 GeVic, 0.8 p >3 GeVic]
™ O ¢ 0-10% [lyl<0.5]

| 0 =+ 0-10% [lyl<0.5]

2 ® 030 0-10% [lyl<0.5)

uncertainties: stat. (bars)
uncertainties. sys. (empty boxes)
uncertainties: norm. (filed baxes)
extrapolated pp ref. (shaded boxes)

ALICE

PRELIMINARY

2 3
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2
= 1 (Cﬁ N/ dydp,;),_, HLICE
<TAA> (d°0 | dydp, )pp

Compared with mt, k, p at high py and ¢
At high p; Ry, does not depend on the
mass of the particle

Mass ordering at mid-p;

Effect of strangeness enhancement on
the Q (and E)

Shaded points for Xi and Omega
obtained with extrapolated pp ref.




‘ ® proton—proton ®©  ®®e Pb—Pb different centralities \

L e 05%PBPD yin= 276TeV 1o 's10% Popo j- 276Tev 1 . 1020%PbPb jo= 276TeV -
n:; y5=2.76 TeV - @ pp IS=276TeV T ® ppiS=2T76 TeV 1
ToA 0-5% ALICE T 1 ]
1 _ 4 o 1 i
1 0 PRELIMINARY | ,\ 5-10% T 10-20% -
N recombination + 7 ° :
T >~ 05— & + & ¢ + -
9 B
R Joodel 2, I :
s Y e T ANttt SO et
. L - = = x

+ A e L e 1 e o O I I B e 3 & » - CECH R R DR O
,K, - a 20-40% Pb-Pb "§= 276 TeV 4 s 40-60% Pb-Pb |'§= 276 TeV ‘ 4+ = 650-80% Pb-Pb |'s:= 276 TeV 3
~ I ® pp (5=276TeV T 8 ppIs=276TeV T ® ppIs=275TeV 1
(o T 1 1 ]
+ 20-40% 1 40-60% -
4 0 3
o 1 60-80% -
~— 05— . -+ -T- —
e -+ b 4
s 4 a 3
“-.o 4 hﬂ. 2 4
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ML EFEPEE S BN PP S 2zl -..1 ..ﬁ—v.Iv.-I.-.f~.-I<..Iv-.f.-vl-.. .’l 2 4 2 1. 2 2 =8 -0 1o 0, .0, .08,,-01:.-1 .—

0 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
p. (GeVic)

o

Baryon-to-meson ratio: p/xn Ao

p/r ratio at p; = 3 GeV/c in 0—-5% central Pb—Pb collisions factor ~ 3 higher than in pp
at p; above ~ 10 GeV/c back to the “normal” pp value

recombination — radial flow ? R.J.Fries et al., PRL 90 202303; PR C68 044902
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@ Baryon-to-rmes

® Baryon/meson ratio: A/K°
® Striking maximum

® very similar maximum
value to STAR

® occurs at larger a pr

® Excess in central w.r.t

peripheral persists to
higher pr

6 April 2016 Physics with HI Collisions at the LHC

son ratio: AJ/IK

STAR: Au-Au at \s,,=0.2 TeV
5 NK30-5% - A/KS 0-5%
8- NKS 60-80% -e- A/KS 60-80%
ALICE: Pb-Pb at | s,,=2.76 TeV
—4- A/KQ 0-5%
—4- A/K? 60-80%
systematic uncertainty




@ Saryon-to-meson rato: AJ/X

IYTY

ALICE: Pb-Pb at \ s,,,=2.76 TeV
—4- A/Kg 0-5%
—4- A/Kg 60-80%
systematic uncertainty

Theory 0-5%
— Hydro VISH2+1
-- Recombination

® Hydro model works
well at low pT

YTTT 1IYY1

® Recombination
calculation gets
correct shape

® EPOS successfully
describing transition

—
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PID in jet structures

Pythia (Peak - Bulk Ratio)

Pb-Pb, \'s, = 2.76TeV == Peak .
& Pb-Pb, \'s. = 2.76TeV, 0-10% central
ALTGE 0-10% central — Bulk | ’ \ NN ’
MP":::“;;:Z 2.0 < p, < 2.5 GeV/c,n| < 0.8 -
v o BU"( " :-f -_ ] Bulk Ratio (-0.52 < A¢ < 0.52,10.6 < An < *1.5)
t—g -
E B () Peak - Bulk Ratio (-0.52 < A¢ < 0.52, -0.4 <An < 0.4)
I _ ALICE -
& __' PRELIMINARY

— 5.0< Prig < 10.0 GeV{c l
| [

FH |

|III/
/s
o
<
-
<
>
©
©

0|IlIIIIIIIIIIlllllllllllllllllllllll
1 1.5 2 2.5 3 3.5 < 4.5

pT,assoc (G eV/C)

ALI-PREL-

Near-side peak (after bulk subtraction): p/x ratio compatible with that of pp (PYTHIA)
Bulk region: p/x ratio strongly enhanced — compatible with overall baryon enhancement
Jet particle ratios not modified in medium? Could this still be surface bias?
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@ Pion/Kaon/Proton in Pb-Pb

Radial flow (mesons — protons — mass
dependence)

III|III IIIIIIlIIIIIIII|IIII|IIII|III

TTT T

IlIIIIIIIIIIIIIIIllllllllllllg

IIIIIIIIIIIIIIIIIIIII
10*

A E E
6\ n \ SNN=2.76 TeV -
~ 103_5 E
% E HLICE e 0-5% Pb-Pb 3
) 102_? PRELIMINARY E
\; E \’.. e 60-80% Pb-Pb 3
10 “. %
IS « Dp (Scaled, N ) \ E
Q r coll .
T F % E
f— E =
C\'IO 10:E * . ';JE:,Q E
— - * L ¢ ° by .
2 [ -
Ql— 10:5 u::m * - L :::’. §
= C e oo == ]
(q\] 10° ° == ° (] Qﬂ I | ._5
S (== / = SPY (o] - ﬁz 5
~ e o / [ ——
— == e == g e =
10 - .= + N —~ —
3 T+ K+ K %« P+ P %, 3
e . A O
: L =1 I PR FEERE N SN SRS SRR A= AR RN TR AR ETE RERRE AP L R R |l||||||||||1||||||||||z11| lllé
6

o 1 2 3. 4 5 8 0\3456 oNt1 2 3 4/5s

- -

| | pT(ﬁvm\
Baryon/meson anomaly Jet quenching /

- Radial flow / recombination? modifications of jet
fragmentation?
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©)| Hadronic resonances in Pb-Pb

 Resonances
» production/abundance sensitive to temperature and lifetime of fireball
« time between chemical to kinetic freeze-out
« Mass and width — sensitivity to chiral symmetry restoration
« No modifications seen in the data

—~ 14
v — ®
a ¢—KK" in Pb-Pb | s, = 2.76 TeV S ¢ Mesons
2 102k L NN . > . E
> - uncertainties: stat. (bars), sys. (boxes) | Centrality & - +
3] : e o © 1.2+ s @ =
0] o ly|<0.5, fits: Blast Wave %0-5% x4 S
S e =l
> 10 B - .. 05-10%x2 hw 1
O 3 ©0-10% U I O A | T * *
=] [ 4 10-20% T (I)
% 1 E’ +20-30% 0.80F | O ALICE pp 1s=7 TeV
C 7 o 4 30-40% m ALICE Preliminary Pb-Pb | s,,=2.76 TeV %
- [ £ L D= putTRNE - - DT ‘L‘J * 40-50% . ¥¢ STAR pp 15=200 GeV
10 E- g DR EE O BT ;‘; 1 ©50-60% 0.6 * STAR Au-Au | 5,,=200 GeV ALICE
C ]‘ _t.__:__..._—EK-i— ‘EE--%"‘ % 60-70% - uncertainties: stat. (bars), sys. (boxes) PRELIMINARY
2L — o~ lEE‘'7_-,'-.—--------HEE‘I;-':-‘-'*“--.:‘1 NG A 70-80° NI L Y PP P Y NS BT
102 IS ey ey 7000% 04707750 100 150 200 250 300 35(;\/ 400
- ALICE e N
10° £ PRELIMINHRY — T
......... I T PTETE FTET PETT PETEE BETe FTeL

005 1 15 2 25 3 35 4(6437 )5 <pT> at LHC larger than at RHIC
Py (EVTC — consistent with stronger radial
flow
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rladronic resonances in Po-Po

» Ratios:
« K*0/K-— decreases for central collisions — signature for re-scattering in central
collisions

* @/K independent of energy and system from RHIC to LHC
« Pb-Pb: consistent with Grand Canonical thermal model (Andronic et al.)

o
o)

c>>\c - uncertainties: stat. (bars), syst. (boxes) - é | @ PHENIXAu-Au 9KK")  ----GC Thermal Model ¢/K (T=164 MeV)
"‘x - ] 0.3 | % STARAu-Au /K ®m ALICE Preliminary Pb-Pb ¢/K’
0.5~  Pb-Pbat\sy, =2.76 TeV = | 4 NA49Pb-Pbo/(K') O ALICE pp o/K
C ly| < 0.5 N - 0 PHENIX pp /K
0.4 - | ¥ STARpp /K
C . 0.2|-4 NA49 pp o/(K")
- - I ALICE
0.3~ I ] El H H PRELIMINARY
C 2 - U Iw. 8 TTTTTETTT O
0.2 I : 0.1+ % E}J g
0.1 ALICE - (I)
C A A 1 A A i PRE:.IMINRRY: - uncertalinties: stat. (bars), sys. l(shaded boxes), \stat.szys.2 (empty boxes)
—t b — N - L Lot — ————e e B ——— O LA L1l 1 1 1 L L L 1l 'l 1 1 L L Ll 1 L 'l L L 1l
0 50 100 150 200 250 300 3<51(21 4;) 10 102 10° \) 0
part \ Snn (GeV)
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©

