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Soft physics at the LHC

this is what | will discuss in the following slides

* proton-proton collisions
— constraints on soft particle production
— test non-perturbative regime of QCD
— tune multi-purpose event generators

* nucleus-nucleus collisions
— produce hot nuclear matter: QGP
— investigate QCD phase transition / diagram
— thermodynamics and collectivity

* proton-nucleus collisions
— control experiment
— disentangle cold / hot nuclear matter effects
— surprising features in high-multiplicity events

but there is much more soft physics than this at the LHC
Roberto Preghenella



Particle production In
proton-proton
collisions
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Forward rapldlty
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particle production at LHC energies

strongly correlated with event particle multiplicity
not with centre-of-mass energy
constrained by the amount of initial parton energy available”
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Strangeness production
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precise measurement of strange and multi-strange production in pp
compared with several event generators

deviations in the soft region, increase with strangeness content

hint for possible agreement at higher pr, hard time for MC generators
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Strangeness production

7000 GeV pp Soft QCD
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precise measurement of strange and multi-strange production in pp

compared with several event generators
deviations in the soft region, increase with strangeness content
EPOS LHC does a slightly better job, but it is still low in strangeness
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Strangeness production
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compared with several event generators
deviations in the soft region, increase with strangeness content
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Particle production In
nucleus-nucleus
collisions
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Heavy-ion physics
study QCD matter under extreme conditions
high temperature and energy-density

expected to undergo a phase-transition
hadronic matter = deconfined quarks and gluons (QGP)

study the phase diagram and the properties of hot QCD matter

> 200F m
past: GSl SIS ~2 GeV = = Quarks and Gluons
BNL AGS ~5GeV g [Fx S
— = o, . o,
CERN SPS ~20GeV & ””e%/
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so far, a rich ultra relativistic heavy-ion programme
Roberto Preghenella 11



Hard scattering + thermalisation
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QGP
~ few fm/c

Partonic phase

time

Pre-Equilibrium
Phase (< 1,)
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Hadronisation

phase transition
QGP — hadron gas A

Pre-Equilibrium
Phase (< 1,)

Roberto Preghenella
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Chemical freeze-out

NO more Inelastic collisions .
, . L |
fixed chemical composition

Pre-Equilibrium
Phase (< 1,)

Roberto Preghenella
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Hadronic phase

hadron-resonance gas .
|
~ few fm/c A

Pre-Equilibrium
Phase (< 1,)

Roberto Preghenella
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Kinetic freeze-out

NO more collisions
fixed spectra \ x T

Pre-Equilibrium
Phase (< 1,)

Roberto Preghenella
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Bulk particle production in Pb-Pb
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clear evolution of particle spectra = hardening with centrality
more pronounced for protons than for pions
mass ordering as expected from collective hydro expansion

Roberto Preghenella ALICE, PRC 88 (2013) 044910 18



Baryon meson enhancement in Pb-Pb

_ALICE, PLB 728 (2014) 25 _
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ALICE, PRL 111 (2013) 222301

hydro model works fine for
pr < 2 GeV

but deviates for higher pr
Song, PLB 658 (2008) 279

recombination approximately
reproduces shape

but overestimates effect
ies, Ann.Rev.Nucl.Part.Sci. 58 (2008) 177

EPOS provides good

description of data
Werner, PRL 109 (2012) 102301
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p/¢ ratio in Pb-Pb
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ALICE, arXiv:1404.0495 [nucl-ex]

test baryon enhancement:

qqq
qq

spectral shapes are
very similar if particles

have similar mass
p/d ratio is constant

the data seems to

| Indicate that mass is the

main parameter driving

particle spectra
(as foreseen by hydro)
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p/¢ anisotropic flow

spatial anisotropy (collisions geometry)
— anisotropy in momentum space: v

0.4

0.3 WA

02 ¢ meson behaves

0 like a proton

v,{SP,|An| > 0.9}

mass drives both
Vo and spectra

Roberto Preghenella ALICE, arXiv:1405.4632 [nucl-ex] 21



Strangeness production in Pb-Pb
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strangeness enhancement

one of the first proposed QGP signatures
Rafelski, PRL 48 (1982) 1066

9 (dN/dy)Pbe
<NPbe> (dN/dy)pp

part
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strangeness-content hierarchy
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Strangeness production in Pb-Pb

