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Quark-Gluon Plasma

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons (asymptotic freedom
regime) predicted by QCD and studied in high-energy heavy-ion collisions

Credit: GSI
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

A

(o

Initial-state interactions
Hard scattering: production of high-momentum particles e.g: heavy quarks, quarkonia, jets, direct photons,
vector bosons
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

A

(o

direct
po off

QGP ?
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

Plasma hadronization
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

Chemical freeze-out
(no more inelastic collisions)

Thermal freeze-out
(no more elastic collisions)
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QGP with heavy-ion collisions

Various measurements, referring to various stages of the collision

v Soft probes are produced at the QGP hadronization stage
v Hard probes are produced at the initial stage of the collision and can interact with the QGP
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Strategy for QGP studies

» pp collisions are considered as the vacuum reference

» p-A collisions are a control experiment to estimate cold matter effects

» AA collisions are described by a (geometrical) Glauber model defining the number of

participants and the number of binary collisions (N, ) for a given impact parameter b

‘—} Spectators

» Emblematic observables for hard and soft probes

Nuclear modification factor Elliptic flow
P dNpp/dpr Initial spatial anisotropy transferred into
AA — & . .
< Neon >XdNpy, /dpr z '* .00& a momentum anisotropy of particles
y &

¥ dN c
b 30 o«1+2 Z v, cos(n(@ — Wn))
n=1
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The Large Hadron Collider (LHC)

CERN Accelerator Complex
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» » ion » neutrons » pf(antiproton) = pr /antiproton conversion  » neutrinos  » electron
LHC Large Hadron Collider SPS Super Praton Synchrotron  PS Proton Synchrotron
AD Antiproton Decelerator CTF3 Clic Test Facility CNGS Cern Neutrinos to Gran Sasso  ISOLDE Isotope Separator OnLine DEvice

LEIR LowEnergylon Ring LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight

LHC 27 km circumference
50 to 175 m underground
At the French-Swiss border (Geneva area)

‘Q&\“\\
CERN

“T= ATLAS

LHC - B
é:FAPolnt 8
[ Pomt1

Collision systems and energies

> pp+/s=0.9,2.76,5.02, 7,8, 13 TeV
» p-Pb \/Syy = 5.02, 8.16 TeV

» Pb-Pb \/syy =2.76,5.02 TeV

> Xe-Xe \/Syy =5.44 TeV

SARAH.PORTEBOEUF@CLERMONT.IN2P3.FR 4



QGP experiments at LHC

THE ALICE DETECTOR

® @

- .

1. 1TS

2. FMD, TO, VO
3. TPC

4. TRD

5. TOF

6. HMPID

7. EMCal

8. DCal

9. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17.AD

18.ZDC

19. ACORDE

t

a. ITS SPD (Pixel)

b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO

e. FMD

ECAL

Solenoid
Steel Yoke

Total weight
Overall diameter
Overall length
Magnetic field

STEEL RETURN YOKE

: 14000 tonnes v
:15.0m k cha

CRYSTAL ELECTROMAGNETIC
CALORIMETI "AL)

PRESHOWER
Silicon strps

Bavret 250 Orift Tube & 480 Re iate Chamb
1287 m Endcaps: 468 Cathode Strip & 432 Resistive Piate Chambers
:38T

Pixel detector

Toroid magnets

Muon chambers Solenoid magnet
Semiconductor fracker

LAr electromagnetic calorimeters

Transition radiation fracker

LAr hadronic end-cap and
forward calorimeters
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QGP experiments at LHC

/ Dedicated to heavy-ion physics \ Developed an heavy-ion program

THE ALICE DETECTOR a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO

e. FMD

CMS Detector -

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

ECAL "
Tt o
" ” SOlenOid PRESHOWER
@) Steel Yoke Silcon strgs

STEEL RETURN YOKE
13000 tonnes

11. Absorber SUPERCONDUCTING

- O S S S S S S .y
- e - - - - - - - ..

12. Muon Tracker )‘1)1}‘ NOID

13. Muon Wall Niobium-titanium co

14, Muon Trigger

15. Dipole Magnet t

16, PMD fibre

\ g QSC Total weight : 14000 tonnes

19. ACORDE Overall diameter :150m annels Basrel: 250 Drt Tube & 480 Resiste Plate Chambe
Overall length 1287 m Endcaps: 468 Cathode Strip & 432 Resistive Piate Chambers
Magnetic field :38T

N IS I I I I S S S S S .y,

LAr hadronic end-cap and
forward calorimeters

Pixel detector
Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

’————————-

Semiconductor fracker

;——————————————————_
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An Heavy lon LHC discovery
Small System Physics

An heavy ion look on pp collisions @ LHC :
signals for MIP| processes in the charm
sector




Double ridge structure

pp Vs =7 TeV, N> 110 PPb sy = 5.02 TeV, 220 < N < 260 PbPb /s, =2.76 TeV,220 < N < 260

R(An,A0)

I <p;<3GeVic T

CMS, JHEP09 (2010) 091 CMS, PLB 724 (2013) 213

1<p,<3GeV/c

A long-range angular correlation (elliptic flow) is observed for all systems (pp, p-A and A-A)
in the high multiplicity regime.

Confirmed by the 4 experiments
ALICE PLB 719 (2013) 29 | ATLAS PRL 110 (2013) 182302 | LHCb PLB 762 (2016) 473

In Pb-Pb collisions it is interpreted as a signature of the collective expansion of the system
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« small system» physics at the LHC

» “small” refers to system size: protons at the initial - . Nature Physics 13 (2017) 535-539
stage E il tﬁ] [ﬂ][ﬁiﬁ]
2107 Ke
» But with sometimes a final state looking like a %
large system, at least for charged-particle 2
multiplicity “g
2
o

» At the LHC, minimum bias pp collisions can be
used as reference

» High-multiplicity events represent a small I Yot
contribution to the total cross section i $§‘?
0(10%) in statistics - %} d

ALICE

- ® pp,Vs=7TeV

i O PP, {5 =502TeV |
[0 Pb-Pb, \s, =2.76 TeV

» Role of system size in question

: S —— PYTHIAS
* pp is smaller than p-Pb ;= DIPSY
* nuclear environment includes cold matter S EPOS LHC
effects 1073; 1 IIIIII| 1 1 III\IIl 1 1 III\II‘ 1
10 10 10°
(dN /dn>

[7< 0.5
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« small system» physics at the LHC

Table prepared by the WG small systems from the HL/E-LHC working group (~140 refs)
arXiv:1812.06772 arXiv:1602.09138

Observable of effect Pb-Pb pPb (high mult) pp (high mult)
SOFT Probes
low p; spectra ("radial flow") yes yes yes
Intermediate p; ("recombination") yes yes yes
HBT radii Ryue/ Ryge™1 Rout/Rage < 1 Rout/Rage < 1
Azimuthal anisotropy (v,) (2 prt. correlations) ViV, ViV V,-v,
Characteristic mass dependence Vy-Vs Vy-V; v,
Higher order cumulants "4~6~8 " + higher harmonics "4~6~8 " + higher "4~6 "+ higher
harmonics harmonics
Event by event v, distributions n=2-4 Not measured Not measured
Event plane and v, correlations yes yes yes

HARD Probes

Direct photons at low p;

yes

Not measured

Not measured

Jet Quenching

yes

Not observed

Not measured

Quarkonia Nuclear Modification Factor

Jh) regeneration / Y suppression

suppressed

Not measured

Heavy-flavor anisotropy

yes

yes

Not measured

SARAH.PORTEBOEUF@CLERMONT.IN2P3.FR




Beyond the « standard model » of QGP

» Do we observe QGP droplets in small systems (Collectivity # QGP) ?

Hydro requires the Reynolds number R, >> 1 => small g

» What about hard probes interaction with QGP droplets ?

Energy loss ocsystem size => small system = small effect

» For small systems, which mechanism in the initial state can allow to reach the energy
density needed for a phase transition ?

» Is it the same mechanism for all systems ?

» Can high energy hadronic collisions be described in one single formalism ?
Nucleon-nucleon vs. parton-parton interactions

Small systems: not a nt" QGP probe
But a change of paradigm

How does collectivity emerge in hadronic collisions ?

The hadronic initial state with Multi-parton interactions
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An heavy ion look on pp collisions @ LHC
signals for MPI processes in the charm
sector




Multiple Parton Interaction (MPI)

v" A naive picture

' » Several interactions, soft and hard, occur in parallel

» The number of elementary interactions is connected
to the multiplicity

» Several hard interactions can occur in a pp collision

» In this picture : particle yield from hard processes
should increase with multiplicity
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Multiple Parton Interaction (MPI)

v" A less naive picture

» Some of the parallel interactions are soft

\ \ \ » Energy and momentum conservation

» Impact parameter dependence

» Re-interaction of partons with others: ladder
splitting

/ / / » Re-interaction within ladders either in initial state
(screening, saturation), or in final state (color
reconnections)

N

> Initial state radiation (ISR) and final state radiation
(FSR), hadronic activity around hard processes

=> Test interaction between hard component and soft component in pp
collisions : full collision description, color flow, energy sharing.
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Needs for MPI

pPQCD and inclusive observables

Jet production cross section:
Inclusive cross section: pp -> Jet +X

~ d& N
O > asas = [ [ [, e, dif, (x,.0") /. (xz,Qz)%
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Needs for MPI

pPQCD and inclusive observables

— .
—_—

/

4

ol

Jet production cross section:
Inclusive cross section: pp -> Jet +X

~ d& N
Oy~ gsas = [ | [, v, dif, (x,,0°), (xz,Qz)%
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Needs for MPI

pPQCD and inclusive observables

—_—

/

4

ol

Jet production cross section:
Inclusive cross section: pp -> Jet +X

~ d& N
Oy~ gsas = [ | [, v, dif, (x,,0°), (xz,Qz)%
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Cross Sections (mb)

Limitation at high energy
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Do we understand initial conditions?
What kind of initial conditions can let pp collisions to reach high density ?

