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Studying properties of the s&rongci? interacting matter at high
temperature (and’ pressure)

Heavv ton collisions allow us bto create bhis makter it the
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Q=T Heav:j Ion Collisions
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HIC Inikial Condikions
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relativistic hadrown collision
NT700 MeV/c

Xpj™ 2<prre®s/Vs ¥ 1072 = 1076
Collisions of a dense gluon

cloud thteracting with ‘o<l

Dense QCD is a regime of QCD
that can be then studied in
hadronic collisions ak
relativistic energies, CGC is
an effective theory of this
QCD-Regime

saturation
region

In 1/x

Y =
non-perturbative region

Cls~1 as«1



K@.v Questions

- What are the fundamental properties of matter abt high
temperature? What are the properties of the quark gluon
plasma?

- Strongly interacting matter: QCD matter. Matter interactin
with thé only non-abelian interaction in the Standard Model

- Importance of QCD theory, namely Lattice QCD
- Hadronic collision dynamics (in the Bjorken regime)?

- Initial conditions (high gluon c\eusiﬁj weakly «coupted:

CGEC)

- Hydrodynamic models (QG? properties)

- Hadronisation (npQCD).

- Heavy quarks - QGP coupling (LQCD, pQCD, Q&GP Prope_rﬁes)

- QGP- high energy particle interaction (pQCDH, QGP properties)
- To which extent did these properties govern the evolution

of the universe?



Experimental Observables

:r - Crlobal

Soft Probes ol _ | ight hadrons

Hadron gas | ,

Freeze-oulb ! SE?QV\SE k&df‘()hs
Quarkonia

- Open heavy flavours ®
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Cenbre of mass

|
. o enerqgy
Hord Probes ! Jeks th hbgh T ;
Initial State]| hadrons F - Reaction plane
Q&P | - Eleckrowealk prebe_s - Correlations
: - Exotic - Fluctuations
- Swall svsﬁems
Cenbrol Pb-Pb ot § TeV QCD/Models are crucial i the
~2000 particle/unit of rapidity terpretation of the observables.
P [PID hil P*7 Due to complexity, a global and
e ¢ coherent scenario is a must



A Little bik of history

~- $PS (195(5._) sqr(s)"’za Crey My personal very brief review
- Elliptic flow, particle ratios, jpsi suppression => Hint
of a deconfined state of matter
- Bjorken hypothesis not verified since 2R/y ~1/Agcr
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RHIC (Rooo-)

circumference

- Two sepm*o&eci rings
- 120 bunches/ring
- 106 ns bunch crossing
tine
- AA, poA, pp
- Maxinmum Beam
Ehergy :
- 8§00 GeV for prp
- R00A GreV for AurAu
- Lu,mchc:-s;&j
- AutrAu: ¥ 10%7 em™ 571

- Mid-rapidity ok 900 A — o
- Inkeracktion Poink NAH PH “ENIX B-BCs BRAHMS

About 300 veer-re.vuew papers LA exp HIC (2 papers 1000+, 17 5004—3

Upton, Long Island, New York




V2 reaches RHD Fredw&wms
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PHENIX, PRC71, 03490% (2008)

- Central Au-Au 200 GeV, g; “§-10 GeV/fm?
- Initial Temperature 230 - 300 MeV (following LACD)

- Hudro describes very well the HIC evolution
(‘?T<”2Ge.\//c)

STAR, PRC72(R005)014904
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Strong-QGT concept

y dimension
boundary plate 0

Success of relativistic @0.mog) | veloctiu__

hydrodynamics (RHD) to S
des&ribes Eke HIC fluid X > gradient, 3’\’
Study of QG?P shear o —— Gl
VE»‘SﬁOSEa&v (p/A:n(u/j>>; S Stat:;::/)bro Ex ei.di.a)
and namely 1/s (udits of o ShashslLL

hY
ﬁ!’c}m QH.D Y]QG?/SN 1/4‘75 0.6:

Strong coupled sys&ems o
n/s~ 1/4n (ALS/CFT ool

—{VISHNU STAR v,{2} p

o ® (5-10%)+0.6
v (20-30%)+0.4
& (30-40%)+0.2
< (40-50%)

v
1 <
N

corres pcw\dente) ) .
Policastro et al, PRL %7 ogil&ol (2001) 0-8 —emfs = 0.24 ,g,_(:rg.’-?’-’-*g/f
- i - *ﬂj”g/ e
. ‘ 0.6 _,_-_»r-’?*/ T ) i_tiﬁ 7
QRGP behaves as an ideal <, o7t ] el
. G = cxt T
Laqui‘d 0.2+ 9-"””'/’@& /g‘/*/}_:j*i/:fjf P 1'§—‘(I% ;I,I 14%_5 &--
e $"-/'*/ 7 e -
00{ 77 MCKLN initalization | 3 *YIC-KLN initialization ]
00 02 04 06 08 10 00 02 04 06 08 1.0 12 1.4 16
P- (GeV) P, (Gev)

H Song EPJ A4¥% (2012) 163



Opacity of the sQGP
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Whv HI ot Ehe LHC?

