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Introduction

Disclaimer:

o Thermal radiation and chiral restoration are
not covered here (see Javier’s talk)

o Small systems soft physics will be covered
in a dedicated talk (see Sarah’s talk)

LHC will have done 12 ~one month Pb-Pb Pb-Pb p-Pb
. . heavy ion runs between 2010 and | p-Pb!
OUtIIne 2030 (LS4). 5/12 done already. 2010 2011 2012 2013
. . o, . . TFAAR AR T AR AR B AR GRS NF A S TALSOIRIBpF A
o Soft physics definition and main - ,,
un
queStlonS P & Pb Xe-X Pb-Pb Pb-Pb p-p +2-> Pb-Pb
- e-Xe - - = — .
o LHCrunl+2 PoiPb P, - .
2015 2016 2017 2018 2019 2020 2021 2022 Ll
O Prospect for LHC run3+4 JIF N AM] 1] JTAIS[OMND] J1F [M{AM] 1] JTA[S[O8 DirFiNiAWl)AS JEPEEYNEREE D)FV&EiiiJJjSOVDJF)‘AWIJ-\SD\DJFMA\(])ASD (D] J1F [N AMM[ [ JTAIS]OMID] 3 1F [N A ] D1 A]S]OMN|
EYETS LS2
o Beyond run 4 at LHC | I
. pon Pb-Pb p-Pb Pb-Pb
o Other opportunities
2026 2027 2028 2029 2030 7_I 2031
O Summary and ConC|US|OnS JF"ﬁqi]i)ihiso" JF%AMJ]ASONU)‘MAM)J’\TV[JVNAM)JASTMJFM-\N)JAS‘JFNAWJJASOH )F«Aimi)i)”son[:JFMAu}).\50«4 FIMAIM DEE
1s3 H‘FH
2033 2034 2035 2036 2037
M rM.\N}HL N [MAM I [3]A]S0] A I[3TA[SI0] AlS
1ss
TIIT
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A Nuclear matter phase diagram study

Scan of the nuclear phase Taken from: https://goo.gl/ydDc2e
diagram 0
» Characterization of QGP %
oroperties —~ 200 | > Quark-Gluon Plasma
> Z
> Unique opportunity to study é’ 0
QCD under extreme conditions = T ~155/mm w=
- Crossover
.. . o Critical Endpoint
Search for a critical point = %
p) -
> Is there any: g 100 Hadron Gas
» Beam energy scan g_
What happens at high p,? 2 Color
super-
it Nuclear condauctor
» Phase transition? ucea duct
» Understand composition of 0 S S S
neutron star 500 1000

Baryon chemical potential, pg (MeV)
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E What are we trying to probe/constrain?

QGP: a nearly perfect fluid
> Fluid in a global thermal equilibrium: T"" = eu*u” + (p + moui) A*” + 7

Thulk = —,uu“' + ...,

= — fol(JAMAYS + LAMPA — LAMYA) Vaug + ...

» Macroscopic fluid properties
o Thermodynamic equation of state: p(T, W)
o Shear viscosity: n(T, W)
o Bulk viscosity: {(T, u)
o)

Thermodynamic and particle/nuclei production

» QGP thermodynamic equation of state rather well understood
o Tand p extracted from data using measured particle abundances

» Details of some particle/nuclei production still under investigation
o Thermal production vs. coalescence
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The little bang

Taken from: https://goo.gl/2Ekbru

lumpy initial hadronization
energy density

QGP phase

quark and gluon

‘
3
N\
3
L
‘\
3

collision tam
overlap zone fluctuations

T ~ 10 fm/c
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A What is a soft probe?

Either global or rather low p; probe/observable
» Low p; usually mean < 3 GeV/c
» Can be identified particle or not

Particle involving soft/low mass quarks
> p, K, ..

» Strange particles

» (hyper-)nuclei and corresponding anti-nuclei

Possible observable
» Particle spectra and meson/baryon ratio
» Flow and correlations

» Strangeness enhancement
> ..
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EA What are the experimental needs?