Multi Parton Interactions (MPI) are good candidates

v" A naive picture v" A less naive picture

‘ ‘ -

We have been knowing since the 90t that MPIs are necessary to describe all
features of pp collisions at high energies both for soft and hard production

MPI directly connected with multiplicity

If we want to understand high multiplicity events/small systems/emergence
of collectivity, it is mandatory to understand initial state and relation between
soft and hard component of events

Multiplicity differential studies and exclusive measurements
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Quarkonia production as a function of multiplicity
The observable

Relative quarkonium production yield as a function of relative charged multiplicity

Study of J/y as a function of multiplicity first proposed in 2010 (Nucl.Phys.Proc.Suppl. 214 (2011) 181-184)

dN,/dy
< dN,/dy >

dN,, /dn
> <dN_, /dn >

Self-normalized quantities, x label: z KNO variable

2 advantages :
v' from analysis, various corrections cancel in the ratio
v' for comparison, easier to compare various energies and systems
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Quarkonia production as a function of multiplicity
The observable

dN,/dy

< dN,/dy >

>

The production
is independent
of the
underlying event

dN, /dn
<dN,, /dn >
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Quarkonia production as a function of multiplicity
The observable

dNQ/dy The probability to
produce the hard

< dN Q/ dy > process scales with

the mean multiplicity

(the naive MPI

picture)

>

Nypr & Nepy X Nparq

J)

The production
is independent
of the
underlying event

dN, /dn
<dN,, /dn >
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Quarkonia production as a function of multiplicity
The observable

dNQ/dy The correlation with mean The probability to
multiplicity is more complex produce the har(.i
due to hadronization in final process scales Yv't_h_
state, saturation effects the m-ean mlflt'phc'ty
(limitation of the number of (a basic MPI idea)
MPI), hardness of the probe

(mass and py)

>

< dN,/dy >

The production
is independent
of the
underlying event

dN, /dn
<dN,, /dn >
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Quarkonia production as a function of multiplicity
The observable

dN,/dy When reaching high* multiplicity, new regime  The probability to
< dNy/dy > A including for example: collectivity, QGP droplets, Produce the hard

. . . . rocess scales with
comovers dissociation of exited states P o
the mean multiplicity

(a basic MPI idea)

The production
is independent
of the
underlying event

dN, /dn
<dN,, /dn >

* high should be defined : how many times the mean mult ?
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Related theory in one slide

» EPOS: EPOS3 vs. EPOS3.2

Initial
+
Final

Initial
+
Final

EPOS 3 : collectivity explains qualitatively the deviation from linearity

EPOS 3.2 : impact of collectivity in small systems is reduced and implementation of a coherent saturation scale
along the model which lead to a different repartition : number of MPI vs. hardness of each =>explain STAR

data at lower energy (smaller impact of collectivity)

https://indico.in2p3.fr/event/14438/contributions/18404/attachments/15245/18743/orsay.pdf

»> PYTHIA

Various production mode (hard process, MPI, ISR/FSR)
MPI scenarios, also linked with the repartition : number of MPI vs. hardness
Several final state mechanisms: color reconnection, string shoving
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Related theory in one slide

Initial
+
Final

Initial
+
Final

Initial

Initial

Initial

» EPOS: EPOS3 vs. EP0OS3.2
*  EPOS 3 : collectivity explains qualitatively the deviation from linearity
*  EPOS 3.2 : impact of collectivity in small systems is reduced and implementation of a coherent saturation scale
along the model which lead to a different repartition : number of MPI vs. hardness of each =>explain STAR

data at lower energy (smaller impact of collectivity)
https://indico.in2p3.fr/event/14438/contributions/18404/attachments/15245/18743/orsay.pdf

> PYTHIA
*  Various production mode (hard process, MPI, ISR/FSR)
*  MPI scenarios, also linked with the repartition : number of MPI vs. hardness
*  Several final state mechanisms: color reconnection, string shoving

» Kopeliovitch et al. phys. Rev. D 88 no. 11, (2013)
*  High multiplicities reached due to contribution of higher Fock states (increased number of gluons) , leading to
an increase of the probability to produce a J/W/ Nuclear effects in pA similar to high multiplicty pp collisions

» Strikman et al. phys.Rev.Lett.101,202003(2008) Prog.Theor.Phys.Suppl.187,289(2011)
*  Parton density in pp collisions (PDF) impact parameter dependent (centrality of a pp collisions) Enhanced effects by
fluctuation of small-x gluon densities

» CGC phys. Rev. D 98 no. 7, (2018) Eur. Phys. J. C 80 no. 6, (2020)
*  Gluon saturation in initial state impact particle production
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Related theory in one slide

Initial
+
Final

Initial
+
Final

Initial

Initial

Initial

Final

Final

>

EPOS: EPOS3 vs. EPOS3.2

*  EPOS 3 : collectivity explains qualitatively the deviation from linearity

*  EPOS 3.2 : impact of collectivity in small systems is reduced and implementation of a coherent saturation scale
along the model which lead to a different repartition : number of MPI vs. hardness of each =>explain STAR

data at lower energy (smaller impact of collectivity)
https://indico.in2p3.fr/event/14438/contributions/18404/attachments/15245/18743/orsay.pdf

PYTHIA

*  Various production mode (hard process, MPI, ISR/FSR)
*  MPI scenarios, also linked with the repartition : number of MPI vs. hardness
*  Several final state mechanisms: color reconnection, string shoving

Kopeliovitch et al. phys. Rev. D 88 no. 11, (2013)
*  High multiplicities reached due to contribution of higher Fock states (increased number of gluons) , leading to
an increase of the probability to produce a J/W/ Nuclear effects in pA similar to high multiplicty pp collisions

Strikman et al. Phys.Rev.Lett.101,202003(2008) Prog.Theor.Phys.Suppl.187,289(2011)
*  Parton density in pp collisions (PDF) impact parameter dependent (centrality of a pp collisions) Enhanced effects by
fluctuation of small-x gluon densities

CGC Phys. Rev. D 98 no. 7, (2018) Eur. Phys. J. C 80 no. 6, (2020)
*  Gluon saturation in initial state impact particle production

Percolation model phys. Rev. ¢ 86 (2012)
* Non linearity due to a reduction of the number of charged particles due to percolation of strings

COMOVETS Phys. Lett. B 749 (2015) arXiv:2006.15044
* High density final state environement dissociate events depending on their binding energies
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J/W in the central rapidity region

PLB 810 (2020) 135758

Z 20_I T | T TT | T T | T T | T 1T l T 1T | T 1T T I_
T F ALICE pp Vs =13 TeV -
= 18 nclusive o/ ly| < 0.9, p_ integrated -
> o v, Iyl < 0.9, p_integ E
23 23 - SPD VO i
S |8 14 * = Data ]
- — ---PYTHIA H’] .
125 L. PYTHIA, prompt g
10 —
81 =
6 -
4 -
21 -
O: | | | | | | | | | | | | | [ | | | | | | L1 I:
o 1 2 3 4 5 6 7 8

dN,/dn It

(dN_/dn)

INEL>0
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J/W in the central rapidity region

PLB 810 (2020) 135758

o 2 T 1T T T TT T T T 1T T TT T 1T T TT T 1T
A o AUEE lF 1'3T V' | | 1 > J/W central
_Zqg0 pp Vs = e B T
N 8L Inclusive Iy, Iyl < 0.9, p._integrated ] » Multiplicity measurement central or forward
27z 180 opp o - » Observed correlation not linear (~quadratic)
3|8 14- = = Data 4 > Similar correlation, independently of the
- — ---PYTHIA H . rapidity region of the multiplicity measurement
120 L. PYTHIA, prompt E
10 -
B T Mult
8- -
- ] A )
6 ]
4 =
2__ _
- - Mult
O_ | | | - | | | | L 111 | L 111 ‘ L 111 | - | 111 I_
o 1 2 3 4 5 6 7 8
dN_/dn i<l
TAN /A A\ SPD
<dN°h/dr]>INEL>O @
voC VOA
—  voc SPD VOA  |> 3717 \m
y
Backward Central Forward
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J/W in the central rapidity region