(b) strangeness enhancement

|y one of the first proposed QGP signatures
Rafelski, PRL 48 (1982) 1066
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Strangeness production in Pb-Pb

one of the first proposed QGP signatures
Rafelski, PRL 48 (1982) 1066

e strangeness enhancement

| relative production of strangeness
in pp collisions is larger at LHC

clear increase of strangeness
oroduction from pp to Pb-Pb

saturation of ratios for Noart > 150

match predictions from
Grand Canonical thermal models
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Statistical model of hadron production

Chemical equilibrium achieved during or very shortly after phase transition

chemical freeze-out
end of inelastic interactions
chemical composition is fixed

Pre-Equilibrium
Phase (< 1)

results of an analysis of the measured abundances allow on to

set the thermodynamic variables (T, p) at freeze-out
Roberto Preghenella 25



Thermal model of particle production

describe hadron yields as produced in chemical equilibrium
Andronic et al., NFPA 772 (2006) 167
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. dN/dy of particle species

well described in Pb-Pb
x2/ndf ~ 2

with a single temperature

Ich ~156 MeV

deviations for K* and p
hint at final-state interactions
other mechanisms under
iInvestigation

3 (flavour hierarchy, non-equilibrium, ...)
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Interactions in the hadronic phase

measured yields of resonances might be modified by hadronic processed

hadronic phase
elastic rescattering of

decay daughters
resonances not reconstructed
via invariant mass

Pre-Equilibrium
Phase (< 1)

Roberto Preghenella 27
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ALICE, arXiv:1404.0495 [nucl-ex]

K* suppression

K*/K shows clear
suppression going from
op and peripheral Pb-Pb

1 collisions to central Pb-Pb

not observed in ¢/K

most favoured explanation
re-scattering of the decay
daughters with final-state

hadronic medium
Tk (~4 fm/c) « Ty

28



Particle production In
proton-nucleus
collisions




Hot / cold nuclear matter

_> iInitial; nuclear
« final: M

initial-state nuclear effects are present in A-A
Cronin enhancement, nuclear shadowing, parton saturation, ...

but difficult to distinguish experimentally from final-state ones

a full understanding of hot QCD matter eftects requires
measurements of cold nuclear matter effects with p(d)-A

e ==l initial: nuclear
_ final: cold (?)

Roberto Preghenella 30



No nuclear modification in p-Pb
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Rypp at Intermediate pr

. . o 14
the data indicate a small o g ot
enhancement at mid-pr | oF

where a stronger enhancement /1= &l N ‘ E
is seen at lower energies gl MH++ ------------------------------ -
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0.8" E

traditional explanations of 0.7 E
Cronin enhancement 0.6 p-Pb E
multiple soft scatterings in the initial 0.5 charged particles, |n,_ | < 0.3 E

state prior to the hard scattering 0.4
Accardi, arXiv:hep-ph/0212148
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ALICE, EPJC 74 (2014) 3054

ALICE p-Pb |'s,,=5.02 TeV, NSD
arXiv:1405.2737

0 51015202530354045

50

P (GeV/c)