Current experiments: Approved/Proposed experiments:
o LHC (ALICE/ATLAS/CMS/LHCDb) o FAIR (CBM)

o RHIC (PHENIX/STAR) o NICA (MPD, BM@N)

o SPS (NA61/Sunshine) o RHIC (sPHENIX)

o SIS (HADES)

Large acceptance detector with efficient tracking
» This is particularly important for correlation measurements
» Precise tracking down to low p; is the key

PID capability
» Important to identify particle at low p;
» At LHC, ALICE is unigue on that respect at mid-rapidity

At LHC, no ideal detector for soft probes

» Each of them have their own pros and cons
» How each of them can be improved in the future need to be part of the discussion
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The little bang

Taken from: https://goo.gl/2Ekbru kinetic
freeze-out

lumpy initial hadronization
energy density

QGP phase

quark and gluon

collision e
overlap ‘zoné fluctuations

Tt ~ () fm/c T ~ 10 fm/c

Initial conditions Initial state and Hydrodynamic  Particle/nuclei

fluctuations evolution
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LHC Run 1+2: What have we learned?
QGP Hydrodynamic and Initial state fluctuations

i

Hydro evolution quite well

understood now ; CMSPbeF_”z—TvV/o | 1020% | 30;40%3
» Tighter constraint on shear og ., e - o 20 o |
viscosity: 0.07 <n/s < 0.2 5| v : et
> LY
From RHIC already non-zero odd °f v

harmonic
» Initial state fluctuations 00 =

» Lumpy initial state generates
factorization breaking
o EPangle depends on prandn

Precision era with more refined
methods

» Gain control on IS and fluctuations :
o Different initial conditions needed -m

» Flow distribution measurements
o More data, larger acceptance

» More direct comparison with
theory '

o New methods

PV)(V, )

45-50%

P(v,)(v, )

[ Pb-Pb2.76 TeV, nj<2.5
L —4— ATLAS: 0.5¢p <1 GeVic

—4— ATLAS: p,>0.5 GeVic
L !

L R L L
25 [ 05
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LHC Run 1+2: What have we learned?

A Chiral Magnetic effect (CME)

Large B field predicted at the
collisions

> Induced current

» Charge separation along the RP is
expected

CME effect not observed at LHC s 4. ., . Reaction plane (RP)
eB(t=0.2 fm/c) ~ 10°~10*MeV>~10"G

» Pure background observed

65 55 PbPEscentr%Iisty(%)
» ALICE and CMS have set a limit 08 <16 oMS LT
i T T limits
B field might have a too short 061 | + ommot imaalppootorey. T :
. . L (Pb-going) 1
lifetime at LHC | brgena
. . . 504 -+ —

» High transparency of incoming “

nuclei 02 To
» What about high p;? L+ I T T Popb]

> Influence of B field and quantum oL I 13 I3 T T4 0

anomaly on fluid dynamics 10° Npffine 10
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i

Bulk and Particle production

(Nearly) thermalized medium
and common flow velocity

» Boosted p; spectrum

» Mass ordering

o Hardening of spectra as function of

centrality

LHC Run 1+2: What have we learned?

T

1/N,, 1/(2p.) o?N/(dp_dy) (GeV/c)?

Data/Model

o More pronounced for heavier

particles

Baryon to meson ratio (B/M)

» Low-p; described by hydro

» B/Min jets significantly lower

> Arise from the bulk

Thermal production

» T=156+2 MeV

02/07/18
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LHC Run 1+2: What have we learned?
Strangeness enhancement

Thermal limit reached
» Most central or high multiplicity events

» Strangeness thermalized at sufficiently
high energy

Strangeness production does not
depend on c.m.e. or system size

» Significant constraint on the underlying
mechanisms of microscopic models

We can also learn a lot from small
systems on that particular topic
> See Sarah’s talk

02/07/18

Ratio of yields to (n*+m°)
o

—
o
o

10°°

T

g (POREENENPNO 4 On @ § w e my P (x6) 1

LR | T T T rrrrT

o M toembentD & B ¥ FEailD2K;

0 ]
= D O M M M m ]
. ‘GGQFQWW 000 0om,, . 3
i , o .
= 2 A hdh .l LRI 7 -
L, e otpeepeltiut ted ]
i oo Y W T =2 (8)

.»"' ! : o .
@ . f b P # Q+Q (x12)7
= Y n o g U 1
O ,. -
A ALICE Preliminary 4

C’ ALICE ® pp,\s=13TeV
- O pp, \s=7TeV O Pb-Pb,\s,,=5.02TeV 7

QO p-Pb,\s,,,=5.02TeV W Xe-Xe,\s,, =544 TeV
All A l A LA LA l | AL A LA “‘
10 10° 10° 10*

<chh/d ’7>|n|< 0.5
11

QGP-France



LHC Run 1+2: What have we learned?