PLB 810 (2020) 135758

z 20:I IAll_\IlclEl T |vl_l T I1|:3I-\I-I ;/l T TT ‘ T 1T | T TT T I: > J/LIJ Central
z . pp Vs = e = T
> % 18 | clusive Iy, Iyl < 0.8, p_ integrated . » Multiplicity measurement central or forward
27z 180 opp o - » Observed correlation not linear (~quadratic)
3|8 14- = = Data 4 > Similar correlation, independently of the
- — ---PYTHIA H ] rapidity region of the multiplicity measurement
120 L. PYTHIA, prompt E
10/~ 4 » Observed correlation not reproduced by PYTHIA*
o " 1 > Better than PYTHIA 6.4 (MPI)
6 =
- . Phys. Lett. B 712 (2012) 3, 165-175
)3 ER- 1)
C ] L 2F O Pythia 6.4 (y| < 0.9)
2 - \3, 2 o O Pythia 6.4 (2.5 <y < 4)
OO \!IIIII2|IIII3|I]II4|-IIII5‘IIIIéIIII;II\I8 -o g |
dN,/dp i< 1 ©GsfHgg
TN A L B
dN _/d = ©
¢ ch 77>|NEL>0 i 8085@889@5
J/Lp . ) . | . . . 1 . .
0 2 4
dN/chn
—{  voC SPD VoA  |> e ML
y (dN_/an
Backward Central Forward
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J/W in the central rapidity region

dN,/dy
N dy)

INEL>0

PLB 810 (2020) 135758

N
o

—_ =
N A OO @

—
o
III|III|III|III|III|III|III|II\|I[\|]I

OO

IIII|IIIIII\IIlIIIIlIIII}IIII‘III

ALICE pp \s =13 TeV

Inclusive J/y, |y| < 0.9, P, integrated

SPD event selection
-8- Data
— PYTHIA 8.2

Prompt J/y
CPP

--- EPOS3 (no hydro)

— 3-Pomeron CGC

: é.\\

|III|III|III‘|III|III|III|I

{17t Percolation
— . CGC /
----- y=t
‘I‘T“I"IIIllllllllllllllllllII‘IIIIlIIII:
1 2 3 4 5 6 7 8
dN /dn In|<1
(dN /dn)
o O INEL>0
W
— sPD |—>
y
Central

» Features catched by various approaches :
» Initial state effects with modification of
gluon distribution
» Percolation (reduction of multiplicity)

» PYTHIA 8.2 and EPOS 3 (no hydro) show a
departure from linearity, do not describe the
data qualitatively
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J/W in the central rapidity region

30— } o
@ | ALICEppis=13TeV . A
~Z [ Inclusive Jiy, ly| < 0.9 N o
== gstPD event selection - . /S,_
22 ¢ Ek15<pT<4OGeV/C 7 oo
218 . ©8<p. <15GeVic B HS
~ 20 T =S S
T m4<p_ <8GeVic ] 2|2
- T N o T
[ e p_<4GeV/c $ _ ~
101 . -
- L .
C e T 7
L e T =X |
5— % ______________ Y —
- B ]
S|s 4F -
_5_s
3B 9 w " '
T 2r .@: U
S 5 1=---e-e- o...... 1 _____ % ...... . ___________________________________ —]
3.3 o) )
S ey e
dN/dn i<t
(dN  /dn)
e INELS0

30_] T TT I T T I T T I T 1T I T 1T T 1T T 1T T TT I_
- ALICEpp \s=13TeV ]
o5l Inclusive J/vy, |y| < 0.9 ]
- SPD event selection -

- Data PYTHIA p_(GeV/c) i
20; = — 15..40 _
L e - 8.15 . :

N 4.8 | [+J -
15 ‘ -]
- e fe- 0.4 ﬁl - : ]’ﬂ ]
101 c{ o ]
L S et 4

i % - ]

i Lot :
5 'I:",-_'_,»‘ |
: P |

- | )

- s ]

Owwu’@l L | | | I | | | | | | | | | | | | | |
0 1 2 3 4 5 6 7 8

dN/dn I

(dN _ /dn)
ch = INELS0

» Correlation varies with p; ranges of the hard probe
» Number of MPI vs. hardness vs. initial state effects to built the multiplicity
» PYTHIA describes the data for p; > 8 GeV/c
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J/W in the forward rapidity region

Charged

In the forward sectors for pp at 5.02 TeV and 13 TeV S| e Quarkonia |->
particles y
Central Forward

C/\> _- T T T T T T T T T T T T T T T T T T '._“
m 10 - ALICE Preliminary -
= gl InclusiveJiy - ww,25<y <4 ¢ 1 > The multiplicity is always
o |T - Mult. classes: <t LT - .
~I|~_ £ 7T . measured in the central
3|_S6F ®pp \s=13TeV . - . -
215 [ epp1s=502TeV - + - rapidity class
[ o -
o 9.=® n ,
oF o 1 > Adepletion below mean
SPE . mult=1

A

1.4 . : .
» Then linear increase, with
2l 12F - : :
22 - ol 8. 4 é + ] slope comp'?\tlble with 1,
[ —: FLCRL S CRREELES CRUERELEEREELEL, SLERLEECRECERRELEELEE E x=y correlation
2= o8k ¢ ]
0.6 F . . . . . . . ] » No energy dependence
1 2 3 4 5 6 7 8
chh/dn INEL>0
dN_ /dm) s
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J/W in the forward rapidity region

In the forward and central sectors for pp at 5.02 TeV and 13 TeV

-
-="
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-

20 LELELEL I LI L L I LI L I LI
[ ALICE Preliminary
L Mult. classes: |n|<1
15 N Jy —e'e, |yl <09
L % pp, \s=13TeV
Jy - pun,25<y<4
[ = pp,1s=13TeV
10 e pp,1s=5.02TeV
S *
: i- "_'._;,_,.‘7
L "#__.-’ .
0 :d*-'l'r AR B '
0 1 2 3

4 5 6 7 8

INEL>0

dN,, /dn
(chh/dU> Inl<1
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Quarkonia
(e*e’)
Charged Quarkonia
—_ _ _ S
particles (W) y
Central Forward

Different behavior when

introducing a rapidity gap

between the multiplicity
estimator and the J/{
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Y in the forward rapidity region

Charged

In the forward sectors for pp 13 TeV 1 particles Quarkonia >

Central Forward

12

L] | ] L] I L] | ] L] I | ] L] |
[ ALICE Preliminary ]
10F pp,1s=13TeV 4

| INEL>0

» The multiplicity is always
measured in the central

Mult. classes: |n|<1 rapidity class

dN / dy

(dN / dy)
oo
—

®Y(1S) » u'w,25<y<4

6L ®Y(2S) > u'Ww,25<y <4 1 » Adepletion below mean

+ _________ ) multiplicity = 1

* ; ————— ] > Then linear increase, with
el slope compatible with 1,
x=y correlation

ﬂ"
-
-

.-
.
-
-

0 1 2 3 4

) 6
dNCh / d77 INEL>0
@N_7an)

Inl<1
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Quarkonia production as a function of multiplicity

C/\) 20 _I T T I T I Y 1 I —TTT I —TTT —TTT I I 1 I —TTT ? 3 | T T T T I T T '. |. I T T T T I T T T T I T T T T I T T T T i
m 18| ALICE.pp, s = 13 Tev E g - ALICE Preliminary .
ui— - * Inclusive J/y, y| < 0.9, arXiv: 2005.11123 [nucl-ex] ] T—_— 25 L Y(1S), Jly — u"u', 25<y<4 A
|16 e Inclusive J/y, 2.5 < y < 4, Preliminary 1 "Lt .
°° {4F ¢ Y(19),25<y <4, Preliminary + E ol 2 Mult. classes: |n|<1
== [+ Y(2S),25 < y <4, Preliminary + \Z/ \Z/ 2L -
CI212F - y=x ER ® pp,\s=13TeV
r w =
10 - * . . ZE >1.5F ]
8F * ]
6:_ * } ----------- ] 1F--g------ + ..... [ $------ + ....... + ................... + -
o A e ¢ ¢ *
4+ ** _____ + """" f . i ]
2F **‘*¥ 3 0.5 .
O ;_gﬂ‘f‘l‘?l L1 1 I L1 1 1 I L1 1 1 I 1 1 1 I L1 1 1 I 11 1 1 I L1 1 1 : : :
O 1 2 3 4 5 6 7 8 0 [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
chh / dT] INEL>0 O 1 2 3 4 5 NeL 06
@N , /dm e dN,,/ dn

(chh /dm Vi<

» Y have similar behavior as J/{ in the forward sector within current uncertainties

» No effect seen with respect to quark content or mass
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Y: What about rapidity gap ?

_lIIIIIIIIIIllllllllllllllllllllllllllllllll_

/"\\ [ ;\\ T T TT | UL | LI | LI | T TT | T TT LI LI L=
E, T O pp Vs=276TeV E 2 7F O pp s=276TeV -
X [ e - ] < °f B .
R R CESCRRE B § RO
= Sy =.2.76 Te . = [ * PbPb \sy,=2.76 TeV ]
SC | CI\:1 <24 ] a 5/ I CN'JN< 2.4 -
4;_ s T _; 4:_ Y(1S) _:
-raasy L o T - CYy@dsy .
3 © * % % ] 3 '_<Y(1 S) % i
- L § N 2 % ]
2 " . - of e E
C 6@ ] n ' ]
1 L CMS = 1:_ ,scz-""a CMS -
- Yol <1.93 S ly, | <193
0—ﬁ'ﬂlmm.1.1"1"!5!’194;(2\0114)1 03 il Y . JHEP04(2014) 103 | e
0 05 1 15 25 3 3-5 4 00.1I I05IIII1IIII15>IIII2IIII25IIII3IIII35IIII4III
Nm|<24 /NP2y ' >4, >4 '
tracks " " “tracks /total E; 7/ <ET >tota|
» CMS observes a strong increase of Upsilon » Linear behavior measured for forward E;
states in the central rapidity region (pp 2.76
TeV) y
» Qualitatively similar to what we observe for — E Niracks Ey >
J/P and D mesons in similar rapidity region Backward Central Forward
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Y: What about rapidity gap ?