32


http://arxiv.org/abs/hep-ph/0212148

Ildentified particle Rppo

5 °F ALICE preliminar 5 2: ALICE preliminar
T 18f p-Pb P Y| o 1.8 p y
= 1.6 1.6
pions and moo K
consistent with no e R AR o
modification at mid-pr  °s 08
0.6) NSD, p-Pb s, = 5.02 TeV 0.6 NSD, p-Pb \/s, = 5.02 TeV
0.4 [ = ] mnm, 05<y,,<0 forp <20GeVic 0.4 K'+K,-05<y_, <0 forp <28GeVic
- -03<y,, <03 for p_>2.0 GeV/c - 03<y,, <03 for p_>28 GeV/c
0.2 :_ all charged, [n, | < 0.3 0.2 :_ all charged, [, | < 0.3
C e b e b b by C e b b b b by
d 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
rather pronounce o o o o
a 2 o 2
peak for prOtons o 1.85— ALICE preliminary | o= 1.85— ALICE preliminary
1.6 p 1.6 M -
1.4;— 1.4;—
1.20 {F 1.20
even stronger 1. e e I
0.8F- T -

o o
o ™

enhancement for 06

NSD, p-Pb |5y, = 5.02 TeV NSD, p-Pb |\ sy, = 5.02 TeV

0.4 [ = ] p#p.05<y,, <0 forp <3.0GeVic 0.4F [ = | =4F, 05< Yoy < 0
023_ —0.3<yCMS<0.3 for pT>3.O GeV/c 023_ all charged, mCMSl <03
C all charged, |nCMs| <0.3 C
C 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 C I I 1 I 1 I 1 1 I 1 1 I 1 1 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

P (GeV/c) P, (GeV/c)

indication of mass ordering in the Cronin peak
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Ildentified particle Rppo
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particle species dependence suggests final state effects

recombination, collective flow, ...
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Baryon enhancement

ALICE, PLB 728 (2014) 25

B 1B ALICE,I_p-!:’Ilo, \(QNI - 5.02 Te{/ T ALICE,IPb-Pb, \(QIN _276TeV 7 X’ g: E_ ALICEI, p-Pb, véT,N 502 TeV éf ALICEI, Pb-Pb, I\/% 276 TeV
+ _\VVOA Multiplicity Classes (Pb-side) 4 4 - VOA Multiplicity Classes (Pb-side) 3
& [ Eedosx : 1< 2F fejosw 5
< 0.8 [=160-80% — — 1.8 E =] 60-80% p'Pb E
a ] : 1.6F E
+ .0 P-Pb E E 1.4F 3
£ - - 1.2 -
il _ _ 15 -
0410 B ~ 0.8F :
5 ] : 0.6F E
021 ~ ~ 0.4 F -
: : : 028¥
OO_I_ 3 0 OO 2 4

Significant centrality/multiplicity dependence of the ratios
enhancement at mid-pr with increasing multiplicity
corresponding depletion in the low-pr region

Reminiscent of A-A observations
commonly understood in terms of collective flow / quark recombination
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Where are the extra baryons from?

A st s N/KO9 production ratio
measured in charged jets

i Zhang arX/v 7408 2672 [he,o ex]
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the extra baryons are not coming from jets
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Collective phenomena

bulk matter created In
high-energy heavy-ion ! To
collisions can be
described in terms of
hydrodynamics
* |nitial hot and dense partonic
matter rapidly expands

* collective flow develops and
the system cools down

* phase transition to hadron
gas when Icritical IS reached //

resulting In A :

Pre-Equilibrium
Phase (< 1)

* dependence of the shape of the pr distribution on the particle mass
e azimuthal anisotropic flow patterns (initial spatial anisotropy)

are there final state dense matter effects in p-Pb?

Roberto Preghenella




ldentified hadron spectra

CMS, EPJC 74 (2014) 2847 ALICE, PLB 728 (2014) 25
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data / model

models including
hydrodynamics do a better job
describing the data
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Collective phenomena

bulk matter created In
high-energy heavy-ion
collisions can be
described in terms of
hydrodynamics
* |nitial hot and dense partonic

matter rapidly expands
* collective flow develops and

the system cools down
* phase transition to hadron y
gas when Teritical IS reached | — .