A (Hyper)nuclei and anti-(hyper)nuclei
Thermal production vs. coalescence jonoLEFRL 2015 N, Y8 5,03 TeV hedsive pertci
@ s §d “‘ﬂ‘§ 4FE ALICE performance
—_ 'c 900 "V & 3 20042018 6
» Sensitive to T, due to large mass 3 ok T "
. I :
> Large PID capabilities from ALICE 5 700F ’
. . D600 10t
» Coalescence works (surprisingly?) well for S soo-
(anti-)nuclei in small systems " 4005 ’
3001 102
. . . 2001 e
CPT violation studies oF ol
» ALICE not build for such measurement e 5 ise
o ..Butstill very good results © z (GeVie)
> Most precise constraint on CPT using heavy  'E s E
nuclei z:;: °\H:- ZH (STAR 2018);*;. o ALICE :g
» A lot of room for improvement % b y (NetwrePhysics 11, 8T1(2019) - 3
> Follow up with heavier nuclei or hypernuclei 3
20F- ' 43 ALICE 3
o o 18— l Nature Ph 11, 811(2015 =
Large stat. Needed in all cases even in PbPb ~ 'F (e TLETEE) - 3
7 J— T '_\(m/?z.?:(/)(?n ,m)' — e
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A Brief summary (l)

At LHC, quantum anomalies such as CME doesn’t seem play a big role
» High transparency on incoming nuclei

» Limit set to 7% max. signal if any

> |s that the case for lower c.m.e. (lower p;)? Does it plays a role in fluid dynamics?
» What about other effects such as vorticity? (https://arxiv.org/abs/1701.06657)

Good understanding of the hydrodynamic behavior of QGP
» Strong constraint on shear viscosity
» Still devil is in the details

— T
CMS Preliminary

o The correct descriptions of IS and fluctuation are not clear yet 003" gzp;y@;azliéﬂev i
o The system size dependence still need to be more precisely N '
investigated Soox W 5 ommnen
o The question about the onset of collectivity still need to be answered i 7 .
What about a precise description of non-linear modes? Ultra %0'01? - -
Central Collision puzzle? 0_00:_0-31;);7391//3777771777”_:
o .. e
» More data with different initial conditions are needed n
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A Brief summary (ll)

Bulk and particle production

» Particle production at LHC globally explained with thermal model
» Extracted temperature compatible with prediction

» Evidence of common flow velocity (radial flow)

Strangeness

» Thermal limit seems to be reach at LHC temperature

» Production does not depends on system size or c.m.e.
o Depends on multiplicity?
o Microscopic mechanisms need more stringent constraint

» Careful comparison spanning the full multiplicity range is needed
o Comparison at high precision with smaller systems is needed

(Hyper)nuclei and anti-(hyper)nuclei
» Details of the production mechanisms still under investigation
» Very good test bench for CPT violation

02/07/18 QGP-France
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E A What are the Run3+4 prospectives?

Precision measurements
» True and worth it in all areas for soft probes with large sample

» Important to get a more precise knowledge of the soft sector quickly as it is the
underlying events (background) for most of the hard probes

Major upgrade on all front at Run3+4
» ALICE tracker upgrade

o Improved acceptance and tracking precision
o 50kHz “triggerless” data taking

» CMS/ATLAS tracker upgrade

o Tracker acceptance extended to 8 unitsin n

» PID capabilities in CMS
o PID using the Mip Timing Detector (MTD) down to low p; (0.7 GeV/c)

o Performance comparable to the current ALICE TOF

» LHCb upgrade

o Better granularity of the tracker and the vertex locator: Going to more central events

02/07/18 QGP-France
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A Why these upgrade matters?

Larger acceptance of tracking systems increase the precision of all
spectra/correlation measurements

» Better understanding of the dynamics in the soft sector

Precise description of the soft sector is needed to study hard probes
» Jet underlying events

» Soft-hard correlations
> ..