A I | | |
Z 12 STAR p+p @ 500 GeV |y|<1

® (19 p,>0 GeV/c
¢ Y(1S)p >4 GeVic
8! [l PYTHIAS STAR HF tune T

— Percolation model J/y

" PYTHIA8 STAR HF tune T p >4 GeV/c

STAR Preli
1

minary
] ]

3.5
Ncr/<Nch>
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— N, —>

Central

STAR observes in pp at 500 GeV
in central rapidity region a
deviation from linearity which is
not significant with current
uncertainties
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Exited to ground state ratio ?

.. -1
S Emespown _CMS Preliminary 4.8 o' (7 TeV)
w ¢ ] L
go 45 CMS pp Vs=276TeV  CMSpPb |sy, =5.02TeV go_s_pT(uu)>7 GeV, ly(uu)l<1.2
@ £ o res)(s) ® Y(2S)/Y(1S) e, i
= 0.45— Y(3S)/Y(19) = Y(3S)/T(1S) E ao al e Y(2S)Y(1S)
0.35F 4 vt %
: v <193 4 > [ Tt
0.3F Yom = i T T
: : 0.3 IR EJP
0.25[ % * = i
C = ] L A,
0.2 B - A — Y(3SYY(1S
i % L RV @syv(19)
0.15;—¢+ - i ‘oL
= o E . s
) ' . : 0.1
0.05- # . !
0:"'I"'II"I"'|"'I"'I"'I": —IIIIIII|III|III|III|III|III
0 20 40 €0 B9, 100 120 140 % 20 40 60 80 100 120 140
Nlrack:t: ni<2.4
Ntracks
» CMS observes in pp at 2.76 TeV and 7 TeV and p-Pb at 5.02 exited
to ground state disappearance in the central rapidity region, Y
confirmed by analysis with sphericity and kinematic region of Ny 5
multiplicity (forward/backward/transverse) — y
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Y: Exited to ground state ratio ?

> ALICE observes same behavior as a

e L

o L ALICE Preliminary : function of multiplicity for the 1S
Z i <
_——25F Y(15),Y(2S) - wu,25<y<4 ] and 2S states

ol o [ ]

ol = | Mult classes: [n]<1
212 2r 13 TeV 7 » Caveats to compare to CMS: not
~ [~ - [ = .

| @ [ Pp. 18 © ] exactly the same observables,
2; 2;1 5— ] definition of multiplicity, INEL>0

o St I

e a physics phenomenon:

: 55 hadronization of Upsilon,
Ot L dissociation in final state
¥ 1 . ° 4dN o/ d577 INEL>06 * adefinition of the
(dNC_/dm " observable (multiplicity
Charged _ °n estimator)
| particles Quarkonia —;
Central Forward
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Y: Exited to ground state ratio ?

2 o B L L 3
_‘/\ : . /\A/\A -lllllllllIllllllllllllllIllllllllllllll-
2 [ ALICE PreI|m|nar+y_ : § 'é’ [ CMS data from: doi:10.1007/JHEPO4 (2014) 103 ]
_~25F T(1S)Y(2S) »pw,25<y<4 . Z |Zo5k T(S)rES) >y, <193 ]
g2 | NG N ]
2% 2‘;’ [ Mult. classes: |n]<1 o| @ | Mul classes: Inl>4
2F . gl 2 ]
\\/ \\/ L e pp, \s =13 TeV ZP 2>~ 2: ® pp, (s=276TeV
ol [ ’ 1 [ — stat+syst uncertainties
g/ 2&1 5 - N 1.5 :— —— Linear Fit, const: 0.99 ‘:
| U S S — S T
+ ¢ |
0.5 . 0.5F .
O: L 1 1 1 I 1 1 1 1 I L 1 L 1 I 1 1 1 1 I 1 1 L 1 I 1 1 1 1 : 0-1 111 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 ]
0 1 2 3 4 5 6 0 0.5 1 1.5 2 2.5 3 3.5I a 4
chh / dTI INEL>0 E;—l
TAN 7 AN Inl>4
@AN_ /dm) e (E]7)
% ST T T T T T
8| £ [ CMS data from: doi:10.1007.JHEPO4 (2014) 103 ]
2 \2/2.5:_ Y(1S)Y(2S) > ly_ 1<1.93 .
\E’u? \@ F - Mult. classes: Inl<2.4 ]
S| 2 o o i-amsrey ] » Replotting CMS results as double ratios
[ — stat+syst uncertainties E
5 — ot . sope: .04 : » Decrease not excluded by ALICE results

O:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
0 05 1 15 2 25 3 35,4

Ntracks
< Nlnl<2.4 >

tracks
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W(2s) in the forward rapidity region

O/\ 8 C 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 ] ? 1.6 F T T T T | T T T T l T T T T | T T T T | T T T T T T T T :
2 L ALICE Preliminary, pp, /s = 13 TeV E 7 {5E ALICE Preliminary, pp, /s = 13 TeV E
ig 6§_°W(25)*Wu‘=2-5<y<4 _ \}_/\\}1.4; < Jy, y(2S) - p'u, 25 < y < 4 _
g 8.k E = P ]
2} 2} 5E ey =X | | qj E \a \a1 3 :_ _Clonstar.n.ft C =0.996 +0.022, ¢ /r12df 2.1 _:
© 3 4 F \:ISystema“C Uncertamty [{]‘/’/ E % % E Linear fit: Slope=-0.045i0.018,x/ndf=1.47 ]
g I ] = = 1.25— _E
3 5 E < ik E
2 :_ "i/ _: E E
1= N - E 3
F o ] 091 =
0= ey = n ]
=l 1.4F 0.8F =
B | i BB 7 R— E"ﬂ -------------- - " F [JSystematic uncertainty 1
= : 0.8 :_ _: 0.6 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 [
SN CHSY: ] 0 1 2 3 4 5 6
8l 206 . . . ] dN _/dn |NELO
zlz o 1 2 3 4 5 6 _ANg/dn
A dN/d7 INEL>0 (chh/dn) i<t
<chh/dn> Inl<1
» W(2s) over J/W double ratio to be investigated further at RUN3
> Potential dissociation not excluded
| Charged Quarkoni
particles uarkonia —;
Central Forward
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Changing system: p-Pb to Pb-Pb

T T | T T T T T T T
)
Y B B
o0 gL ; ALICE _ Charged Quarkonia |5
L Yo ut i — . uarkonia
22 | P-Pb, Sy = 8.16 TeV ] particles y
~ | e 203<y__<353(p-going) T | L Central Forward
6 ® -446<y__<-296 (Pb-going) —
r 25<y <40 ’ .
T A pp,(s=7TeV E@ .
T % Pb-Pb, s, =502TeV ]
4 — [ m R W -
— . m —
- + 1% norm. unc. not shown at 8.16 TeV |
L + 1.5% norm. unc. not shown at 7 TeV _
1 | 1 1 1 | 1
4 -4.46<y_ . <-2.96
ANy, /dn dn |
<dN /d7]> [n]<1

» Similar behavior from pp, to p-Pb (Pb-going) to Pb-Pb
» p-Pb (p-going) presents a different trend
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Changing system: p-Pb to Pb-Pb

dN / dy
AN 7dy)

|NSD

dN / dy
AN 7dy)

(o]

(ep}

ALICE
Jy - pt ]

p—Pb, {syy = 8.16 TeV I::I 2
[

e 203< Yoms < 3.53 (p-going)
<4.0 e .