resulting In

* dependence of the shape of the pr distribution on the particle mass
e azimuthal anisotropic flow patterns (initial spatial anisotropy)

are there final state dense matter effects in p-Pb?
Roberto Preghenella 39




The ridge
study of two-particle correlations led to the observation of
long-range (2 < |An| < 4), near-side (A} = 0)
angular correlations in high-multiplicity p-Pb events

fflin
PPb \[s, = 5.02 TeV, N'. "™ > 110
1 <p. <3GeV/c " | \_ p-Pb

CMS, PLB 718 (2013) 795
Roberto Preghenella 40



The ridge

long-range (2 < |An| < 4), near-side (A} = 0)
resembles the ridge-like correlation seen in A-A collisions
iInterpreted as consequence of hydrodynamic flow

fflin
pPb \[s,, =5.02 TeV, N°, "™ > 110

1< Py < 3 GeVic ™\ p-Pb Au+Au central . AU'AU
3<pttng<4 GeV/c

CMS, PLB 718 (2013) 795 STAR, PRC 80 (2010) 064912
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The ridge

long-range (2 < |An| < 4), near-side (A¢ = 0)
was also observed In high-multiplicity proton-proton events
it was actually observed before in pp than in p-Pb

fflin
PPb \[s, = 5.02 TeV, N'. "™ > 110
1<p_<3GeV/c |

dszair
Ny dAN dAG

1

CMS, PLB 718 (2013) 795
Roberto Preghenella

N>110, 1 .0GeV/c<pT<3.OGeV/c

CMS, JHEP 09 (2010) 091
42



The double ridge

the ridge in p-Pb events triggered further investigations
jet contribution removed by subtracting low-multiplicity events

a double ridge structure was revealed

2< pT.trlg <4 GeV/c 1 p_pb V'S_NN =5.02 TeV
1 <P, ge0c <2 GeVic [ 0\(0-20%) - (60-100%)

Roberto Preghenella ALICE, PLB 719 (2013) 29 43



The double ridge

the ridge in p-Pb events triggered further investigations
jet contribution removed by subtracting low-multiplicity events

a double ridge structure was revealed

2< pT.trig <4 GeV/c ) p_pb VS_NN =5.02 TeV
1 <P, pge0c <2 GeViC [ 0\(0-20%) - (60-100%)

this looks so much like flow
Fourier decomposition of Ad: vo, v3, .

(rad™)

- -
0.85 § 0.88(—p-Pb |5, = 5.02 TeV « Data
8| o = | (0-20%) - (60-100%) a, + a, cos(2A¢) + a, cos(3A¢)
3|5 0.80 J 086 2<p_ <4GeVlc - a, + a, cos(2A¢)
Nz e a - 1< pr' ’ <2 GeV/c —— Baseline for yield extraction
T b 0.75/ Z 0.84 8800 ' HIJING shifted
> T
™~ = -
2 5’ \g
2 0.82
Z
o
= 0.80
0.78 1.4
0.76} L
-2 Ag (rad)
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The double ridge

the ridge in p-Pb events triggered turther investigations
jet contribution removed by subtracting low-multiplicity events

a double ridge structure was revealed

2< pT.trlg <4 GeV/c ) p_pb V?NN =5.02 TeV
1 <Py pgeoc <2 GeVIC 7 0N(0-20%) - (60-100%)

this looks so much like flow
Fourier decomposition of Ad: vo, v3 .

ATLAS, arXiv:1409.1792 [hep-ex]
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True collective effect

CMS, PAS HIN-14-006

l | J I I I 1 ' ' I I 1 ' ' l Ll ' I 1 ) I | 1 I I I l 1 I I I I
- PbPb V—N 2.76 TeV pPb \fs—NN =5.02 TeV
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O *
- O 0000
o *' 0O o © ©0
> - 8 O I
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= V2{6} 1 'é]
i ¢ v,{8}
! Pb Pb ® VZ{LYZ} p-Pb CMS Preliminary
I 1 1 1 I 1 1 1 l 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1
0 1 00 200 300 0O 100 200 300
ffline ffline
rk rk

v2 stays large when computed with multi-particles
vo{4} = wolB} = w8} = w{LYZ} have different sensitivity to non-flow effects

there is true collectivity in p-Pb
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Overview of particle
production at the LHC