More complete PID capabilities:
» ALICE PID capabilities preserved

» Forward pseudo-rapidity region not well known at LHC: LHCb upgrade + its PID
capabilities will open up new opportunities

» CMS new PID capabilities will help to measure Soft-hard correlations, ...

02/07/18 QGP-France
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Some idea of possible measurements for
Run3+4

. cMs 26 b (PbPb 5.02 TeV)
Flow/correlations Sanans Attt e
ml < 1.0
» Characterize the initial state spatial 1 1, _
. . Z ] 4p05")
anisotropy and hydro. evolution ™10 O AL A Y
. . . . _2 q}, | —Elliptic power : B 1
o E-by-E v, distribution with large tracker 10 L% aoeaw %% dssemw R
0 0.1 0.2 030 0.1 0.2 030 0.1 0.2 0.3
acceptance v, v, v,
o Differential measurement of higher order oy () = D 0et)) 5 [amias  PospbsozTev, szpe"] [ATias Phepb 502 Tev, 22"
cumulant with background free methods w0 (7)) ‘! """"""" L 1
] . . . ? .
o Differential (p;, n) Principal Component Analysis, : e
. 0.95F  20.30% 1 30-40%
study of non linear modes - dach 9 i<k lct9
== 4.0< | <4.4 == 4.0<In_| <4.4
o Longitudinal dynamics il apasckae | parc o
- 4.0< | <4.9 - 4.0<n_| <4.9
» CME search with charge dependent v, W P W g M U g
< i R i k. MR - 40,'1'0'_3|"'|"'|"'|"'|"'|"'|"'
» Vorticity and fluid dynamics I (v e L T i €
i ® A Naure 548 (2017) 62 1< F 3050% Pb-Pb, |5, = 5.02 TeV, 10 nb” ]
o Precise measurement of A transverse and 6 O Avrore zoon st g i A 4 BF o v E
longitudinal polarization A e i |
= LHC projection [Voloshin, ICPPA-2016] | OF ]
> Fixed target LHCb program can be 2#%@ % mese |
. . I :# 1 -20f E
interesting here | s e ﬁr ------------------- i [ o cn 3
Fo o T g B0 K= (30:£0.1 (stat) £ 0.2 (syst) x 107
10 10 10° 10 —4gEorlonlin bttt
m(GeV) -0.8-06-04-02 0 02 04 0. (,)7.8
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Some idea of possible measurements for
A Run3+4

Bulk and particle production

» p, K, mcorrelation with jets
o Low p;-track excess at large angle in PbPb compared to pp

o What is the origin of this excess?

» Strange particle measurement will also be possible in CMS through the @ to KK
channel

pp reference CMS Radial momentum distribution
B4 0.7 <pl*< 300 Gev pp 27.4 pb™' (5.02 TeV) PbPb 404 ub™' (5.02 TeV)

—~10? anti-k; R=0.4 jets, p > 120 GeV, In_[<1.6

4

-4

[ 07 <pi*< 1 Gev B 5 << 4 Gev I 12 << 16 Gev
[ J1<p*<2cev Bl «<o<8Gev B s << 20 Gev
[ 2<p*<30ev B 5 << 12Gev I 20 < o< 300 Gev

Lonm., [ hE, W ey What is the exact mechanism?
S * Bulk effect
) , ; * Related to jet fragmentation?

1 L 1 1 1 1 1 1 Il 1 Il 1 L 1 1 1
00 02 04 06 08 0O 02 04 06 08 (Q 02 04 06 08 (O 02 04 06 08 1
Ar Ar Ar Ar

02/07/18 QGP-France 18



Some idea of possible measurements for
Run3+4

i

(Hyper)nuclei

» More precise measurement and to higher masses will help to clarify production

mechanisms T
STAR Preliminary
32 ]
. - 1
“H- H(STAR 2018
LHC * T .7 ALICE

T T TTTT T T T T T T 28

+%H - ' (Nature Physics 11, 811(2015))

(GeV/c?)

g ‘:‘K.*ff,,; -o- 3He, 3He : 5 26
10° é—- .‘\‘Ki‘x, 4H9,4|'Té = H 1; E 24
E _ -»,He & 22 '
v 20 : d-d ALICE
18 1~ (Nature Physics 11, 811(2015))

lIlllIlllIlllllllllllIlllIlllllllllllll

IIIIIIIIIIHI]HIIIIIIIIIIHIIIH]IIIII

High precision A

PR S R S S S | U S SR S N SR S
B B 0.000 0.002
A(mAzl)(mAzl)
1g ;