—446 <y <-2.96 (Pb-going)
25< Yoms

A pp, Vs=7TeV
Pb-Pb, /s, = 5.02 TeV

+ 1% norm. unc. not shown at 8.16 TeV o
+ 1.5% norm. unc. not shown at 7 TeV

4 6
dN,, / dn
AN 7dm) Vg
| T T T | T T | T T T ‘ T ]
" ALICE, p-Pb, |5, = 8.16 TeV ]
 Jy - ptw I
i 2.03<y_ <3.53(p-going) 7
L + data 7
B EPOS without hydro N
r EPOS with hydro *
i ".;-f + 1% norm. unc. not shown B
e _
'.’ Il 1 1 | 1 Il | 1 1 1 ‘ 1
0 2 4 6

dN,,/dn NSD
<chh/d77> nl<1

| NSD

dN / dy
AN 7dy)

(oe]

»

i 1

ALICE, p-Pb, |5, = 8.16 TeV

Jhy -t
-4.46 < Yo < —2.96 (Pb-going)

+ data
xm EPOS without hydro

EPOS with hydro

L 1 1 | 1 1 1 ‘ 1 | L | LN L | 1 1

+ 1% norm. unc. not shown

0

4 6
dN, /dyp [N°

AN 7dm e

> EPOS3 describes this kinematical feature
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Charm/beauty vs. mult

- utw, |y[<0.5, pr > 0 GeV/c
-e*e’, |y|<1, p; > 1.5/4 GeV/c

/v - WrW, 2.5<y<4, p; > 0 GeV/c
/v - U, 2.5<y<4, pr > 0 GeV/c
{yAY) - Wtw, 2.5<y<4, p; > 0 GeV/c

- e*e’, |y[<0.9, pr >0 GeV/c

/v - e'‘e, |y|<0.9, p;>0GeV/c
- W, 2.5<y<4, pr > 0GeV/c

iYL - prw, pr > 0 GeV/e 2.03<ym<3.53 (p-going)
-4.46<y ,:<-2.96 (Pb-going)
-e*e -1.37<y,<0.43 p; > 0 GeV/c

iYL - prw, pr > 0 GeV/e 2.03<ym<3.53 (p-going)
-4.46<ym:<-2.96 (Pb-going)

iYL - transverse energy deposition in the backward (3.1<77<4.9)
- -2<y<1.5,8 < p;< 40 GeV/c

W(2S) - W, 2.5<y<4, p;> 0GeV/c

DO, D, D** - Hadronic decay, |y|<0.5, 1<p; <20 GeV/c

DO, D*, D** - Hadronic decay, -0.96<y,,,,; <0.04, 2<p; <24 GeV/c

D,*,D+ - Hadronic decay, -0.96<y,, <0.04 , 2<p; <24 GeV/c

Non prompt J/W -e*e’, |y|<0.9, p; > 1.3 GeV/c

pp
pp

pp

pp

p-Pb

p-Pb

P-Pb

pp

pp
p-Pb

p-Pb

pp
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200 GeV
500 GeV

2.76 TeV

5.02 TeV

7TeV

13 TeV

5.02 TeV

8.16 TeV

5.02 TeV

13 TeV

7 TeV

5.02 TeV

5.02 TeV

7 TeV

STAR

ALICE

ALICE

ALICE

ALICE

ALICE

ALICE

ATLAS

ALICE

ALICE

ALICE

ALICE

ALICE

PLB 786 (2018) 87—93

Preliminary
Paper in preparation

Phys. Lett. B712 (2012)
165-175

- PLB 810 (2020) 135758
- Paper in preparation

Phys. Lett. B 776 (2018)
91-104

JHEP 2009 (2020) 162

Eur. Phys. J. C 78 (2018)
171

Preliminary

JHEP 09 (2015) 148

JHEP 8 (2016) 1-44

JHEP 09 (2015) 148




Charm/beauty vs. mult

I I ) I R

Y(1S) -e*e’, |y|<1, p;>0/4 GeV/c 500 GeV STAR  Preliminary
https://drupal.star.bnl.gov/STAR/files/Up

silon_PWRHIC_LK_2018_1_7.pdf

Y(1/2/3S) -, |y]<1.93, pr> 0 GeV/c pp 2.76 TeV CMS JHEP04(2014)103
Y(1/2/3S) - uHw, yl<1.2, 10<p; <15 GeV/c, 15<p; <35 pp 7 TeV CMS  Phys.Lett. B761 (2016) 31-52
polarizations  GeV/c
Y(1/2/3S) -, lyl<1.2, pr> 0 GeV/e pp 7 TeV CMS  JHEP11(2020) 001
Y(1/2S) - W, 2.5<y<4, p; > 0 GeV/c pp 13 TeV ALICE  Paper in preparation
Y(1/2/3S) - s, |y]<1.93, pr> 0 GeV/c p-Pb 5.02 TeV CMS JHEP04(2014)103
Y(1/2/3S) -, |y]<1.93, p; > 0 GeV/e p-Pb 2.76 TeV CMS  JHEP04(2014)103

HF - Single-y, 2.5<n<4, 2<p;< 20 GeV/c pp 8 TeV ALICE

HF - ¢c,b->e, |y, <0.8, 0.5<p;< 30 GeV/c pp 13 TeV ALICE  Paper in preparation

HF -e*e’, |y.1<0.8, pr. > 0.2 GeV/c, high mult pp 13 TeV ALICE  Phys. Lett. B 788 (2019) 505

HF - €7, 1.06<y,,:<0.14, 0.5<p;< 8 GeV/c p-Pb 5.02 TeV ALICE

HF -c,b->e, |y,a1<0.8, 0.5<p:< 26 GeV/c P-Pb 8.16 TeV ALICE  Paper in preparation
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Open questions

* Behavior with respect to energy and multiplicity
-> event with same multiplicity in final state are (or not) similar (500 GeV up to 13 TeV)?

* Behavior with respect to systems
-> event with same multiplicity in final state are (or not) similar (pp vs. p-Pb vs Pb-Pb)?

Behavior with respect to the nature of the hard probes (quark content, production
mechanisms, closed vs. open charm/beauty)

* Behavior with respect to the hardness of the hard probes (invariant mass, p; bins)
* Behavior with respect to the multiplicity estimator

What is the elementary building block of hadronic interaction, MPI vs. nucleon-
nucleon, is there a continuity from pp to AA and energy?

Caveats, discussion should include also < p; >, multiplicity studies, DPS, centrality
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Conclusions

>

>

QGP properties were largely studied at LHC RUN 1+2 in heavy ion collisions

A heavy-ion LHC discovery: small system physics
QGP signatures are observed for soft probes in high multiplicity sector of reference
systems pp and p-A => unexpected!

Need to understand the initial state of hadronic collisions and how the multiplicity
is built up to the very high multiplicity sector (pp vs. p-A vs. A-A)

New observables, soft-hard correlations in pp collisions

*  Within current uncertainties : no energy dependence, quark and mass content at forward
* Rapidity configuration of the measurement (multiplicity and quarkonia) plays a role : linear
or quadratic

Strong impact on event generators : MPI vs. jet fragmentation vs. saturation vs.
collectivity

To be continued in RUN3

* hadronic activity around quarkonia and fragmentation function

* increase of statistics and new opportunities like sphericity, event
classifier (R;)
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Possible implications for EIC

» Study small systems / high multiplicities at EIC : turning off sign of collectivity or not ?
Role of saturation ?
Could be a missing baseline for LHC
Need to estimate expected charged particle multiplicities reached at EIC and feasibility

» Understanding the highest multiplicity reached: no multi-parton interactions to
built the charged particle multiplicity, role of jet and fragmentation

» If there is a case for open/closed charm and beauty at EIC, can help elucidating the
building of multiplicity associated with charm and beauty and the onset of collective
effects

> To go beyond the Glauber model and finding proper scaling quantity (N, R; )

» Test string fragmentation and fragmentation function in dense hadronic environment
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Thawnles

SARAH.PORTEBOEUF@CLERMONT.IN2P3.FR




HF vs. charged particle multiplicity

/\|_2 i"‘l""|""|""|""|""|""|'}"|""|£; I I '"l""l""l""l""l'.""l""l'_'-
Q 0: ALICE ! T - Percolation, p_>0 ;] 1
S 18F PP \s=7TeV ; + - -EPOS 3.099 i 3
T . *Dmeson N 1 —EPOS3.099+Hydo W E
> PYTHIA and EPOS wo hydro Sl 3 PYTHIASTST E
Linear behavior fails to reproduce the Zl_m? g E3 E
data for the highest multiplicities S 10 J 3 " .
> 8F ;s + . PR
O C 4 T o ]
2 6 | E + A E

[qV] C & 27 T "_'::gﬁ
_ = 4 i‘::w;,‘,m Ed i E

» EPOS w hydro and percolation of ‘ =

1 <pT<2GeV/C

Departure from linearity help to Q—zo; _ al ; k
describe the data. S 18t i - ! .
Reduction of the number of charged g 16F g + ~,~" =
particles % 14;- E ;'! ;
- hydro evolution for EPOS ~ 12r B E3 K E
. “+10F ra $ .
arXiv:1602.03414 _8_ 3 ‘ et \'J: e
- string percolation for the > 2: / : éﬁ :
ercolation model S F R Ed T E
i “1‘23 T ,f‘&w R *‘fm :
= 2r 4 8 GeV/cT g 8 12 GeV/c 7
M::lnn|||||||||||||<|ﬁ-|ruﬁ|||||ﬁ|||?||::m‘||||||||||||||||||||<|||p|T||<||||||||e||||C|||:

0 12 3 456 789 12 3 4526 7 89

(dN/dn) / (chh/dn> (dNy/dn) / (chh/dn)
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HF vs. charged particle multiplicity

JHEP 1509 (2015) 148

PYTHIA 8.157

= Top left : average D-mesons from
different sources

= Top right : average B-mesons from
different sources

= Bottom left : average D-mesons, all
contributions, slices in p;

= Bottom right : average D-mesons,
slices in p; for first hard contribution
only

Tagging of D meson origin

reveals implementation in
PYTHIA

12 PYTHIA 8.157 SOFTQCD
MPI/ FSR/ ISR/ Colour ON
10 pp \s=7TeV

Average D-mesons
= First hard process

L - MPI

(dN/dy) KdN/dy)

8
— Gluon splitting from hard process
—ISR/FSR
6 W
. o
4 ;‘: N a_%
,‘l - ﬁf‘v 3

11 | I 1 1 I L1 1 I N L] I | I I ) I - I

2 2
L /: ——
- -
_‘ ~ Ry

|||||||||||||||||||||||||||

Average B-mesons
- F||r3s|t hard process
—Gluon splitting

from hard process
—ISR/FSR

IIIIIIIIIIIIIIIIIIIII

v b b PNy by Ly

/\l— _'

Q 12 Average D-mesons all contributions 1
g [ == 1<pT<2 GeV/c 1
- 10 =-- 2<pT<4 GeV/c —
= [ ——4<p <8 CGeVic T
NZ [ —8<p/<12GeV/c 1
O 8F o 12<p <20 GeV/c -
N~ r -
~ B — T
—~ i b T

o S w7
T I ot y .4 1
- 4 A Tt 7]
E [ . /&i‘“’ ]
o R ]
I 1

N
T
<
\
3 \ ‘y
. ,
. ok
\
\
\
\
\
\
\
\
\
\
\
| !