Production of K*(892)°, ¢(1020) in p-Pb 5.02 TeV

A Large lon Collider Experiment

—e— 12 i LELELEL I LI I LIILELL I LI I LI I L I- PrOduction Of K*(892)0 and ¢(1020)
I;_i : ALICE 1 | in p-Pb collisions at Vs, = 5.02 TeV
a 10f pp 7 TeV INEL ] . ]
=t 0-Pb 5.02 TeV., 0-5% ] - arXiv:1601.07868 [nucl-ex]
sk gbpgsg%gﬁ.\éf%}%?f ] Mass ordering observed in central Pb-Pb
[ Pb-Pb 2.76 TeV. 60-80% ] collisions: similar mass = similar p;
6L 1 * Hydrodynamic behavior
A 0 ] w057 I
[ (L H . o | ALCE KK /K]
4+ L - = pp7 TeV(INEL) m ® -
[ 1 o | -
[ H ] =04 p-Pb5.02TeV ® ® -
ol y: by ] oc & Pb-Pb276 TevV W ® -
[ Uncertainties: stat.(bars), sys.(boxes) ] 0-3:‘ *HH m ﬂ _
O L1 1 I L1 1 1 I L1 1 1 I L1 1 I L1 1 1 I 11 1 1 l H

o 1 =2 3 4 5 6 ‘@

p. (GeVic) 0.2} H -

[ §
*  ¢/K not suppressed in in Pb-Pb ﬂqﬂﬁ LA "R
* x10 shorter lived K°* is suppressed in _ _
Pb-Pb (re-scattering of decay products) [ Uncertainties: stat.(bars), syst.(box), uncorr.(shaded box)]

. H : : _ Lo e e b v v b b g g
Hint of suppression seen also in p-Pb 0O 5 4 5 3 0 12

113
(dN/d 1, b)

a I,]Iabl < 0.513

0.1}

F. Ronchetti-125thLHCC
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Statistical hadronization model .

.y e . " 7 T > .
partition function: In /; — ):/2 / +p dpIn(1l +exp(—(F; — pni)/1"))
J )

—

T Oln Z; gi [~ p>dp
Vo oou  2m2 ), exp((E; —y;)/T) =1
for every conserved quantum number there is a chemical potential:

pi = ppBi+ psS; + i, [{f-;

particle densities: 7; = N 1V =

but can use conservation laws to constrain V, s, Jtg,

=P | fit at each energy provides values for T and pu,

- get yields of all hadrons
for dN/dy need in addition volume per unity - fix to dN./deta

good fit to data for central collisions of heavy nuclei at AGS, SPS, RHIC
see e.g.
A. Andronic, P. Braun-Munzinger, J.S. Nucl. Phys. A722(2006)167 nucl/th/0511071
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dN/dy

HadHedegriiaghase

Chemical equilibrium

o+ K+K 0 K*+K* p+P 4= Q4O AH+3H 4
2 2 & T A S Ty 4 T e
LI ¢
10° Foa ! ; : : ; ; : . ALICE Preliminary Particle yields of light flavor
102 | e e o . Po-Pbasy =276 TeV, 0-10% hadrons are described over 7
10 F ' RNk T : : orders of magnitude within 20%
1 b : : (except K*0) with a common
E & Not in fit : : : : P el : i -
10" b o exvapotee chemical freeze-out temp_ergture
02 b Nodel T(Mev)  zINDF| g 5 g g of Teh = 156 MeV (prgdlctlon
, F |—THERMUS 2.3 15542 2459 | from RHIC extrapolation was
10° = |-~ GSl-Heidelberg 156 + 2 18.4/9 | : ; e ~ 164 MeV).
104 E ["'SHARE3 156 + 3 15.1/9 | : : : I VO
3 : : : : : : : : : " BR = 25%:

(mod.-data)/c . (mod.-data)/mod.

0.5
0
-0.5
4 Largest deviations observed for
2 protons (incomplete hadron
0 spectrum, baryon annihilation in
j hadronic phase,..?) and for K*0.

[Wheaton et al, Comput.Phys.Commun, 180 84]

[Petran et al, arXiv:1310.5108]
[Andronic et al, PLB 673 142] CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch




Possiole explanations

« There was already this discrepancy at RHIC, but was overlooked due to
misinterpretation of feed-down corrections

« At high hadron density, re-interactions after freeze-out are important,
especially baryon—antibaryon annihilations, this will affect mostly protons

* Introduce non-equilibrium statistical hadronization, quark population of
phase space is frozen at phase transition and may differ from thermal
equilibrium, two more parameters y, and y, needed

« In statistical hadronization models, the resonance spectrum is accounted
for only up to ~ 2 GeV, higher resonance would add mostly pions, thus
effectively decreasing the model prediction for p/xt (but also for strange

baryons)

« The freeze-out temperature may be different for different flavours, some
evidence from lattice QCD...
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Q) What about p-A 7

Data sample: p-Pb collisions collected in
2013 at the LHC Vs, =5.02 TeV

A-side C-side
* asymmetric energy/nucleon in the two p Pb
beams - -
. . _
» cms moves with rapidity y . =-0.465 ycms_>NN 0465
= acceptance of TPCand TOF |n .l < 0.9 ‘
— measurement in 0.0 <y, <0.5
_—y AL BN B L B L B L DL L AR LR DAL~
;; ALICE pg%% ?:t \ Sy = 5.02 TeV
Definition of seven multiplicity classes: £ 10' aryisig riitnarce
: i Giosors
w 60-80%
80-100%

= slices in VZERO-A (VOA) amplitude

3

2.8 < [N ppl < 5.1

@ Central correlation between impact 10°
—»  parameter and multiplicity is not

Q Peripheral ~ as straight-forward asin Pb-Pb 4

1 llluu[ 1 llllllll L llllllll | lll“lll L Ll

0 100 200 300 400 500 600 700 800 900
VZERO-A amplitude (a.u.)
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@ intermezzo: p-Pb multiplicity

800 1 L 1 L) ] 1 1 1 LI L 1 T Ll 1 T T 1 ) T 1 T
S | ALICEp-Pbat |s, 25.02TéV- S | ALICE Pb-Pbat (s, =2.76 TeV.
> & Pb . . 8000 L
-5 o : " "-'.:._ 2 i -
S 5, PPb g | Pb-Pb
o o Sgo00}- ol n
O g g i
T < < i
E Qe K
(e T |_|_|4000— —
L
S S
200- 2000
0‘ o e 1-1. 11 2l .1 -1 P 1‘ L | L1 1 i o= 1 1 | 1 1 1 | 1 1 1 | 1
0 100 200 300 400 500 0 2000 4000 6000
Central rapidity N. hits SPD Central rapidity N. hits SPD

Much broader correlation between different multiplictiy (event class)
estimators
= expect different sensitivity (bias) to event geometry (Glauber! — N,
scaling)
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.. —+— 40-80% (4x) —+— 40-80% (4x)
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Dotted lines: individual &
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. . = o 0-5% X
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Particle  p, range (GeV/q) E 20-40% (8x)
n* 0.1 - 3.0 T - 40-60% (4x)
Q + 60-80% (2x)
Kt_ le ==t g + 80-100% (1x)
p(p) 0.3 - 4.0 % ---~ individual fit
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and K% A spectra

c.ri
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n/K/p/K°,/L Blast-Wave analysis:

* hydro-motivated Blast-Wave model
Schnedermann, PRC 48, 2462 (1993)

» simultaneous fit of all particles with 3
parameters:
<B,> radial flow

T, freeze-out temperature
n velocity profile

* global fit performed in the following

p-Pb Blast-wave analysis

1/N,, 1/2mp_N/(dp._dy) [(GeV/c)?]

data / model

p; ranges:
n 0.5-1.0 GeV/c
K 0.2-1.5GeV/c
P 0.3-3.0 GeV/c
KO 0.0-1.5 GeV/c
A 0.6 — 3.0 GeV/c
- —\ESTFALISCHE Jonas Anie

WILHELMS-UNIVERSITAT
6 APTI £ZU 10 FNYSICS WILN [l LoNlisions at ine v

——— 17—
Blast-Wave
- e Qe o (100x)
B, ey KU+ K (10x)
. K2 (0.1x)
A+ 7R (0.01x)
A A A L A A A A A A A A A A A l A

1 51 " +X

0.5

1'5; | K* + K
0.5

1.51 b +P

0.5

0.5

1'51 A+A

0.5 . . .