Overview of particle production

Particle ratios measured in pp collisions

do not show significant energy dependence
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Overview of particle production

Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems

KK PP 28 E4E 9+ 0 2d  fHe aHH A o KWK
T+ T+ KO T+ T +T p+D d T +T K'+K K'+K
S gp 0 BR =25% L
- 0@ ———— _—
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0.4 = & Extrapolated (p-Pb 0-5%) VOA Multiplicity (Pb-Side) 0-5% T
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E E |:| 9, . () E : : ® : : - (I
e = - A
G &
o Lx1 . x 3 x05 : x30 i x250 i x50 i x100 i x410°; x2 X 1
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Overview of particle production

Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems

KK PP 28 E4E 9+ 0 2d  fHe aHH A o KWK
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Overview of particle production

Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems

K'+K PP oA T4E Q4T 2d  SHe AH+XH 0 K*+K*
T+ T+ K(s) T+ T+ p+D d T+ K'+K K'+K
qn 0 BR = 25% O or
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Overview of particle production

Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems

K'+K PP oA T4E Q4T 2d  SHe AH+XH 0 K*+K*
T+ T+ K(s) T+ T+ p+D d T+ K'+K K*'+K
or Y BR =25% ¢ on
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ALICE Preliminary | * ppVs=7TeV
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Overview of particle production

Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems

KK PP 2a  E4E QT 0 2d  He aH+H o 0 KR
T+ T+ KO T+T T+ p+D d T+ K'+K K*'+K
S gp 0 BR =25% O qr
-0® "
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Summary

proton-proton data provide valuable information to

constrain models for particle production in non-pQCD
difficult to get strange-particle production

detailed study of the properties hot QCD matter with

nucleus-nucleus collisions
signatures of thermalisation, final-state eftects and collectivity

bulk particle production in proton-nucleus shows

nucleus-nucleus features and signatures of collectivity
non-zero elliptic flow, mass-dependence of pr spectra and v»
Interesting phenomena, need more investigation on small systems

particle production evolves with increasing system size

pbaryon and K* suppression, strangeness and deuteron enhancement
central Pb-Pb well described by GC thermal models, Tch = 156 MeV

many more results and a bright future

new data and more ideas for LHC Run-2
Roberto Preghenella 54



END



Bulk particle production in Pb-Pb
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Bulk particle production in Pb-Pb
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Baryon-meson enhancement in Pb-Pb

L ALICE, PLB 7268 (2014) 25 ., ALICE, PRL 111 (2013) 222301
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Strangeness production in

Pb-Pb
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hydro models — reasonable description of spectral shapes
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Strangeness production in p-Pb
.~ ®@ @O @ .
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Statistical model of hadron production

Chemical equilibrium achieved during or very shortly after phase transition
abundance described by Bose-Einstein or Fermi-Dirac distributions of an
Ideal relativistic guantum gas

Arem 1
;= zﬂzf plowniUE ) T+ 1)

2_aq2, 22

= particle density (N / V)
hadron mass

= {emperature

= chemical potential dE/dN

T 45
|

results of an analysis of the measured abundances allow on to

set the thermodynamic variables (T, p) at freeze-out
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Hadron chemistry in A-A collisions
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Thermal model of particle production

describe hadron yields as produced in chemical equilibrium
same conclusions and parameters from different model implementations
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v2 of identified particles
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v2 of identified particles