E '
F '
C '
'
'
'

S|
=
3|
|
o
3
o
9|
=

Yield per 10° most central event

ct Statistical Error

| ALICE Upgrade projection
Pb-Pb, {s, = 5.5 TeV (0-10%)

F —SH-oHe+

107 ol vl conll Lo
10 107 1 10
Min. bias integrated luminosity (nb™)

» Huge opportunity to improve the limit on CPT violation
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A Critical phenomena and comparison to {QCD

Susceptibility directly link to EoS
’ 9" (P/T4) : P y y
X, = . - E. By E. fluctuation predicted in
a(‘uB /T) . Grand Canonical Ensemble

Sensitive to critical phenomena

via cumulant

ANy =Ny=Np measurement
Ky = (AN )=VT !
3 = (AN, ~(AN,)) )= VIt = o°
‘22w3 B
K3=<(ANB_<ANB>)3>/U3_ 3 )?3/2 =S
(VI°x3)
_ 4 4 VT3XB _
K4_<(ANB_<ANB>) >/O —3= (VT3X;:)2 =k
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Net baryon fluctuations

11,

cont. est. ]
N‘c=6 1t

8
mg/m=20 (qpen) j
27 (filled)

h A

- HRG ]
— ‘l h;}@@q o = =
L

le
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T [MeV]
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a"(P/T“)é

d(uy IT)

Xn =

KZ(NB—N§)=<(NB—N§)Z>—<NB—N§>2 Net baryon fluctuations

AN, =N,-N,
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A Critical phenomena and comparison to {QCD

Susceptibility directly link to EoS

E. By E. fluctuation predicted in
Grand Canonical Ensemble

Sensitive to critical phenomena

via cumulant
measurement

NOT a direct
comparison due to V
Xy = fluctuation and finite
acceptance
VI
(VT3XZB)3/2 -

QGP-France

1/1,
cont. est.

N=6 va: ]

8
mg/m;=20 (open) -

27 (filled)

HRG
11;}@@ eim = =
i lwm

160 180 200 220 240 260 280

T [MeV]

| ALICE Preliminary, Pb-Pb |5 = 2.76 TeV |
. I 0.6 <p<1.5GeV/c, centrality 0-5% ]

T T T T T T T T T T

—@— ratio, stat. uncert.
[ syst. uncert. -
——— baryon conserv. arXiv:1612.00702 —
=7 syst. uncert. HIUJING, AMPT 9

A.R., QM2017, arXiv:1704.05329
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A Critical phenomena and comparison to {QCD

; e s . AL
4\ - Susceptibility directly link to EoS ' cont. est,
, (PIT): EYE
X, = . E. By E. fluctuation predicted in 2 | mg/m =20 (open) ]
n n - . 27 (filled)
a(‘uB /T) . Grand Canonical Ensemble og HRG
" Sensitive to critical phenomena “o J i I;ﬁé@%—@—m—a—a
: ) , . a4t h A ﬁ ]
. KZ(NB—N§)= (NB—NE) —<NB—N§> Net baryon fluctuations T
via cumulant 2 40 160 180 200 220 240 260 280
1 ANy =N =N measurement —~1.19y S —
- o) © [ ALICE Preliminary, Pb-Pb |5, = 2.76 TeV
. 6_ o) 11:— 0.6 < p < 1.5 GeV/c, centrality 0-5% —:
Kl = <ANB> * V]-'3X1B NOT a d.l reCt ;& é i —@— ratio, stat. uncert. ]
Comparlson due to V MN 1.05 Ezls'yt'ol:mng::s'erv. arXiv:1612.00702 ]
2 . ° o : syst. uncert. HUING, AMPT 1
K, = <(ANB (AN,)) )#VT’x; =0®  fluctuation and finite S
acceptance 1=
3 3 VI’ x5
K3=<(ANB_<ANB>) >/U + s B 7= =S 0.95 -
(VT XZ ) _ A.R., QM2017, arXiv:1704.05329
09'|||
4 VT x? 0.5 1 1.5
- (AN, - (AN > /04 34 ‘ok |
“a <( 5 < B>) (VTSXB)2 Direct comparison to QCD! AN
? Even more relevant at RHIC energies!
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A Fixed target experiment at LHC