6 8 10
P (GeV/c)



T, (GeV)

s T
_I LI LU I L LI | | LI I L I LU I L I L I 1T I_ '8"—1&‘7 ,ELI;E,E,,E" KK
0 21— Boltzmann-Gibbs blast-wave fit __ gw, “p+P
" - nt: 0.5-1.0 GeV/ic
2 5. sssaewe—] Proton-proton
018 | - o .
0.181 E RSt
- ALICE - s &
0.14 N PRELIMINARY | QZ{
012 . ppis=7Tev . o ' 2
- —— p-Pb|s,,=5.02TeV . \ ~~~~~~~~~~~ e
0.1 —— Pb-Pb |5, = 2.76 TeV - %\ oo
- global fit error n = A "
0.08 - total error ] = Pb-Pb
_I L1l I Ll 1 1 I 11 1 1 I 1 1 I L1 1 1 I 111 1 I L1 1 1 I Ll 1 1 I L1 1 1 I L1 1 I— ‘027 o . H . :
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 p+p°- ——
B, -
P, (GeV/c)

@) Biast-wave in pp, pPb and Pb-Pb §

-

L I 1 L 1 SUE|
0 0.5 1 1.5 2 25 3 3.5

Py (GeV/c)

» Blast-wave fits: similar T vs Beta trend in p-Pb and Pb-Pb;

* however, also in pp collisions

Fits (spectra) sensitive not only to a collective behaviour (radial flow) but also to
other sources of correlations? -> pp, pPb cases (Colour Reconnections ?)
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Comparison with models

S EPOS LHC: Pierog et al., arXiv:1306.0121 [hep-ph
] Blast Wave « initial hard andgsoft scattering create “F[uxp o
S Krakow tubes”, which either escape the medium and
_________ - hadronize as jets, or contribute to the bulk
matter, described in terms of hydrodynamics
» canreproduce the pion and proton spectra
within 20%
» stronger deviations for kaons and lambdas

=-e EPOS LHC

Krakéw: Bozek, PRC85, 014911 (2012)
Se * hydrodynamical model
s A+R(0.01x) » reproduces spectra reasonably well for protons

"F
<
>
O
S
%r-
Q
o
S
‘o
Qr—
&
>
=2
—

L - pion and kaons deviate for p. >1 GeV/c
T+ N » possible onset of non-hydro effect above
: 1 GeV/c
_ K'+K
o) DPMJET:
g ' e * QCD-inspired - based on the Gribov-Glauber
- approach and treats soft and hard scattering
g - processes in an unified way
© Ks « canreproduce dN_/dn
— » fFails to describe p_distributions of identified
A particles
- 8 b G;i’/ oy - dentified spectra in pPb - SQM 2013 18
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LI LN LA B
ALICE, p-Pb, |5, =5.02 TeV
e 0-5%

®] 60-80%

. 11 I L B | [ L B | l 1

E_ ALICE, Pb-Pb. \Sun = 2.76 TeV
o 0-5%

. . . 80-90%
® Show similar centrality

dependence to Pb-Pb

® Try to relate increase in
N/K ratio to increase in
dN/dn
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Azimuthal anisotropies
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V, — definition o

« v, — Fourier coefficients of particle distributions in
azimuthal angle ¢ with respect to n-th reaction plane

dN 00
a() x 1+ 22n=1 Uy, COS n(cp B Llj")

v, =0 would mean azimuthally symmetric distribution
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Elliptic Flow

ALICE

® Non-central collisions are azimuthally asymmetric

'].'Y
I:‘p-plane>

Out-of-plaie

Reactionf':
plane i

— The transfer of this asymmetry to momentum space provides a
measure of the strength of collective phenomena

® Large mean free path
= particles stream out isotropically, no memory of the asymmetry

= extreme: ideal gas (infinite mean free path)
® Small mean free path
= larger density gradient -> larger pressure gradient -> larger momentum

= extreme: ideal liquid (zero mean free path,ideal hydrodynamic limitc 46



Azimuthal Asymmetry

ALICE

e Fourier expansion of azimuthal distribution:

@RH'C - :9'-:: 0'355 e STAR Charged particles, minimum bias ]
] _ > 0.8f -- Hydro calc. (Huovinenetal.) ~  _.--- .

® at low p;: azimuthal ool ]
asymmetry almost as large as i ]
expected at hydro limit! N T S

., -— - —0— 7 _H 1

= “perfect liquid”? o.15;—\ et T ¢ ) ;

0.1f

® very far from “ideal gas” 0.05 ]
picture of plasma ol :

2 3 4 5 6
6 April 2016 Physics with HI Collisions at the LH@?1(GEYg)



0.15

0.1

0.05

= ’ 1 wazsbe higher harmonics
[ S -
1t e
O 10 20 30 40 50 60 70

v, at the LHC

1 0.2<pr<5.0 GeV/c

BRI LA
- ALICE Pb-Pb
—5.02 TeV
L mV,{2 [AnI>1}
[ @ V,{2 [AnI>1}
| ¢V, {2 [AnI>1}
+V,{4}

v, {6}
KV, {8}

elliptic

2.76 TeV
V,{2, IAnI>1}
V,{2, IAnI>1}
v, {2, IAnI>1}
v, {4}

<0 O

Wd higher harmonics
oS¢

Hydrodynamics -

5.02 TeV, Ref.[27]
v, {2, IAnI>1}
v, {2, IAnI>1}

-> e
[ —*9
®

I::I::::IIIIII:::II
Hydrodynamics, Ref.[25]
mm /S(T), param1

n/s =0.20

—m—7

elliptic

RS

m-||||||||||||||-||I|||||||||II-

v.{2,|An|> 1.0}

v.{2, An| >1.0}

o

ALICE

0.2

- ALICE Pb-Pb

5.02 TeV

® v,{2, |An|>1}
m V32, [An|>1}
¢ v.{2, An|>1}

0-5% (a)
276 TeV

B v,{2, |An|>1}

il v5{2. |An|=1}

P v,{2, [An|>1}

»
.\.

30-40% (b)
i b
’cn-“‘ thtEEfEE?EHEHEEE 'EE

o
: “‘l’: 1 1 1 1
1 2 3 4 5
[ (GeV/c)
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Long-n-range correlations %

ALICE
® “ultra-central” events: dramatic
shape evolution in a very narrow FPh 270 Te¥, 027 contie
centrality range u . 2 <py=25GeVic
y 9 1.915 ’¢ 1.5 <Tp$ <2 GeV/c
® double hump structure on away- 1.01- i 0.8 < |An| <1.8
side appears on 1% most central 1005 ‘
= visible without any need for v, 3 R PP s
) Py ¢ /7 \ »*%e, >0
subtraction! Ao 1 fy\;‘ /\}7/4;\6@..@7@
& 3
® first five harmonics describe 0.995(x /; ) e .
shape at 103 level %t ¢
: : 0.99- ¥ + 2ndf = 33.3/ 35
= explanations based on medium sy, FMAIESSS 9D
response to propagating partons o 1.002|$ L
were proposed at RHIC = 1 * * . n :
= Fourier analysis of new data ) 0998 . * - * — ,fl
suggests very natural alternative 0 2 4
explanation in terms of A¢ [rad]

hydrodynamic response to initial

state fluctuations
uctuatl ALICE: Phys. Lett. B 708 (2012) 249
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Identified-particle v,

(5

ALICE

c - Pb-Pb \s\, = 2.76 TeV 10-20% £ - Pb-Pb \s, = 2.76 TeV 40-50%
S S @ s
- ALICE - ALICE ‘ Tﬁ + +
0.1 PRELIMINARY (0.1 PRELIMINARY “
L I~ [ ]
: - . i
0.08— 0.08 A + \
- - t ¢
0.06]- 0.06— *
N . I
i -I- + . - +
0.04— . ‘;+ VA{SP, [An[>1}  V,{EP, |An|>2} + 0.04— ‘%SP’ lAnl>1} ‘%EP’ lAnl>2}
L . (m]n [e]n - - T T arXiv: .
- !t" B Ep ]psp arXiv:1205.5761 B Ep G Xiv:1205.5761
0.02_— - f# [mK v.(SP) 0.02_— (m]K v,{SP}
- me @ : me
ol vl |=1A | | ! | C L T R B
0 1 1 1 1 1 1 0
0 0.5 1 1.5 2 2.5 3 0 1 1.5 2 2.5 3
p1jnq (GeV/c) p1jn¢| (GeV/c)
v, for &, p, K%, KO, A, ¢ (not shown for E, Q) V,{SP, [An|>1}  V,{EP, |An|>2}
at low <3 GeV/c) follows mass hierarch AR on .
o ablow pr(s3 Gevic) y arXiv:1205.5761
— at higher p; joins mesons (m]p [® | p+P
overall qualitative agreement with hydroup to | [m]K
_ o . 0 V,{SP}
pr 1.5-3 GeV/c (n—p); quantitative precision ® K°
needs improvements — hadronic afterburner [®]A | [e]o | |

n,(my)-scaling worse than at RHIC

| ny(pr)-scaling at p; > 1.2 GeV/c violation 10-20%
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Lottt s At

er Pb |sy, = 2.76 TeV 10-20%

Pb-Pb |s

NN

=2.76 TeV 40-50%

(mT - mo)/nq (GeV)

Low (mT1-mo)/nq: scaling is broken at the LHC

Intermediate (mt-mo)/nq: scaling holds at the level of ~20%
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|, iy
. o I ..n u.
. mﬁ..§ -3----§--. 5. PO — . ol
c " c L [lePs
S o | S
B oo ° © B o L
> i . \ > 8l
= = Lin
- [ L
~~ ~
o 6F o BF
= [ = [
| V,{SP, IAn>1}  V,{EP, |Anj>2} 0 4_—{ V,{SP, Ani>1}  V,{EP, |Anj>2}
L (m]= e Lle m]= DIk
i = e ALTCE i =P e ALICE
"
0.2p .IIK,, PRELIMINARY 0.2pk EKr, PRELIMINRRY
|8 * K; L] K5
ol 1 oA, — . ol HA L ,
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3

(mT - mo)/nq (GeV)



ALICE
arXiv:1205.5761 [hep-ex] | - W.Horowitz,M.Gyulassy, J.Phys. G38 124114
3 - e v,(EP, IAn>2.0}
op 0=5% 2 w%ﬁﬁ o > ool e W{ERIANS20) ALICE Pb-Pb |5\, = 2.76 TeV
C A : Z i o v,{4}
Y Vi, (EP 14020} i Vz{EP ANI>2.0) 10 < p, < 20 GeV/c
4 Vyy (ER1AN>20)
"‘ *ﬁ l "~ vV (EP1AN>20) %
¢ v # ] + - = 0 v, WHDG LHC