Average D-mesons hard process
-==1<p, <2 GeV/c ]
| == 2<pT<4 GeV/c -
— 4<p <8 GeV/c 1
— 8<pT<12 GeV/c i
T 12<p <20 GeV/c —

\

e e |

0o 1 2 3 4 5 8
(dNgy/dn) / <dN_ /dn)
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Increasing  (dn/dn(0))
corresponds to increas-
ing Npom. With QS(Npom)
dn/dpy => Increasing

« Recent development : EPOS 3.2 small Q => lﬁarger Pomerons

=> harder strings

large Qq
=> %%
Pt

=> more high pt particles
=> Strong increase of (p;) with (dn/dn(0))

Slides stolen from Klaus Werner Parton distributions
https://indico.in2p3.fr/event/144 38/

GDR QCD 1-2 June 2017 IPNO — Klaus Werner — Subatech — Nantes 29

GDR QCD 1-2 June 2017 IPNO — Klaus Werner — Subatech — Nantes 30
EPOS 3 compared to ALICE data EPOS 3 compared to RHIC data
15 —, ALI EPOS | 215 EPOS 3210
é i 1p_t2 C.E full /'f é i . galculations:
L o mesons
5 24 oo /.l hadronic cascade 5— - pp 200GeV data
£10 48 o .- * /S £10 STAR ‘
= i Y on/off 5 L J/Psi Data: J/W
N - 8-12 & —e—e R has no effect N = p>4GeV/c
s ~GeV/c = - t
S 5 aet 95 s | oot Increase
QQ - ° hydro on/off QQ - .....-° stronger
g i 4 | has small effect = B than at LHC
i eee diagona L Less
0 IJ1|IIJ\|IIJJ|IIJJ11IJII O -l.ﬁ.\. 1\\'IIII‘\\\1|IJJJ]IIIII
0 1 2 3 0

4 5 6 1 2 3 4 5 6
dn_, /dn(0) / <dn_ /dn(0)> 1 dn,,/dn(0) / < dn_y/dn(0) >yg
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Elliptic flow of charged particles

1.0<pl<3.0 GeV/c

E"ipti C ﬂ ow &;0022 Centrality: 0-5% 5-10% 10-15%F s 15-20%
50851_ ] G 3 §oeeg - ¢ e
Initial spatial anisotropy transferred into :ooé—ﬁﬁﬁaaﬁ . f ML TN f “= e f ®s
* \é‘° a momentum anisotropy of particles ok R et ot vy
20-25% 25-30% 30-35% 35-40%
Yoy a T
= G e
—OC1+22vncos(n((p Wn)) ioz‘;i i et °t "
do =2
_035E w050%f o soeon} T e0Tout
. . . . ? 0.2 og ¢ es e o [ ®XeXe \sy=544TeV
The second coefficient is v, (elliptic flow) 5 f “an e f "0 0 e s 50276
v,> 0, interpreted as collective expansion of the medium =% A '
S AL * b, (Gevio) o leevio - ° % p leevie) ?p leevio)
> L ovdzia>1) ALICE Xe-Xe Sy = 5.44 TeV T ! !
i Eﬂiim“?} 0.2<p, <3.0GeV/c |
| | vz{4,3 sub-event} il < 0.8
01— 5 e —
e * ° " ¢ & o3[ ALICEPb-Pb 5y -502Tev mx
va{2,jan| > 1 (V] | — = 9. — .
L oo e 1 2030 05 AEANE eV A Charged particles flow
| O vf2/an > 1) n, ™ m | 4: i s ° . . .
.« M & :+ 1 2 [ #p+p in AA collisions
005 o . ‘Ngv 0.2 = HEg : :fig with expected
— . — . .
o ] - I R i A+A characteristics of mass
- w}‘ ™Y [ ] ® e - B -Q. ‘{‘*- . ¢ .
* ¢ ol -4 H . ordering.

o0 o ©°© ©° o ¢ A =y Confirmed by advanced
A LAaa L e ARRARASaaa AR O_ﬁ{* _____________________________________________________________ analysis subtracting non
Lol 4 ¥ E 4 + I —— . ! flow component.
R 4 ALICE ] 0 2 4 6 8
o6y —V-USPHYDRO: v,{4}/v,{2} | P (GeVic)

S ---T,ENTo p=0: e,{4}/e,{2} ]
S A I B ]

I R I R
50 60 70
Centrality (%)

30 40
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Quarkonia

» Quarkonia, bound states of charm and beauty quarks,
* Charmonia (cc): e.g. J/Y and W(2S)
* Bottomonia (bb): e.g. Y(1S), Y(2S) and Y(3S)

» Quarkonia, produced in first stage of AA collisions, experience the full QGP evolution:
* Quarkonium sequential suppression via color screening [matsui and Satz, PLB178 (1986) 416]

* Quarkonium regeneration
[Braun-Munzinger & Stachel, PLB 490 (2000) 196 ; Thews, Schroedter & Rafelski, PRC 65 (2001) 054905]

18) “ 2 %
T/T¢ 1/{r) [fm1]
c
B XBZ = I:l EP
- | Y(15) = Lattice QCD = L. .
2 - wl - B o Sum s g statistical regeneration
- | %,(1P) . B aasiaco '@
— Y(ZS) —_— l:l Potential Models A
= e S [~
12 J/yp(1S) Y'(2S) \3S) & T oo 5072006V g 1
- Q
= _ S ":C;
STC % (2P) Y'(3S) W = =227 Q%
x(1P)  w'(2s) <l ~ sequential suppression
cl == _ =
v == | | | | | |
I 15 2 25 3 35 4 .45 5 Energy Density
Eur Phys J C61 (2009) 705 PRC 91 (2014) 0249158 17T, NPB 214 (2011) 3
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Quarkonia at Runs 1+2

>N r Pb-Pb \sy, =5.02 TeV 0-10% T 10-30% T 30-50%
0_2:_ ° Inclusive.:/\u,2.5<y<4.0,ALICE __ dff‘nb I o‘fsmzboo _ . .
L e BE GO Unambiguous observation of non-zero J/Y v,
0.1~
: e ¢ + e 0% o o .
of + oo At high p,, stronger effect than expected:
>O’)

possible path-length dependence effect

o

0.21: &éﬁH}%} 4 J
ot T o p¥
i t o f :L

At low and intermediate p;: v,(J/Y) < v,(D) <
Vn(h)

o

-0.05- JHEP 1902 (2019) 012

STHTTETTE 10 12

T2 4 6 8 10 e
(GeV/c) P, (GeV/ce) P, (GeV/ce)
PbPb 166 pub™, pp 5.4 pb’' Sy = 2.76 TeV
('\’I\ 800? L L I L L L L L B B BN B i |— 'PI'-B' 7|7o| 210’;7| 3'57 T T 1 | T 1 1 | T ]
S [ e daa CMS PbPb {5y =276 Tev | [C 1-6:_ (2017) CMS | ]
$ 7005_— PbPbfit | Cent.o0- 100°f, <24 140 1 ]
. p 600" pp shape L = 150 pb” e - o
> Strong Y suppression at g > 4.GeVic ] 120 1. ]
the LHC -og 500__ 5 7 C 1 0-100% ]
gt i 1 m |
1T} C ] L 1
. . 400 e [- wY(1S) T
» Exited states melting - ; 0.8 H oxs) T ]
3001~ - C Jres) I
- . 0.6[- H T ]
> Raa(Y(1S)) > Raa(Y(29)) 200; E 0.4 ¥ H o 1 (=
100~ C H H I ]
- . 0.2 H T o T
07|I|18|lIlIQII]111101III1I1IIH1IZHH1I3HH14 O:| I B R I 1 | |: ];:
Mass(u*w) [GeV/c?] 0 100 200 300 400