From Run 3+4 and beyond

Proposal to use ALICE in a fixed target mode
» Very high luminosity and more precise tracker
» Flexible nuclear target (Pb+A or p+A collisions)

LHCb fixed target program

» Polarized fixed target: Spin physics search
» Could be possibly ready for run 4

Intermediate energy between RHIC and SPS
» Studies at high-p,
» Unique opportunity to study longitudinal expansion of the QGP

o Correlation measurements and particle yields
o Fragmentation region poorly know so far

02/07/18 QGP-France
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A What’s next?

LH c Taken from: https://goo.gl/ydDc2e
> Collider (ALICE/LHCb/CMS/ATLAS) "—"'C— Cg:ﬁg’ per facilly
> Fixed Target (ALICE/LHCb) B sPS
RHIC > 200 QGP wolllflﬁ)
Q - (S1S100)
=
» SPHENIX program ~ T ~155/mm
- (Crossover
o Critical Endpoint
NICA and FAIR = %
. -
» High p, program g 100 Hadron Gas
Q.
Scan through the phase 5 Ny
dia gram ! Nuclear conductor
matter
I 1 T
Other facilities: 0 '
500 1000

> FCC? Baryon chemical potential, ug (MeV)
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A LHC beyond run 5: collider

The LHC is tending to be more and more flexible machine

» Xe-Xein 2017

» Discussion about O-0 this year (not going to happen soon but still...)
» Proposal for Ar-Ar floating around

One important contribution at LHC energy would be to vary initial condition
» Initial condition == ion size

» Spanning a range from small ion radii (Ar, O) to large (Pb) will surely increase the
constraint on:
o Hydrodynamic behavior of QGP + IS description
o Particle production

Onset of QGP production
» Can be done extensively at LHC with various ion species
» Need also for a coherent “small system” program to span the full range in system size

No official plan of upgrade from all the current LHC experiment yet. Need to think about an
ideal detector for soft physics
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A RHIC and sPHENIX

RHIC facility
> Flexible in energy: (T, )
» Flexible on the ion species

RHIC energies favor CME studies

» Non-zero p,

o Incoming ions not fully transparent

o B field lives longer

» Possibility of colliding isobar
o Elliptic flow (v,) main background for CME search
o Vv, depends on system size (number of nucleons)
o Bfield dependsonZ
o Colliding isobar would vary the CME signal while keeping the background unchanged
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A CBM @ FAIR

Large and rich program at very large y; (3-14 AGeV)

Test EOS of nuclear matter
» Strangeness production
o Hypermatter production: Thermal vs. coalescence

» Collective flow of identified particles

o s collective flow sensitive to EOS?

» Low mass dilepton production
o Chiral transition search

02/07/18 QGP-France 25



A FCC or similar projects

The FCC interests for our community are
» Hard probes in Hl collisions
» Small system studies

Regarding Soft physics, there is not much more information at FCC
energy

» Flow/correlation not very sensitive to c.m.e.

» Thermal limit already reach at LHC

Nevertheless, hard probe studies usually need a precise estimation of
the underlying event

» Basic soft probe measurement are needed at least
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Summary

i

Soft probe at LHC are rather well understood
BUT...

» Details of the IS, hydro. evolution and
particle production still need to be
understood

» With Run3+4 we should be able to address

some of the key questions Taken from: https://goo.gl/ydDc2e

. . . . LH ug coverage per facility
» Assuming other species available at LHC in IC_ RHIC
BN sPs
Run 5 and beyond < 200 | I NICA (collider)
o Access to the detail of IS and hydro. evolution § - QGP B FAIR (SIS100)
o Common paradigm across hardonic colliding g TC=155-:C—r035/er
systems < Critical Endpoi/[n
Other opportunity beyond LHC for soft physics ‘E 100 Hadron Gas%%
» Scan of the phase diagram using multiple ‘é’.
facilities running at different energies kS -
. . super-
» Consistent and complete picture of QGP et YA
. 0 \ | . L . |
physics 500 1000
Baryon chemical potential, pug (MeV)
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