ST "'"l ______ 0.1— Extrapolation ¢ T F
i °
1 .-. . RPN R T [ JA | LEN— &Lt — s

s== v, WHDG LHC B E) T el
Extrapolation * % #+ +

20-30%

: : + + 0I | | l1ol | 1 I20I | | I30I 1 I40I | 1 I50I | 60 70

S T R centrality percentile
p, (Ge\ " :

=7 . I o

v, measurements up to 20 GeV/c — where dominated by jet quenching
Non-flow effects suppressed by rapidity gap or using higher cumulants
Non-zero value of v, at high p; both for An > 2 and 4-particle cumulant

v5 and v, diminish above 10 GeV/c — indication of disappearance of fluctuations at high p;

© ApriT 2016 Physics with HT Collisions at the LHC . 92



ALICE Collaboration: Phys. Lett. B719, (2013) 18
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ALICE Pb-Pb \s,, =2.7

= .
Pappppapparr ¥ i

0 )-5% A 20-30%
® S5.10% O 30-40%

m 10-20% 40-50%

V(vz@-va) / (vai2+ vaia))

o o o o
LS R S 2 I © « E—y

()

_ ALICE

L PRELIMINARY

® 5-10%
30-40%

¢ 10-20%
40-50%

€ No strong transverse momentum dependence except

*
*

the most central events (i.e. 0-5%)

the 40-50% class

& Little pseudorapidity dependence
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v,{EP}

Event Shape Engmeermg

0.15— Pb-Pb \s\y =276 TeV Inl<0.8 0. 2<p <20 GeV/c
pu}
i nucs .
PRELIMINARY
~ o u 4 & o
- A4
A
0.1— e v (0] o) - ~ o
- v A v
A o v A A
B v | 0 o
v O
- I A O
L ) 0 MinBias
v 0 = 5% high q_(TPC)
0.05— x 5% high g_ (VZERO-C)
" an ¥ M v 5%highq (VZERO-A)
oy O o 10%low g, (TPC)
o a1 10% low q, (VZERO-C)
L v 10%lowq, (VZERO A)
I 1 l 1 I 11 I 11 1 1 | ) I L1 1 1
% 10 20 30 40 50 60 70 80
centrality percentile
Pb-Pb |syy =2.76 TeV @1 Noq, selection .
04— <08 30-40% o 5% highq, (VZERO-A)
- A 10%lowq (VZERO-A)  ALICE
0
(W]

Qn,x = 2 COSNnQ;
i=1
M

Qny = Z sinnge;
=1

=
qn= QuNM

ALICE

At fixed centrality large flow fluctuations:
Select events of given v, by means of

g,-vector length in a subevent and
study another region (subevent)

v, splits by factor of two for semi-central

events (30-50%)

Initial shape fluctuation effect very similar

up to pr ~ 6-8 GeV/c
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R.S. Bhalerao, M. Luzum, J.-Y. Ollitrault,

PhyS Rev. C84 . (2011) 034910 (Cos(nl(p1+n2(p2+"'+nk(pk:) >=vnjvn2“'vn,<COS(nI‘P1+n2lP2+'“+nk\Pk) >

(cos(@;-39,+29;) )=v,v,v;{cos(¥,;-3¥;+2¥,) )

D. Teaney and L. Yan, Phys.
Rev. C83, (2011) 064904

4 X10°
Ty, < 130MeV

3 | TfO < 150MeV ———-
T;, <> 170MeV - - - -

o
—_—
TTTT]|X
o
w

Pb-Pb | s, = 2.76 TeV mi<08 02<p<5GeVe

o

o
e

2 |

- {cos(9_ -3¢ +2'¥5))

o
no

O
w

10-20%

20-30%
30-40%
ALICE 40-50%

PRELIMINARY

£
A
o
o
e
(aV]
+
@
o
»
O
&)
Vv -
'

=
N

o
(&)

oIllllllIlllllllllllllllllll

Glauber MC + ideal hydro Observation of a 3-plane correlation

2 In qualitative agreement with MC Glauber+ideal hydro
calculations at low pr but hydro curves do not follow
data at high pr
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p-Pb\s,, =5.02TeV
60-100%

N, dAndA¢ B(AnAgp) & Near side ridge is observed in central p-Pb collisions

4

N,,, dAndAg

g

1 dzNassoc 1 H - .
S(An, A@:( —) & Subtraction of the jet component i.e. as measured in

the 60-100% centrality class reveals

d’N gy e .
B(An,A@) =a( ) a double symmetric ridge on the near and the away
mixed

dAndAg sidel
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@ Double ridge in p-Po: v, v,

ALICE Collaboration: Phys. Lett. B719, (2013) 29

o 0.20[-
® 0.88—p-Pb \s,, = 5.02 TeV » Data > i v, v, p-Pb | s,,, = 5.02 TeV
:}é (0-20%) - (60-100%) a, + a, c0s(2A¢) + a, cos(3A¢) o L ° 05<p . <p, . <1.0GeVic
- 086 2<p <4GeVic oo a, + @, 0s(24¢) ! A A 10<p <p_  <20GeVic
2 - 1<p_ <2GeVic —— Baseline for yield extraction 0.1 5f* N 20<p, <p . <4.0GeVic
S 0.8a— Taasoc 5 HIJING shifted » ’
3T ' |
4 0.82 e PRy 0.10] A '
£ | . A A ¢
£0.80" f ' g - ‘ +
> L B [
- : . N\ s 0.05 J + .
0.78 74 ' . ] aPada LN, L I ¢
LT R . i
076 | | | L ,. T B B B 0.00; L : |
-1 0 1 2 3 4 0-20% 20-40% 40-60%
Ay (rad) Event class

] dN

assoc
N

———— =ay+a, cos(2A@) + azcos(3A@)
. dA@

Fourier decomposition using the 2" and the 3" harmonic

v2 and v3 increase with increasing pr, while exhibiting a mild multiplicity dependence

In qualitative agreement with hydro and CGC calculations

K.Dusling and R. Venugopalan, arXiv:1302.7018
P. Bozek and W. Broniowski, arXiv:1211.0845
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. ) —r "2 ' - 2 an
p-Pb correlations witn PlD
| 3 | "ALICE
p-Pb \s,, = 5.02 Te\ ‘.
(0-20%)-(60-100%) § "

ALICE
p-Pb \s,, =5.02 TeV g
(0-20%)-(60-100%) §

& Similar analysis: charged particle = “trigger”, (11,K,p) = “associated”

& Jet component reduction: (0-20)% - (60-100)%
#  Symmetric ridges in all cases i.e. 1-h, K-h, p-h

% Residual near side jet peak for m-h and to a smaller extent K-h

6 Physics with HI Collisions at the LH
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e

8 0.152 ALICE - | ALICE

s - - 1.5< p_<2.0GeV/c — - =

£ 015 WA . = 0.

- (0-20%)-(60-100%) } (0-20%)-(60-100%)

Q 14 . -
Q 0.148 « Data — a,+ Z2ancos nAg fit « Data =—— a,+ 228,,005 nAg fit
7| &
%ﬁ(] 0.146 ==n=1 - n=2 o n=3 -en=1 - n=2 o n=3

Near side gap: An<0.8 Scale unc. =5% = Near side gap: An<0.8 Scale unc. =5%

& After subtraction: symmetric double ridges for h-m, h-K, h-p

& Small contribution from the odd coefficients
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v, Mmass splitting in p-ro

llllllllllllllllllllllll'lllllllllllllll

ALICE Near side gap: An < 0.8
p-Pb \u’% =5.02 TeV
(0-20%) - (60-100%)

mh AT +

* K opP

IIIIIIIIIIIIIIIIIIIIIIII

& Mass splitting observed in p-Pb collisions!

8 Qualitatively similar picture as in Pb-Pb

W Qualitatively consistent with a system that develops some degree of collective behavior
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Heavy flavours
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© c and b suppression
Suppression of heavy-tlavour production

<1.4IITIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

- Strongs 2 u | Hur decay
leptons OC - Pb-Pb, \s\=2.76 TeV -
- Smaller ., 5[ m D mesons (ALICE) 8<p_<16 GeV/c, |y|<0.5 |
- ) Non-promptG J/l\|/l/(C||V||S Preliminary) .
- 6.5<p_<30 GeV/c, |y|<1.2 CMS-PAS-HIN-12-014 - I
B (empty) filled boxes: (un)correlated syst. uncert. . HF decay "

—

—
ST U< S e N \V)
T T T TrrJrrrT
—_
)
o
-
@
=3
-
QO
=
<
|

Djordjevic et al. Phys.Lett.B 737 (2014) 298 |
— = D mesons |
- = Non-prompt J/y -

—

o
3]
"'Q B .
C L -~
9 _ .
o 0.8 _l& - Non-prompt J/w with ¢ quark energy loss — 3
g i : E
£ 1 - {  reenesene B
@ i . e —_ i :
%0.6 i N \\:\s ] —ﬂ:_
: NN, e, -
< 0.4 0.4— \'\\ ............. E\— _E_ E T
- ~ \-.,.\.. .............. — =
0.2 - \ S e, _ B
o B \i:%“"""" RACTE P P
0 0.2— 30-40% 54309 ~ “w.] 4 16 18 20
- oRe o - - GeV/c
— (*) 50-100% for non-prompt J/y 10-20% 0-10% Py ( )
QObser _||1||||||||||||||||||||||||||||||||||||— ylththe
di OO 50 100 150 200 250 300 350 400
medium ( <Npart>
arXiv:1509.06888 ALICE, 124t LHCC meeting [02.12.15 | 16
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Suppression of D* production

Suppression of D.,* meson observed at high p; in central Pb-Pb collisions
- Hints for less suppression than non-strange D mesons