o ALICE, PLB 726 (2013) 164 CMS, CMS-HIN-14-002
:‘?}- | E Plb vﬂjcgoz;' v | | | | IE 0'3.1 CMS Prelinl1inary pPb | ]
O C p- Syn = 5.02 Te - I _ _ 1
% 0‘2:_ (0-20%) - (60-100%) _: | \(STN-S.OZ TeV, Lint_35 nb
- mh AT - 0.2 7
0.15_— - i
- 4 «
_ 4>
01:_ —: 0.1-_ -
0.05 — 185 < Ny ™ < 220
- . - - (0.006-0.06%)
. - o0, v 17 . . 1.
0 | 0 2 4
EEEESS—_ _  ———————.—.—— p, (GeV/c) pT(GeV)
0-185- p-Pb 5.02TeV ALICE Data 0-20% E ]
010F__ L 1 mass ordering opbserved at low pr
"TTE cenees % K : . .
G12E_ o lower vz for heavier particles
oot crossing at higher pr
00af )/ b-Pb i consistent with expectations from
0.02 - - . . .
of e o3 cOllective hydrodynamic expansion

p, [GeV/c] Bozek et al., PRL 111 (2013) 172303
Roberto Preghenella 06



O
N
&)

O
N

Vv,{2PC, sub}

0.15

0.1

0.05

Roberto Preghenella

v2 of identified particles

ALICE, PLB 726 (2013) 164

lllllll

llllllllllllllllllllllll

p-Pb |S,, = 5.02 TeV
(0-20%) - (60-100%)

mh AT

'Il‘lllilll['llllll

lI'llllllUlll I

CMS, PAS HIN-14-002
il | | | I | | | I | |
| CMS Preliminary pPb
" \syw=5.02TeV,L =35nb"

0.3

0.2

0.1

185 < NJi' ™ < 220

- (0.006-0.06%)
0.0 | 1 1 1 | 1 1 1 |

0 2 4
p_(GeV)

- 0-5% d+Au @ 200 GeV  (a) ]
m pion - mass ordering observed at low pr
Ay L lower v» for heavier particles
Y = crossing at higher pr
3 ey also at RHIC in d-Au collisions
s TiT530 255035

p, (GeV/c)

PHENIX, arXiv:1404.7461 [nucl-ex] 67



Properties of hadronic phase

 Model of Torrieri, Rafelski, et al.
predicts particle ratios as functions

of chemical freeze-out temperature

and lifetime of hadronic phase
 Model Predictions:

Torrieri/Rafelski*
no re-scattering

T, = 156 MeV

Torrieri/Rafelski*
no re-scattering

measured K*O/K-

Torrieri/Rafelski*
measured K*O/K-

T.. = 156 MeV

Roberto Preghenella

—

-—

Prediction:
K*/K-=0.35

Prediction:
T, =120+7 MeV

Prediction:
Lifetime > 2 fm/c

|
A L 1

1

100.120‘140 160‘180.200
Temperature (MeV)

*References:

G. Torrieri and J. Rafelski, J. Phys. G 28, 1911 (2002)
J. Rafelski et al., Phys. Rev. C 64, 054907 (2001)

J. Rafelski et al., Phys. Rev. C 65, 069902(E) (2002)
C. Markert et al., arXiv:hep-ph/0206260v2 (2002)
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Strangeness productlon in pp
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S 8 : _ 1 & [/ =
2 i T —
: IS =
= = Q . §~ Q +Q
O Z
- — Al
o = ——
9 E 'OE 10°
C\JZ — Z'E —
-O —] — ——————
: L=t @] S F S
< = — \
< - - -
= . /g&?i ] 10 = PRnELI;EICNPIERY _E*;\,\
||||||||||||||||||| \\I\ L1 L1 L1 \J/\I i -
o é l l l B | | /\’/I\
¢ 6
% 4 i§$i : % = + t '}' + MC PYTHIA
b ~ 4 + Perugia2011
_'CE - 008 © & o] - ( ) (48]
4y} 2 o o o = + o a - 3
a = S e - S 20 - F 7 ¥
0 1 o 3 4 5 6 7 8 9 -
p. (GeV/c) p. (GeV/c)

precise measurement of strange and multi-strange production in pp
compared with several event generators

deviations in the soft region, increase with strangeness content
hint for possible agreement at higher pr

Roberto Preghenella ALICE, PLB 712 (2012) 309 69



Multiplicity Iin pp
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m K p production
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