(N2

part
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Quarkonia at Runs 1+2

Ra
eps . AA = superposition of N
Nuclear modification factor Measurement in AA 1 e -
R dNaa/dpr
AA —
< Ncoll >Xdep/de .
b/v w Suppression
Normalization by the number of collision (N.) Same measurement in pp
} IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII- %1'4_ p_PbV?=8_16TeV
o 14 Inclusive J/y — py . c i NN
® ALICE, Pb-Pb |5, =5.02TeV, 25 <y <4,p_<8GeV/c ] 1.2 ® ALICE inclusive J/y
10k ® ALICE, Pb-Pb |5 =276 TeV,25<y <4,p_<8GeV/c 2 y\ ©  LHCb prompt J/y (PLB 774 (2017) 159 )
THM, O PHENIX Au-Au\ s =02TeV,1.2<ly| <22,p >0 GeV/c i S B I
g ? | * 081
0.8 =g . i
L el @ ] i
¥ x © [ ® @ @ @ - 0.6 [~ | EPSO09NLO + CEM (R. Vogt)
0.6 i m m ] [ || nCTEQ15 (J. Lansberg et al.)
[ EI E ] 0.4 [ [ EPPS16 (J. Lansberg et al.)
04+ @ — UL CGC + NRQCD (R. Venugopalan et al.)
[ ] 8 [ ] i CGC + CEM (B. Ducloue et al.)
0.2 :_ @ ﬁl _: 0.2 - E Energy I:)tssP(FZ.:rIeo ettall.)
- PLB 766 (2017) 212 r i [ mmm cf:mzsc;rs((é. Feu:;?oe)) &) JHEP 1807 (2018) 160
0||||I||l|I||||IIlIIIIIIIIIIIIIIIIIIIIIIII IIIJiIIIIilIlliIIII|II\I|1III|IIII|IIII|IIII|III\
0 50 100 150 200 250 300 350 400 0—5 -4 -3 -2 - 0 1 2 3 4 5
N2 Y oms

> /Y less suppressed at the LHC than at RHIC when varying the centrality of the collision
» Cold matter effects studied with p-Pb reference measurements

» Contribution from regeneration at low p;
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Collective behavior of heavy quarks in p-Pb collisions ?

A L . > C
-g 0.121- ALICE [ e | Data, Pb-going >,>m | p-Pb, (0-20%)-(40-100%), | 5,,,=5.02,8.16 TeV ALICE
n - p-Pb \sy,=5.02 TeV o Data, p-going 0oL —— 2.03<y”¥<3.53
O o4 VOS: (0-20%)-(60-100%) % AMPT, Pb-going el e -446<y”"<2.96
A N = i
N - N\ AMPT, p-going ~ Pb-Pb, 2.5<y""<4, | 5,=5.02 TeV
3 B - —o— 520%
= 0.08]- L ——%—— 20-40% [%:l
0.06 I
0.04F E+:‘ i
§ Q i ﬁ PLB 780 (2018) 7
0.02— 7 | Transport model, Pb-Pb, 20-40%, 2.5<y"'<4, | 5,,=5.02 TeV
L 2, B Inclusive J/y
L N L Primordial J/y
O Il | | | | | IIIIII lIlI|IIIIIIIII|IIII|IIII|IIII|IIII|IIII
o 05 1 15 2 25 3 (égv/c; 0 1 2 3 4 5 6 7 8
P p¥ (GeVic)
» Measurement of single-muon elliptic flow > Measurement of J/ip elliptic flow in p-
in p-Pb collisions in two rapidity regions Pb collisions in two rapidity regions
» Unambiguous observation of non-zero v, in » Low p;: v, compatible with zero
the p; range 0-4 GeV/c High p;: positive v,

Not yet understood
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Nuclear modification factor for W(2S) in p-Pb

1.4
“2 r ALICE, inclusive J/w, w(2S) — u'w
x A -Pb sy = 8.16 TeV :
1oL p NN = O- ® J/y (arXiv:1805.04381)

® y(2S) (Preliminary)

. SO S
_ dNppp/dpr 1 P
Ncolldep/de 0'8:_
06F |
4.46<y, <-2.96 -
0.4 :— | EPS09NLO + CEM (R. Vogt)
r | nCTEQ15 (J. Lansberg et al.)
. . . . 0.2+ CGC + CEM (B. Ducloue et al.)
»  Qupy, is the nuclear modification factor as a function I 1] Energy loss (F. Areo et al)
. L . IIII|IfII|I\II|III\|II\IllIII‘IIIIlIIIIlIIIIlIIII
of mu|t|p||C|ty/centra||ty 0_5 4 -3 -2 1 90 1 > 3 4 5
ycms
» W(2S) suppression in p-Pb not explained by cold
20 L e B B B S B B
matter effeCtS OQ ALICE Preliminary, p-Pb \% =8.16 TeV, Inclusive J/y, y(2S) — u*u{
446 <y <-2.96, P, < 20 GeV/c
» Similar phenomenon seen in d-Au collisions at the RHIC 2T [orsort Model (Bu. Rarp, NPA 945(2015) 147
[JHEP 12 (2014) 073] (‘%Irx)(sg’r)s+ EPSO09LO (Ferreiro, PLB 749 (2015) 98)
15 O
Cw(28)

» May require other effects: saturation or dissociation in
final state

EPS09sNLO (Vogt et al., NPA 972 (2018) 18)

e

> Interpretation to be connected with small system physics o5
and hard-soft correlations

o

oIIlI|IIIIlI|II||lII|IIII
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New observables




Quark-Gluon Plasma

» Is the measurement the consequence of the evolution of a hydrodynamic fluid?

» Warning: hydro application do not necessarily imply QGP

» Hydro requires R, >> 1 =>small g, with R, the Reynolds number:

Rv Ry RuT R: characteristic spatial dimension

R, = o= 7 = 7s v: characteristic velocity
ve V= %: kinematic velocity

7n: shear viscosity
s: entropy density
» Smalln/s (<0.2) is a feature of observed QGP



Looking for the proper scaling quantity

» To go beyond the Glauber model for heavy-ion and avoiding normalizing by N,

» To have a quantity system and energy independent
» What is the best system size estimator?

> Multiplicity is the measured quantity (caveats: experimental estimator has to be well
defined)

> Multiplicity is protected from theoretical biases (N ., N, from Glauber models ...)

part’

> But hard to compare to formal calculation and first principle

Bjorken estimates Multiplicity per volume unit
nm 3 dNCh NCh

e~ —
ToA2 dn =0 R3

Problem of the definition of the normalization size in pp and p-Pb (A or R or ?)
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Turning off Collectivity: RHIC ?

Relativistic Heavy lon Collider, Brookhaven National Laboratory, New-York, USA
The QGP facility before LHC

arXiv:1805.02973

0.2_IIII|IlllllllI|Illl|'lll|l'll|IIIIIIIIIIIIIIIIIIIIIIIIIIIII]__IIIIIIIIIIIIlIIlIIIIIlIIlIIIII_
0.18Fp+Au s, =200 GeV 0-5% d+Au |'s,, =200 GeV 0-5% (b) + °He+Au \s,, =200 GeV 0-5% (c) ]
0.165- -®- v, Data PHENIX _

. —4—v,Data
0'145_ = v, SONIC
0.1 2:— = = v, iEBE-VISHNU

> PHENIX claim for

>: 0.1 -
0.08f __ QGP in small
0.06} . i systems ...
0.04¢ A : 3
0.02¢ i & g Wegt/, ]
0' Pad B R L1 m AL & bl N T T W EE RN EEE R RS R
05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3
p,(GeVrc) p,(GeVic) p_(GeVic)
0.20 arXiv:1805.09342
0.181 P+AU Vsyy=200 GeV 0-5% | d+Au /syy=200 GeV 0-5% { *He+Au Vsyy=200 GeV 0-5%
0.16{ % PHENIX { % PHENIX I I
0.147 —»— Gluons 2} . & % %1 » Gluons s B B> = [l
2 0.121 VZ{ii, « f : g S ] . - > ..also
"'E’ 0.101 ,,,'/ 1 > E //.l | . d b
> 0.08 - - . i . explained by
0.061 o " > = ) "
0.041 /./,,,!»’ vl "+ [ — e LA Yo Color Glass
0.02 y @ . 1 LR L .
pwew® e reww® "8 " T .
00 05 10 15 20 25 3.0 05 10 15 20 25 3.0 05 10 15 20 25 3.0 Condensate'

p. [GeV] p. [GeV] p. [GeV]
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Turning off Collectivity: e*e ?

ALEPH e'e” — hadrons, Vs = 91GeV
ine
NI > 35, |co o o e+ e -

p;"’ > 0.2 GeV

Thrust coordinates
= g
«

zE
|3

g’
v—I._Z

T
7l O
XIXSAS

i
///,'v,”‘,"?:‘

Badea et al., arXiv:1906.00489

ZEUS Preliminary

0.1

-
< Vs=318 GeV, 366 b 1Anl>
°© Q%>5 GeV? [eJo.0
L 0.1< P, < 5.0 GeV/c [eJo5
° 15<n<2.0 [o]1.0
0.05 | |J [*]15
r o [e]20
o °
L] —i
hd D
.‘o' =J0000nNoR ° N
013 8-
: Il 1 Il Il |_
0 5 10 15 20 25
Nl:h

pp Vs =7 TeV, N> 110

1<p,<3GeVic -4

CMS, JHEPO9 (2010) 091

ZEUS Preliminary

0.0 - Vs=318 GeV, 366 pb™! 1Avl>
' Q%> 5 GeV? [eJo.0
01.15< p, < :g GeV/c [eJos

0.04 - IS<m<2 [¢]10

-0.02
0

|An| > 2.0: c3{2} and c4{2} are consistent with zero.