<< 2 :Tjj_TTlj’kfrTﬁ—'ﬁ’rmﬁ’ﬁ'—T‘Tj’ﬁﬁW71a:

Q:<1 g ALICE 0-10% Pb-Pb, |5, =2.76 Tev - Measurement compatible with TAMU model
- 1 [Phys. Lett. B735 (2014) 445-430],
161 o Average D°,D*,D*", |y|<0.5 - implementing recombination of ¢ with s quarks,

o with pY—extrapolated pp reference

1.4} - enhanced in the medium
1 2:_ # D, ly<0.5 @ E
' L = > Uncertainties substantially reduced with
. TAMU, PLB 735 (2014) 445 ] expected Run 2 statistics
0.8F [) + — NonstrangeD B
C s D; , 1
0.6 _f E ..
0.4f Loyt <7 = D¢* sensitive to coalescence of charm
=T /_H_ "~ and strange quarks
0.2_ +—E— Do, D+r D*+ _‘: g q
Ll 1 1 1 1 ll L1 l L1 L L1 L L L l L1 |
G0 10 15 20 25 30 35 40
o8 (GeV/e)

. ALICE, 124th LHCC meeting [02.12.15 | 17
arXiv:1509.07287 ICE, 124t meeting [02.12.15 | 1
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Charmonium suppression in pPo
¥ (2S) suppression in p-Pb

0.2

ALICE

Observed suppression of J/p in p-going direction
W(2S) more suppressed than J/y
- Increase of suppression with event activity

L e e e e |
- Inclusive J/y, y(2S) -
F p-Pb | 5= 5.02 TeV,

TTTTr[T

LA BN BN BN B

W(23)

- o J/y (arXiv:1506.08
P R R |

0 2 4

€
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2
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1l
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0.6
0.4
0.2
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Ll Ll Ll
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LHCb

Pb syy =5TeV —him | HCh, inclusive Jry

p
pp<14 GeV/c

L Ll Ll l Ll Ll Ll ' s L s L l Ll

—r 1 rrrr7r
+ LHCD, inclusive y(25) LICE Preliminary

p-going
—$— ALICE, inclusive y(25)

p—{

l 1
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1 1 L l 1 1 1
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$) QGP radiation

o
. Yeecoy Ydecay
Direct photons Jf?* ALICE

Direct photons = not coming from particle decays Nucleus A oo o
Largest background from 1° and n decay < =->
Q6P Nucleus B
Observed a 2.60 excess above pQCD 2
expectations at low p; in 0-20% Pb-Pb ¥ thermal
Y prompt

Exponential shape = thermal spectrum $ ) Ipbjpé’ls“";lzjﬁevl + orecnms, . on E

P p P 2 10 [s] 0-20% ALICE — PDF: CTEQBMS, FF: GRV —=
- inverse slope interpreted as temperature 5] 0-40% ALICE - (n)PDF: CTEQ6.1M/EPS09,

40-80% ALICE FF: BFG2

JETPHOX

PDF: CT10, FF: BFG2
nPDF: EPS09, FF: BFG2
(all scaled by N)

T =304 £ 11 £ 40 MeV, 30% larger than at RHIC 5

Expected higher T« due to higher
initial temperature and larger blue-shift
by stronger radial flow

1 lIIIlllI 1 Illlllll 1 IllIIlIl 1 IlllIIII 1 llllllll 1 llIIIIII 1 IIIIlIII 1 Illllll[ 1 Il[lllll 1 I[Illlll 1

100III£III4|‘IIIéIIIéIIIIIII112(IGIeIV}|g—)
arXiv:1509.07324 Py
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Asymmetric di-jet event PbPb
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Today’s Peak activity Pb-Pb @ 5.02 TeV/nucleon

Fill: 4664

LHC Pagel E: 6369 Z GeV t(SB): 03:20:17 26-11-15 20:53:56

ION PHYSICS: STABLE BEAMS

S
Charmonia Bottomonia
500 pp [262163_262277], PbPb [262548-262837], Express pp Express, 262163-262328 \s=5.02 TeV
N" _lIl|l|'{l"["'|"'|"'|"'_ — LN L L L L B B
O L 1 ‘o
> _ 1S I ' ]
A T CMS 1 2 sof o ye s CMS -
~ 500 prv>6.5Gevie Preliminary - 9 - pl>4.0GeVic Preliminary
2 - <24 1 o i ]
— N i = 400(- =
> 400F 1 2 | ]
2 - — pp(Scaled 1116)] T - ]
0] i 1 > - | i
0 L | ¢ PbPb 1 W 300~ * -
300~ | 7 i 1(28) :
i | y - i
200"_ 1 N 200_— o
100 N\, v(28) 100~ p
-4 * " ° ] i =
oot R “.m;.‘o XS IR W b o i
Er Tt 1l r——t—l—'h—Q—i—'-l"_TﬁrHt—\—l—A_rl—-—L] F111|111111111111111111111111111111_
8.6 2.8 3 3.2 3.4 3.6 3.8 4 07 8 9 10 11 12 13 14
w* Invarian Mass (GeV/c?) W Invariant Mass (GeV/c?)
02-12-2015 CMS Status Report S
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Collectivity in small systems ?

pPb 5.02 TeV
December 2012

From J.Schukraft
talk in Mexico




Collectlwty
oliecClivi y IS experimenta V' proven in

® weak definition:

= SIMILAR effect for ALL particles (of some kind, say p,/PID) IN (@most) ALL events

& drawn from the same |ncly§|ve smgle partlcle dlstrlbutlon |

'Ridge’

all h* in all events

PbPb 10-20%

69

some h*

in some events

of A esses ATLAS Pb+Pb
0 1:_ S P _: E o R .Egﬁeg eﬂaua \SNN—2 76 TeV
. - o® . "f." ‘Q‘ 8. Ly =7ub"
B . ¢ ° Onl
0.08 |- ] 1k ’. . ou"
_ 1 —~ ¢ ¢4 \ on"
0.06 - - \Z/_ ’. on"
L] [ ]
N o 0 v,{2) (same charge) ] ¢ op"
0.04F ° CRRACH - 4 . A 5"
B 0 v,{4) (same charge) 1 10 3 centrality: \ 4 o
oo o v,{g-dist} ] - 0-1% 4 \ R\
v,{LYZ} ] B 100, u]
0.02 }-ﬁ : vi{(EP} STAR - :+ > 10{’, +
v,{LYZ} STAR . - 20-25% ¢ .
0'....1....1. A PP PR PP I B 10.2__-9-30-35% o |
0 10 20 30 40 50 60 70 80 F - 40-45% + E
. . - (=] -
centrality percentile =5-60-65% -
0 0.1 0.2

0.10F

| B — Y
- PbPbys, =276 TeV
0.3 <p. < 3.0 GeVic; | <2.4

T o oo

o

OOO O+

- ]

-

pPbys, =5.02 TeV
03< P, < 3.0GeVicin| <24

OOOOO'

o vi2, anb2p A

O vy{4} 6-.-Q ["J

+ Vv,{6} [:J

¢+ v,{8}

® viLYZ} CMS Preliminary
[ P I T B | Ll M PR
0 100 200 300 0 100 200 300

ffline offline

" N

EbE P(v,)

p,>0.5 GeV, n|<2.5

V2{2}< "’zl{4}zV2{6}z‘ =V,{~}

pA, AA definitely
‘weakly’ collective

2016 Taxco Mexico WS J. Schukraft




Collectivity in large systems: AA

® strong definition: {'}permo' + 'hydrogd_- dynamics
= emerging-f(f)- in strongly interacting matter with density/pressure gradients

® strong Collectivity consistent with = all data in AA to (very) good accuracy

= thermo-dynamics:
& particle ratios (Statistical Model) to 10-30%

= hydro-dynamics:
< radial (v,) & elliptic (v,) flow for > 95% of all particles (p, < few GeV)
& higher harmonics v,,, PID (m dependence) of v, (‘'mode mixing' of v, & v,)

= thermo + hydro:

& HBT f(T, B): (R(M1), RNg,™), Rou/Ryge = 1)

out

'‘Standard Model' of heavy ion physics
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Some tensmns...

dN/dy

(mod.-data)/mod.
- o
o o

o
[3)

(mod.-data)/o .
A DO N S

-3
_

p/m ratio. v, HBT ¢, ...

rather work
in progress
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f e : ALICE Preliminary
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F
F e
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]
]

QO Extrapolated
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o 0-0.2% @ LHCJ]
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Azimuthal HBT: ¢ @ freezeout
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. few, |f any(*) doubt that we have 'strong collectivity' in (central) AA ¥
'‘the ideal liquid sQGP'

v MC-Glauber n/s =008
E895(-0.6 <y <0.6) 7.4-29.7%

UrQMD

MC-KLN 1/s=0.2

CERES (-0.6 <y <0.6) 7.4-29.7% n L IC E

STAR prelim. QM'12 Au-Au 10-30% PRELIMINARY
=200 GeV/e, 0.25 35 GeV
\San = 200 GeV/e, 0.25 < k<035 GeVie Pb-Pb 15, = 2.76 TeV

ALICE03 < k <04 GeV/e 10-30%

.

* at least until early 2015 http://arxiv.org/abs/1502.05572 .(AMPT ‘escape’ hypothesis)



Collectivity in small dense systems: 'central’ pA

® Collectivity consistent with = all data in central pA to reasonable accuracy
= thermo-dynamics: particle ratios (SM, y.=1!) to = 20-30%

04

0.2

= hydro-dynamics: pA, dA, 3He-A

V4

DX

4

U

a
(X

radial & elliptic flow
higher harmonics v3, PID v,

= thermo + hydro:

awn

DX

HBT (R(m

) RNoy'), R

out

/R

side ~
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[ The experlmental support for 'strong collectlwty IS

not really worse than AA
only somewhat less tested ..
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Collectivity in small dense systems: ‘central’ pp

® Collectivity = consistent with data in high N, pp
= thermo-dynamics: MB particle ratios to =20-40% vy, < 1!

'::> hydI'O-dynamiCS: 2_ a) ALICEpp@7Tev I:\)ou’(
- ~ oN_ 1-11 AN, 17-22 *N, 37-44
o radial & elliptic flow L ek O joces N e
, g Ny OU- ch V9"
) - _-JH_EPm_os ;1 2-010_ - < # 'V
% V3; PID V2 (CMS PAS HIN-15-009) lzi)N>1$'(\)/:S1-.OGeV/c<;aT<3.(OGe\)IIc \ 0z 1F DZQD .ﬂ; o 9"3 ;é ;
I m ...... 0"".. »El '._._ B
= thermo + hydro: | DL | “R- “
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e | e ' & ! ———
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TE o less tested .. Rurg
-3 Model T (MeV)
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10 -asi 150+2 23+2 i083 l4567 J] i 018 _t _+w E .
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HBT: R vs K;




Facts

® Experimental facts:

= weak collectivity proven in pA & AA, not measured in pp
& ‘a priori’ pp = pA at same N, (both IS and FS are known to be similar)

< 'all particles in all events' must be part of any physics model
(led to a significant modification in physics origin of CGC ridge !!)

= strong coll. (thermo & hydro) compatible with majority of data in AA & pA

& some areas need work, some tests missing in pA
= limited data in pp at high N, but compatible with SC !

& final state (HBT, pr-spectra (v,), ridge (PID v,), part. ratios ): pp = pA @ same N,
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Other ‘Developments

® Final state chemistry ?

= K* : decay + scattering X 0.4
o
@ or sequential freeze-out (lower Ty.,) o 0
- . C
= p/m: B annihilation (= seq. freezeout) S
. . &)
® light nuclei d,(°*He) S 02
-
= pp X 2, reaches = SM value % _
: : = 0.1
= canonical suppression ?
E>f'\hnl AAAAAA N [la..+ D /NI \ L A~ N\
do we see dynamics at work 0
while reaching (or leaving) thermodynamics ??
i 8?glAuce PP, \ Sy = 7 TV Wy
é 7§EIALICE:D-F;D.:: =5.02 TeV ALICE preliminary f
é 6: VOA Multiplicity Classes (Pb-side) 1’*’,
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Hydro in PbPb

® ideal (BW) hydro =
= deviations at high py:

T

1/N,, &Ni(dp_dy) [(GeV/c) ™

data / fit

1.5

0.5

'smooth decoupling ?"
ALICE, arXiv:1303.0737 [hy
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Radial FIow In pr

d2N/(dedy) [(GeVic)?
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1/N,, 1/2rp

data / model
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7 TeV pp Min Bias

® > 2013: central pA ~ peripheral AA

(largely) accepted & assimilated : small droplet of sQGP (-like) stuff
conformal invariance, hydro & thermo ‘at its limits’

® > QM 2015: no end in sight ?

Thermo & hydro in MinBias pp ??



Continuous & smooth down to dN/dy ~ 0 (pp)

E+Z)/ (v + 7%

80

- rerreeererr e e Green points: this study Black points: BW fit to
| ATLAS 2.0<|An|<5.0 J — forward rapidity charged particles — mid-
L Vs=13TeV 0.5<p2<5.0 GeV 1 estimator rapidity estimator
0.081— ] < 02—
I Including peripheral pedestal 1 % 0.18F ' / 3
":] o g - - ] S Tt —+ —%4% % N ]
i 5 @ 9 9 © s " g & < 0.16F l £
0.06- o & = - SN N -
- e o : - 0.14 % =
i Elliptic flow i T : R 3
0.04 -_ 0 0<N rec,periph<5 _- : E Rad Ial fl ow 0 d E
L 0 0<N ‘r;gc,periph 10 4 01 = Q% =
| SN < i 0.08 - —®— ALICE. pPb,|5,,=502Tev ]
X ® 0<N P20 i POE - | pe .
. . —'Ych 0 06 - VOA Multiplicity Classes (Pb-side) T, s P ]
Rte MlnBlaS Nrec ~ 15 ] TTE  —e— ALICE, Po-Pb, |, = 276 TeV r K p KO A 3
PR (T TR SN TR NN TR AT T T SN TR SN N ST TN S SN WA SN T S 004 I — ALICE, pp,\s=7TeV -]
20 40 60 80 100 120 T T T T T
g 0025 01 02 03 04 05 06 07
i . . : : : ’ .
. (B)
] . , Charge Balance Functions T A
Hadrochemistry E [+ ppis=TTeV i1
0% ALICE ~ 40 .
| s ot 1 Low-p, interval (b) & 10 pPo s 502Tel AR
B .. piEeze HHH : i : \.N ~ o ¢ PoPbyg276TeV
5F- l f 0.8 * =8 .-
- iﬂﬂl H Py W pp\Vs=7TeV ** m 2 + HBT .' i
4__ 'c ** x_ - . -
= @” © 0.6 ® p-Pbys, =5.02TeVv K R 6 k;dependence 7
3 ~ C ]
- auce Oé’, * Pb-Pb |5, =2.76 TeV QO i g ¢ ]
2 / i A O ) 0.4F Intermediate-p_interval * G 24 0 ? Two-Pions ]|
C v pp (INEL) \s = 900 GeV * +**+ % I ° o- 7
1:_ MC productions - pp 1s=7TeV A pp(INEL)vs=7TeV m‘ ~ [ : '.B \
o :V::?aziie'“gfzzjm‘ﬁ; = POPb\s=276TeV 0.2 High-p_interval D o @ﬁ- ' hree-Pio
E | PiihiaS»Mon:sh-VYithCR .| \F;:)el\ll:r:;lziryE?l';’ :}F:sz;s’ev ‘w.* * * **m : ; ‘g é ’ o N+ :
1 10 102 10° vl il """"3 ' Qb il
@N_/dm, s 1 10 10? 10 10 102 10°
L (N_,)(ml<0.8) N )




Need to know what to look for...
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Immorally successful AMPT

anisotropic flows of odd orders vanish as a result of the 3
symmetry ¢ < ¢+m. The anisotropic flows generally de- e AarAuG200 AGRN i )
5 : : : : : : . 2 Charged hadrons mest
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FIG. 1: (Color online) Time evolutions of spatial anisotropic
coefficients s,, and anisotropic flows v,, of partons in midra-
pidity from Au + Au collisions at /s = 200 AGeV and b = 8
fm for parton scattering cross sections o, = 3 mb (left panels)
and o, = 10 mb (right panels).

The experimental data indicate that there is a scaling
relation among hadron anisotropic flows, ie vn(pr) ~
v/ 2(pr) [14]. Tt has been shown by Kolb |: that such
scaling relation follows naturally from a naive qualk coa-
lcsccncc model [36] that only allows quarks with equal

FIG. 2: (Color online) Anisotropic flows vs (a), v4 (b), and v
(¢) of charged hadrons in the pseudorapidity range |n| < 1.2
from minimum bias Au + Au collisions at /s = 200 AGeV as
functions of transverse momentum pr for parton scattering
cross sections o, = 3 (open squares) and 10 (solid squares)
nr%]a. The experimental data are from STAR Collaboration
141

=+

The resulting hadron scaling factors of 3/4 and 1/2 are,
however, smaller than the one extracted from measured
anisotropic flows of charged hadrons. Since the naive
quark coalescence model does not allow hadron formation
from quarks with different momenta as in more realistic
quark coalescence models [26, 27,287 ], it is not expected
to give a quantitative description of the experimental ob-
servation. Such effects are, nevertheless, included in the
AMPT model, which have been shown in Fig. [2 to re-
produce the measured hadron anisotropic flows.

ft



Almost as good as hydro

g mode mixing in EP correlations
N L ~~ 0.15 v AL B l LI L l LI B A l LB l LN B
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No problem with small systems

http://arxiv.org/abs/1404.4129

0.1<pT<1.0 GeVic 1.0<pT<ZAOGeVIc 2.0<pT<3.0 GeVic 3.0<pT<4.0 GeVic
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
Z N, <35 — p+Pb (1.5 mb, AMPT)
& -+ p+Pb dat:
o p+Pb (exp. data)
: -- p+p (1.5 mb, AMPT)
0.05f -+ T
3 < ptp (exp. data)
3 '™ 50001 00
‘%o MMW
i
Z B . 8
Hrrrtrrrterrte bbb
g [ 35 <N, <90
o |
2t |
<0.05+ tolole; ol T T b
T 1 0% eel
= N o _e L
& Oo .. =
° B (oY ) I
3 M
£ 0 b
bsessbersebensebontebimebbshsbssbsssbissebbsssstsnssbsals s s e
§ [ 90 < Ny < 110
o
Zo.05- + .
=y L
=\ L '-‘-(j) -
z | 5
g ° . L ERTe e
£ 0 - 4
I 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T
3
S
(&)
Zo.05] .- E
= -
< o H
L el
¥ ; . o r-rT opboe ve
z 0 T ]
- 1 1 1 1 1 1 1 alosaabonaaboaas Doana Donaabonaaboade Donnn Donnalonnaloons Donnn Bonnaloadoloonalonaalonnaloaaaloaaslonaslag
0051152253 005115 2 25 3 005 115 2 25 3 0 05 1 15 2 25 3
|AG] (rad) |AG] (rad) 14| (rad) |A0] (rad)