QM2018, Yen-lie Lee
> LEP efe Vs=91 GeV
» High mult = 55 particlesin |n|<5

» No ridge observed, compatible
with PYTHIA

QM2018, Jacobus Onderwaater

» HERA ep Vs=318 GeV
» High mult = 35 particles in -1.5<n<?2

» No observation of 2-particle
correlations, compatible with
Ariadne (dipole cascade model)
and Lepto (Lund string)
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Double Parton Scatterings

» ldentification of events with two hard processes

» In the DPS formalism they are independent (MPI) and factorize Z A
A _B
AB m O-SPSO-SPS m=2 when A and B are distinguishable
O-DPS = ?— m=1 when indistinguishable o
Ocff o B
» Universality of g, in question
» Linked with MPI formalism and also with nucleon structure Hep 10 (2016) 063
- JHEPO06(2017)047
. . . N< :_ —+- Data _: : E_ —+- Data E
> Potential signals with 4 leptons: J/i  2°™F wnop i3mov & o T 3 2 F LHCH 13Tev o Tt
5 ol Y+ Jfbe 4 8 E Wy + Ty
+IYIY+ Y, MY+ W, I +Z, Y +Y A N B — bka+ I
Z 3000 L T J/ipr + bkg 3 = 3000 [ % = Jhpr +Dkg

bkg + bkg bkg + bkg

- 2000 F

2000
» I/ + D mesons, measured by LHCb : A &y ] L e
. . . 1000 F H e < 1000 =1 e e
3000 3050 3150 3200 3000 3050 3150 3200
M) [MeV/e M) [Mev/e?]

» Require to investigate physics potential and feasibility with ALICE in Run 3 conditions:
with muons only, with muons + electrons, with muons + hadronic channels

» Possibilities should be enhanced by the continuous readout
The MFT will specifically improve the signal/background for channels where the signal is composed
of prompt muons. First study by D. Stocco and P. Bartalini

[PRD 90 (2014) 111101 , JHEP 1409 (2014) 094, EPJC 77 (2017) 76, JHEP 06 (2017) 047, JHEP 10 (2017) 068, PRL 116 (2016) 082002, JHEP 05 (2017) 013 ]
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Opening possibilities for correlations in final states

» LHC results point to a need of a full tomography of the final state, understanding links
between the underlying event/bulk/soft part and hard components

» First measurements performed with Run 2 data at mid-rapidity for open heavy flavours

» Underlying event studies with a “muon” as leading particle

¢=0
.I_’\ C T | T T T T | T T T T | T T T T T
el
g L ALICE Preliminary _
H 3 pp Vs = 13 TeV, 0-0.1% VOM _
-Ap A +Agp ge - ¢ Jiy-hadron correlation —
=° T [ syst. uncert. B
Toward |Ag|<60° © = T global syst. uncert.: 7% 7
—|<a - —
I 2 —
Jhp L i
A O N T e e My 1
o . ?

< < - B
Transverse 0= 1 —]
L by, <05 PYTHIA 8 (Monash 2013 tune) ]
Away|A@|>120° L 5<Pr, <30GeVic —incl. J/y (x1.3, scaled to data at ©/2) |
0= 1 <Pr o0, <30 GeV/C --= prompt J/y (x1.3) —
Charged particles - lanl<0.2 --= non-prompt Jy (x1.3) =
Coevv v v v v b by v v by v v b 10

0 0.5 1 15 2 2.5 3

Ag (rad)

» Opportunities to be investigated in the muon channel with the MFT as a vertexer
and a multiplicity estimator
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Opening possibilities for correlations in final states

» LHC results point to a need of a full tomography of the final state, understanding links
between the underlying event/bulk/soft part and hard components

» First measurements performed with Run 2 data at mid-rapidity for open heavy flavours

» Spherocity analysis connected with hard probes

4 %} 6_I\II|I\|I||\II|I\I\ll\l\llll\llll\llll\l IIIIIII \_
. An 4 R ALICE Preliminary ]
v Nhgf 5F | PP, 15 =7 TeV ]
< 50 vyl <05 -
= 4 8 L D’ - K m* (and charge conj.)
2 B
4 g 4 — 30< Ntsr:c[l)dels <81 —
'S (\'IO —®— 2<p < 4GeV/c
}k V\J ' g r —®— 4<p_ < 8GeVic ]
Y4 2 3 —— 8<p <12GeVic -
SO -) 0 SO -) 1 2 % - |:| Systematic Unc. B
Q= C ]
X B
2 > A\ 2 5 2 C
Sy = T : Zi |pT,' X n| 2 e
0= _mlnﬁ:(”x,"y70) Q'_
4 2 P g 1
8 C
S, = 0 "jetty” limit (hard events) ‘\i ol
U 1 "isotropic” limit (soft events) 0 0 10. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. g 1

Measured Spherocity (S.,)

» Opportunities to be investigated in the muon channel with the MFT as a vertexer
and a multiplicity estimator embedded into the ITS
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Understanding quarkonium production in
dense hadronic environment

» In the quarkonium sector a large fraction of LHC Runs 1+2 results are linked with the
associated event activity

» But, quarkonium production are not yet understood and no theoretical knowledge about
guarkonium fragmentation function, poor implementation in MC event generators

» A key measurement is quarkonia in jet, see workshop Quarkonia as Tools*

» First measurements from CMS: J/i less isolated in data than in PYTHIA 8

pp 27.39 pb™ (5.02 TeV)

pp 27.39 pb™ (5.02 TeV)

81— : : . 81— : : .
Jot axis 75 Prompt JAy CMS : 75 Prompt JA CMS ]
E 1y, <16 Preliminary ] F[16<ly, <24 Preliminary ]
6L 6.5<pTJ/w<35 GeV Dat 1 60 3<pTJ/w<35 GeV o ]

r : -= Data r : -= Data
N =F Wigyl <24 -+ PYTHIA8 ] N eF Wigyl <24 -+ PYTHIA 8 ]
o 5 25<p_ <35GeV - S 5 25<p_ <35GeV ]

E F Tjet E E T,jet
T 4F = T 4F ]
< .F = =7 —o < .F E
~ 3f . ~ 3f ]
u ] u —t—
2- = ] 2r - :
n e SR £ e = ]
! ! '_E—'\ \ | | \ " |
0O 0.2 0.4 0.6 0.8 1 0O 0.2 0.4 0.6 0.8 1
4 4
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The transverse activity classifier

Events described as the association of:
* Aleading hard process
* An associated Underlying
Event (UE)

ALICE Preliminary

—_
o

5< p':a"i"g < 40 (GeV/c)

p‘Tfa°k >0.15 GeV/c,|n| < 0.8

1/Ng, dN,/dR;
3

10—2 Epp, 1s =13TeV
EEData
107 E=—— pYTHIA 8 Monash 2b13 %
. = Epos|LHC "
o w e B e )
S E 5 R
©
o i 3 =-'='='=""d_d"“"--—--___‘_'_"‘—J_l )
A T . LT
0 1 2 3 4

L ALICE Preliminary
| Uncertainties: stat.(vertical), syst.(box)

Leading-track

sum-p_ density
— pp@13TeV
—- published pp@7TeV -

_ — Pythia8(Monash2013)]
0P, > I0.15 G?V/c anf:i nl < 0I.8 . IIEPOS-LIHC . ]

Transverse region

2EUETVI7TeV L Pythiag/Data T EPOS-LHCData

Ratio

1 TF e e e m—e—— - =
5 10 15 20 25 30 35 40
P72 (GeVic)

» The transverse activity classifier R; built as a
jet-free multiplicity estimator

N inclusive

= |
(Ninclusive> ransverse

Eur.Phys.J. C76 (2016) 299

Ry

» R; classify events in term of high or low UE
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Needs for MPI

Koba-Nielsen-Oleson (KNO) scaling

Evolution of the charged particle multiplicity distribution in proton-proton collisions P(N,) with Vs
follows KNO-scaling with

P(Nch)

. . Nch . H
Scaling variable z=——>F+— and P(N_,)<N_, >=¥(z) Energyindependent function
<New> O 62.2 GeV
E @ > g e
5 & O #
p 2888 g 62.2:GeV 9\' 1 3@F %:"ﬁ.:b 0O 52.6 GeV
10718 M 0 O 52.6 GeV > = Ak
- Ry 2 & v A 44.5GeV
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Different multiplicity distributions

z= NchI<Nch>

When self normalized : KNO scaling

NSD events in full phase space measured by the SFM (Split Field Magnet) at ISR energies
Compilation from J. Phys. G 37 (2010) 083001

Up to Vs=200 GeV, it works
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Needs for MPI

Koba-Nielsen-Oleson (KNO) scaling

At energies greater than Vs=200 GeV in pp and pp collisions,
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NSD events in full phase space
Compilation from J. Phys. G 37 (2010) 083001

Violation of KNO-scaling (Vs > 200 GeV)

Phys. Lett. B 167 (1986) 476

Deviation from KNO-scaling increases with Vs

Can be interpreted as a consequence of particle production through (soft) MPI
Phys. Rev. D 84 (2011) 034026 Hep-ph/1106.4959 Phys. Rept. 349 (2001) 301 Hep-ph/0004215 J. Phys. G 37 (2010) 083001
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