Figure 4: Distribution of pairs in p+p collisions at /5 = 7 TeV and p+Pb collisions at 5 = 5.02 TeV as a function of the relative azimuthal
angle A¢ averaged over 2 < |Ap]| < 4 in different pr and Nipq; bins. Our results (solid and dashed curves) based on the AMPT model (with string
melting, o~ = 1.5 mb) are compared to the CMS data (full and open circles).
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Double humped near side peak

Departure from Gaussian

ALICE

« The lowest p; bin shows a structure with a flat top in An

* This feature is reproduced by AMPT
Data AMPT

e
©

§ Scale uncertainty: 20% g
\g Ag projection in |An| < 0.80 = 0.8 A¢ projection in |An| < 0.80
=>* A1 projection in |Ag| < 0.87 So7 An projection in |Ag| < 0.87
- 8
o §0.6
E 0-10% : ~-,
= 0.5 -
ALICE £ -
_% PRELIMINARY 2 < pT,t < 3 GeVIC 5504 T
: o 1<p;,<2GeVic g -
o ’ 0.3 : :
- + - - t
g 0.2 -+ -
Zs - -+
h 0.1 + -
Pb-Pb 2.76 TeV 0-10% .+ +~ T,
% / 0.0F .t e
o e Loos L1 i ’ e N B N I Baars ity
-1.0 <05 0.0 0.5 1.0 5 1.5 -1.0 -05 0.0 0.5 1.0 1.5
Ao (rad.) , An Ag (rad.)
Ag, An Ao, An

« Qualitative and quantitative agreement of peak shapes
with AMPT compatible with hypothesis of interplay of jets
with the flowing bulk

- Paper Proposal - Jan Fiete Grosse-Oetringhaus 9 -



What makes AMPT work ?

® Dynamics is very simple, probably oversimplified
(‘Micky Mouse billiard balls’ with thousands of parameters)

= however, the hydrodynamics seems correct !
& what counts is ‘lots of interacting stuff’ (string melting + few mb o)

® Common wisdom: AMPT = kinetic transport underlying hydro
= and as such smoothly extrapolates to dilute & small systems with large K

4 A Pms A mpmwmysa

‘ - - - -n L ] - -
‘Anlsotroplcpartonescapel o e ]
> [ Au+Au (b=7.3 fm) == freezeout partons
— 3ll(active) partons

3 [ —omanom e N -t ezt parins
z —— Au+Au 0=7.3 fm) ' N A ]
® o4 —— AutAu 0=7.3 fm) [ escaping ST ]
malp, > 3 Gevic 0.021- —
3 interacting ~ ]
1 oF— -
1 1 1 1 1
! 0 5 10 15 20 _ o
- N Information is in the
0 5 10 ‘non-interacting’ rays !
Noas FIG. 2: Parton v2 in Au+Au collisions as a function of the

number of collisions N_.,;; that a parton has suffered. The
solid curve is the vz of all(active) partons after suffering Ncon
collisions, the dashed curve freezeout partons, and the dotted
curve non-freezeout partons.

<N,> =5 (1) in AuAu(dAu)
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Pressure or Density tomography ?
® sQGP Hydro model:

= IS density homogeneities => pressure gradients => momentum anisotropy =>
spatial anisotropy dN/d¢

= requires strong FSI, dense & large systems (small #K), low visc. ‘ideal liquid’

® sMOG X-ray model: sMOG=Mist Of Gray stuff
= IS density homogeneities => direct image by scattering
= requires some FSI
& no problem with small or dilute systems (dilute = small contrast)

® Open questions for X-ray model:
= is a) and b) actually really different ?
= radial flow ? mass dependence of v, (1601.05390)? HBT Space-time correlation ?
& ‘free streaming + late Cooper-Frye’ = radial flow + HBT (1504.02529)
sQGP or sMOG:

Crucial question in our field, which (to my taste)
is not sufficiently seriously discussed..
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Questions from small & dilute systems

® Confront and ‘explain’ the size/density systematics
= Factorize and separate into different pp and AA physics (eg CR , hydro) ?
& naturally & economically, without epicycles..
& where to put pA?

= Incorporate into the current thermo & hydro sQGP ‘ideal liquid’ picture ?
& extend the ‘dense matter’ framework down to zero density ?
& extend the ‘dilute transport’ framework up to central AA? (AMPT like ?)
& ‘probabilistic’ hydro (#coll/particle << 1) ? Ok for thermo (< 1 Omegalevt even in 4x at SPS)

= Require paradigm shift ?
& different but unified view(model/interpretation, ..) of soft multi-particle QCD

88 2015 QM Koyasan



Summary Hypothesis:
The physics underlying soft ‘collectivity’ signals is the same in AA, pA,
and pp:
It is a generic property of all strongly interacting many-body (22?)
systems

® MANY similar/identical observations(@ similar N,,), NO inconsistency (?), ..
= 1) particle ratios (y, -> 1)
= 2) pr-spectra (radial flow),
= 3) anisotropic flow: v, ~ ¢, v.(p, d, 3He), v,(b), v,(p7), V»(LYZ), v,(PID)
= 4) HBT r(N,,, m;)

®What is is the 'underlying dynamical physics’ ?
= sQGP: thermo + hydro dynamics (‘at the edge') ?
= sMOG: strongly interacting FS matter with density gradients (1502.05572)

= CGC+CR+.: weakly int. dense IS matter + some conspiracies (also in AA!)
= ?77?

89
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Light (anti-)(hyper-)nuclei

From A.Kalweit
talk at CERN
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Hadronic phase

Matter and anti-matter

Particle production in pp, p-Pb, and Pb'

Pb collisions shows an equal

labundance of matter and anti-matter in §
_ tFnr\ ~rAantral rnnin“‘l-y ramNiAn® 11~ ~ 1 |\/|9V. i

Mg
L

_ o—@us)/T  He _ o—(6us)/T

[PRL 109 252301 (2012)]
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Hadronic phase

Mass ordering

S 102
>

< 10
’
For each additional nucleon 10
the production yield 1072
decreases by a factor of 1073
about 300! 4

10
107°
Such a behaviour can be 107
directly derived from the 107
thermal model which predicts 8

in first order 10
dN/dy ~ exp(-m/T) 107°
107"°

p ALICE Preliminary
N
d
=
*He
[N
“He
N
p-Pb, \ s, = 5.02 TeV, NSD
Pb-Pb, \ s\, =2.76 TeV, 0-20% central
A R L, Loy, P L A A A
05 1 15 2 25 3 35 4 45

m, (GeV/c?)
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Hadronic phase

Elliptic flow of (anti-)deuterons

0

o
o

V,{SP, |An| > 0.9}

.6

IIIIIIIIIIIIII

Data Blast-Wave

T+ —7* ..
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I I | | | | I I | | I I | 1
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Deuteron vz is well described

by the blast-wave fit which

0

V,{SP, |An| > 0.9}
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IIIIIIIIIIIII
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n p+§
«d+d
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1
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A simple coalescence approach
estimated by the proton v2 (=2v2(2pT))

describes T, K, p.

does not describe the data.
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Hadronic phase

Radial flow of (anti-)d and (anti-)*He

Q E
§ E ALICE, Pb-Pb, \/SNN=2'76 TeV
% - M%%
G 10°F .
& e
_4 .
o =
S0
>, sl [ ]d 0-20%
C\"O 10 g 3
o tolq) [* |°He 0-20%
Q . i S Comb. fit
6| .
&; 107 %
= F RS
3| RS
1 = =
- .
i 1111111111111111.\'1'.111
1.5
i i
g 1 ~ ']
(] C I I
0.5

0 1 2 3 4 5 6 7 8
P, (GeV/c)
[arXiv:1506.08951]

Also the pr-spectra of deuteron and

3He are well described by the blast-
wave fit which describes to 1, K, p.

Also the pr-integrated particle yields
are described by the same thermal
fit which describes all other light
flavour hadrons.

This behaviour is unique to heavy-
ion collisions! In pp collisions, the d/

p-ratio is a factor 2.2 lower and thus
inconsistent with thermal model
estimates.

CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch
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Hadronic phase

Chemical equilibrium

3 377
per KK 0 KR p+p E+E QT PULILE
2 2. K T3 ¢ 2 A > 7 He
g O ¢
. | ALICE Preliminary
N O . E : . Pb-Pb 1syy =276 TeV, 0-10%
F H H Han 2l H H H H N
n T e s z ; =
: : L
g_ & Notin it | -l
3 ¢ Extrapolated : : : Do
i Model T(MeV)  z2NDF| : :
FE  |—THERMUS 2.3 155+2  24.5/9 |: :
3 = = GSl-Heidelberg 156 + 2 18.4/9 | : : e
[ |- 'SHARES 156+3  15.1/9| Y YO
3 : : : : : | BR=25%!

[Wheaton et al, Comput.Phys.Commun, 180 84]
[Petran et al, arXiv:1310.5108]
[Andronic et al, PLB 673 142]

Particle yields of light flavor
hadrons are described over 7
orders of magnitude within 20%
(except K*0) with a common
chemical freeze-out temperature
of Tch = 156 MeV (prediction
from RHIC extrapolation was
=~ 164 MeV).

Largest deviations observed for
protons (incomplete hadron
spectrum, baryon annihilation in
hadronic phase,..?) and for K*.

Despite their low
binding energy
(Es = 2.2 MeV <<
Tc =156 MeV), light
(anti)nuclei behave like all
other non-composite
particles! — Thermal model
yield and shape of the
spectrum according to radial
flow.

CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch




Possible scenarios
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Hadronic phase

Coalescence (1)

* Production of nuclejby coalescence of nucleons which are close in
phase space:

% | ALICE, Pb-Pb, {5y = 2.76 TeV d —
~ (3]
02 (8] 0-10% A
> F []10-20% N>
S e 20-40%
~ o .W'H‘ [®]40-60% 8
o , S [®]60-80% =
- nu o
L m
10°
10-4 Il 1 1 1 I 1 1 1 1 I | 1 1 1 I | 1 1 1

B2 is flat vs. prin
p-Pb collisions
and in peripheral
Pb-Pb collisions.

10°
18— ] ALICE
16 = e __'+' @] 0-10%
14 -4 ;
1of = = ®110-20%
10 - e o -#]20-40%
8 3 ; e — o] @] 40-60%
6 S oo = — @] 60-100%
£
2F p-Pb, (5, =5.02TeV,d + d
il IS ST S [N TN TN TN U N S S T [N T TN S N T T W N ST S N T T S S W
o5 1 15 2 25 3 35 4

P, (GeV/c)

B2 is strongly decreasing with centrality in
Pb-Pb collisions. d/p ratio shows no

significant dependence with centrality.
— physics beyond a simple
coalescence model.

CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch 97




Hadronic phase

Coalescence (2)

* As a matter of fact, the size of the emitting volume has to be taken into account.

v (large fireball)
(small fireball)

» The strong decrease of B2 with centrality in Pb-Pb collisions can be naturally
explained as an increase in the emitting volume: Particle densities are relevant
and not absolute multiplicities.

* The increase with transverse momentum can be explained by space-momentum
correlations which correspond to the radial flow.

N
?

purely thermal

and momentum of l

source: position
particles

completely
uncorrelated

collective radial expansion: momentum
and position are partially linked

[A. Polleri et al., PLB 419 (1998) 19-24]
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Hadronic phase

Possible scenarios

» Scenario A: there is no hadronic phase after the chemical freeze-out.
» Then (anti-)nuclei are not destroyed by re-scattering.
 This explains why their yield agrees with the thermal model.

» They show the same flow pattern as all other non-composite particles.
— A very simple solution!

* Problem: there are other indications for a hadronic phase.

« Scenario B: (anti-)nuclei are formed after the hadronic phase by final-state
coalescence.

» Then it does not matter what happens at chemical freeze-out and during
the hadronic phase. The agreement of the yields with the thermal model
for d, 3He, “He, and hyper-triton would be a coincidence.

* Problem 1: The agreement with the thermal model is not explained.

* Problem 2: We are still missing a full space-time coalescence calculation
based on a hydro model which describes the data.

» Another idea: fix entropy per baryon after chemical freeze-out (works at low
energies...) CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch




Hadronic phase

Is there a hadronic phase’?

— rTrrrjrrrryrrrryrrrryrrrrrrrrrprrrrrprrroe | B

Most often, it is argued that the > 2F . ALICE, Fit Range o
- 0.18F : m05<p.<1GeVic
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. . ~ |
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0 2 4 6 3 012 _
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Fine, but what about [PRC 93 (2016) 014911]
re-scatte ring of resonances? CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch




Resonances
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Hadronic phase

Re-scattering of resonances: K* and ¢ (1)

0.5[

: i . N o ]

* For short-lived resonances, it is a priori o ALICE K/K 0/K”]
, _ = pp7 TeV (INEL) ® @ |

not clear that they can be described ina 204} pPb502TeV W ® -
o Pb-Pb 276 TeV ® @

thermal picture.. 03 &%&HHJ& i H

« A deviation of the K*? yield can be 0.2] .
explained by hadronic re-scattering of the ; dat b 40 L ]
daughter tracks if the decay happens in X ]
the medium. ; ‘Uncertainties: stat. (0ars), syst (20x), uncorr (shaded tI)O)I();

+ The life-time of the particle is T s
similar to the life-time of the ot Nl <0.5
fireball (= 10 fm/c): K K\

K*¥ -cr=4.0fm

* In contrast to the ®-meson: (Figure: M. Floris)
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Hadronic phase

Re-scattering of resonances: K* and ¢ (2)
* The effect can be semi-quantitatively described by EPOS with an UrQMD

afterburner for the hadronic phase.

» See details in: [A. G. Knospe et al., PRC 93 (2016) 014911].
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Hadronic phase

Resonances and the hadronic phase

 However, there are some open

questions... §;2ooo?lg) (o) iiggg
’ . S L +‘ e Data (stat. uncert.) ]
 Why don’t we see a broadening 2| — Brek-Wigner Peak Fit 1
. o - --Residual BG 1
of the line-shape of the A 08<p, <12GeV/c |
. . . @ - 12000
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mass spectrum? Are we not O Il ea tvon sackgrous oo
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* By how much does one need to
deflect a daughter particle so
that the resonance cannot be
reconstructed anymore? N.B.
the K* and p are relatively wide.
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* In EPOS+UrQMD a resonance
IS not reconstructed anymore
independent of the deflection
angle!
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Hadronic phase

Summary and conclusions

» Results for light (anti-)(hyper-)nuclei production and for short-lived
resonances seem to point in different directions:

* nuclei: non-existence of a hadronic phase

* resonances: existence of a dense and long lived hadronic phase.

* More data and more studies are needed in order to establish a scenario
which seamlessly describes all observations.

» The physics of light flavour hadrons remains exciting even in the LHC era

after Run 1 and we are looking forward to more interesting results from
Run 2.

CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch




(5

Summary ALICE

 LHC heavy-ion programme is obtaining a wealth of

physics results from the first two LHC heavy-ion runs:
* bulk, soft probes:
« spectra and flow of identified particles, thermal photons
* high-p; probes:
* jet quenching and fragmentation, particle-type dependent
« heavy-flavour physics:
« suppression and flow of D mesons, leptons, J/p
» Entering the precision measurement era — charmed era

of the QGP
« before LS2 (2018): p—Pb and Pb—Pb, higher energy and
complete approved ALICE detector
* Long-term upgrade for high-luminosity LHC based on:
« ambitious physics programme
« clear detector upgrade plan for improved vertexing and tracking
» high-rate capability of all subdetectors

6 April 2016 Physics with HI Collisions at the LHC
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Future

6 April 2016 Physics with HI Collisions at the LHC



Future plans %

ALICE

Precision measurement of the QGP parameters at u, =0

to fully exploit scientific potential of the LHC — unique in:
 large cross sections for hard probes
 high initial temperature

Main physics topics, uniquely accessible with the ALICE

detector:

 measurement of heavy-flavour transport parameters

study of QGP properties via transport coefficients (v/s, q)

« Jhp, v, and y, states down to zero p; in wide rapidity range

statistical hadronization versus dissociation/recombination

* measurement of low-mass and low-p; di-leptons

study of chiral-symmetry restoration
space-time evolution and equation of state of the QGP

« for main physics programme factor > 100 increase in statistics

(maximum readout with present ALICE ~ 500 Hz)
for triggered probes increase in statistics by factor > 10

6 April 2016 Physics with HI Collisions at the LHC
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... and more

ALICE

« Jet quenching and fragmentation
» jet energy recuperation at very low p;
« heavy-flavour tagged jets, gluon vs. quark induced jets
« heavy-flavour produced in fragmentation
« particle identified fragmentation functions

 Heavy nuclear states

* high statistics mass-4 and -5 (anti-)hypernuclei
« search for H-dibaryon, An bound state, etc.

400 F

Pb-Pb, \'s,, = 2.76TeV, 0-10% central 1600
O. Oy P C
[ 1 ; B — Bulk Ratio (-0.52 < A) < 0.52,+0.6 < An <+1.5) =] 1 400 o »
- PO-PbYS,, =276 TeV e —2<p <3-1<p_ <2 GeVic £ \Il p - ALICE
C r?ﬁiz'm TeV HLICE o —4x< P, <8-2< ph <3 GeVic - Peak - Bulk Ratio (-0.52 < A¢ < 0.52, -0.4 <A1 < 0.4) 5 1 200 _—E .;‘!' L
B PRELIMINARY Pythia (Peak - Bulk Ratio) - < 2012-01-27
i L 1000 —§ - %
= 1= 5.0<p .. < 10.0 GeV/c o
L - trig -
B C . 800
: - ] - L
B 0.8 -
i 3 600 =

200 LA .

1 2 3 4 5 6

™ (GeViic!)

o1

{4
kS

hilvia
1
L

i
T

S
. i

| ol b by b Lo o e |
1 15 2 25 3 35 4 45

1 1 1 1
0 80 pp

[
=)
S

Centrality pT,assoc (GeV/C)

Rigidity £ (GeVic)

6 April 2016 Physics with HI Collisions at the LHC 109



ITS dE/dx (keV/300 um)

TRD dE/dx + TR (arb. units)

ALICE Upgrade — build on
demonstrated strengths...
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« particle identification (practically all known techniques)

«  extremely low-mass tracker ~ 10% of X,
« excellent vertexing capability

« efficient low-momentum tracking — down to ~ 100 MeV/c
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ALICE Upgrade strategy %

ALICE

Luminosity upgrade — target 50 kHz minimum bias rate for Pb—Pb

run ALICE at this high rate, inspecting all events
corresponds to Pb—Pb luminosity 6x10%7 cm=s-' — achievable at LHC

Upgrade heavy-ion programme already after LS2 (2018)
collect more than 10 nb! of integrated luminosity

— increase by factor 10 compared to initially approved programme
implies running with heavy ions few years after LS3 (until 2026-7)

Improved vertexing and tracking at low p;
Preserve particle-identification capability
High-luminosity operation without dead-time

 New, smaller radius, beam pipe

 New inner tracker (ITS) (performance and rate upgrade)

« High-rate upgrade for the readout of the TPC, TRD, TOF,
CALs, DAQ-HLT, Muon-Arm and Trigger detectors

Additional proposal to be submitted: Muon Forward Tracker (MFT)
postponed: Forward Calorimeter (FoCal)
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