Hiqqs is produced by the qluown fusion
ch%%mei P,) J ] ¥

Higher energy densilty (Yx1§-x30 beam energy
sEep

- Larger/Longer/Hotter QGP

- Increase of hard Probe eross-sections:
- Upsilon (but also Ipsi)
- Open beauty (but also open charm)
- Jet production (until factor 1000)
- Electrowealk boson production
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LHC Heavv Ion Program

ALL LHC experimen&s have

Jow\ed Ehe' LHC HI

program:

- Runl (2010-2013) 'an?b
.76 TeV 0.1 nb1, P...?
TeV

- Run2 (Ro1s-201%) Pb-Pb
s T‘e\i 1 v\b'l, p-tb & Tev,
fixed tarqget

- Run3 2021--2024) Pb-7b

5 Tey lonb-? CE g FE e
- Run4 (2027{20ﬁo> To be L EPTRRTIASL ), - ABSY 40
Lscusse L tons
ixed &QTS’Q&I S ’ ALICE: devoted to HI. low s

PID, o _gen charm, charmonta

Rough estimation: L.MS/A LAS: bottomonia, jets,

0&1300) = j.mm&evi:aét " high pT, EW frobes
siscists 'devoted to the

ﬁlj :Ogram. AT LHCD: pA, Low py, fixed target

MMP\L&:’ 0(&xo0)
C.Lose to 150 peer-review papers in exp HIC (2 papers §00+, 9 R8O+
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QGP ab the LHC Runl I

ALICE, PRL 108, 262301 (2010)

ALICE, PLB 396, 32% (2011)

—~ 400—— ——— -
" @ PbPb(0-5 %) ALICE A pp NSD ALICE "’E L A E895 2.'7, 3.3,3.8,4.3 GeV |
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[ * AuAu(0-5%)PHENIX 9 pj5 NSD UA5 o Spy° C 300L % STAR62.4,200 GeV .
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-V AuAu(0-6%) PHOBOS X pp NSD STAR ' o50L e  ALICE 2760 GeV ]
i 3 s
. o :
i 200 o ]
- 150F E% % % ® ;
i 100} E A ]
N 50F ]
- L N O . . ' | N N N N 1 ' ' ' L | L 1 :
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Hotter & x3 initial enerqgy densif:j 16-30 GreV/fm3
TL ¥ 300 - 400 MeV (30% larger initial temperature)
Llonger & ~ 10 fm/c until freeze-out

Larger & double volume



@;G‘P at the LHC Runl 1I
ﬂ ALICE, PRL 108, 282302 (Ro10)
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QAGP abt the LHC Runl 111

ALICE, PLB 720 (R013) 82
CMS, EPI C 72 (2012) 1945, | !

| creroedparices <o ] ‘SET‘OMS su Fyres ston c:;-{:
I i high p par&ittes
: SSHMHEETE Increase of R, wikh pT

i Jel ‘kasms LA Heavv Lons,
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0\t — a Le. Aijet asym ma&rv
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L = = = elastic (T.R.) large P _
L @ ALICE (0-5%) elastic (T.R.) small PE::c _
e WHDG (W.H.) = limit
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0 10 20 30 40 50
P, (GeVic) ATLAS, PRL 108, 252303 (2010)
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QT otk bEhe LHC Runl IV

CMS, PRL 107 (2011) 082302
CMS, PRL 109 (R012) 222301

pi >4 GeV/c, 'l <2.4
p}f <20 GeV/c
L, = 225 nb™
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* CMS, PbPb,\/s = 2.76 TeV
pi >4 GeV/c, 'l <2.4

p}f <20 GeV/c

L =7.28 ub™

9 10 1 12 13 14
uu invariant mass [GeV/c?]

Y (25) and Y (35) are suppressed.
Y(15) partially suppressed, could be indirectly
caused by the suppression of excited Y states.



QRGP at the LHC Runl

<14r
< [ | Inclusive J/p — u*w, Pb-Pb |s\,=2.76 TeV, Au-Au |s,,=0.2 TeV
1.2 B ALICE, 2.5<y<4, pT<8 GeV/c global syst.= + 15%
' O PHENIX, 1.2<«lyl<2.2, pT>0 GeV/c global syst.= = 9.2%
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ALICE, PRL 109, 072301 (2012)
ALICE, PLB734 (2014) 314

scenario is favoured.

Deconfinement of
charmw quarks in the

Recombinakion
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Collectiveness in pPb Runl VI

ALICE, PLB 719 (2013) 29

Siémigaif to ‘Pb‘i;btt
v2, ridge, particle
raéws, ?ﬂé‘!{?
(also i high
mulkiplicit
collisions)

J PP

umexpe&ed,
ihteresting,

more.
experimenkal

skidies needed,

a theoretical

framework is

needed.
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HI Results from LHC Runl

- Larger initial energy densit E} (x3 for ™18
beam energy step av\d 30% larger initial
Eempero&ure%

- Confirmation/extension of RHIC resulks :
elliptic flow, high pT suppression

- Jek Fhvsms LA he&vtj ton collisions
- Uysi,tc;:-m suppressi;om
- Charm deconfinement

- Colleckiveiness in small svsﬁems

My personal executive summary of HI LHC results Runl(2o10-2013)



Ulkra Relakiviskic Heavv Ion
‘kasws LA Fraince

I I ﬁté&ise&u (i/\sj %
SQCLQ:,
ot
‘ ig;ébr I‘FNO? LaL U0 568
0 ALICE
Nawntes |
, = &N ALICE 0(s%)
HHHHH %5515‘232& O " ?iﬁf/f CMS 0(10)
LPCC Grrenbble L\E/R—Nwl /\ i
LPsSC ~Z A\ T&3 b | ( )
¢ LHCb o(s

i Fixed tarqek
0(4)
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LHCb upgrade for run3d-4

- Higher Luminosity (i %

4-x1032 9 2X1 033 tm"z S“f> LHCb Upgrade Trigger Diagram
30 MHz inelastic event rate

— NQ.M "20 O\T’&ki&@.&&u&ra O\Md (full rate event building)
50‘?&%0\7’@ &T’Eggerihg :Software High Level Trigger

- Higher event multipliciby [mém)
- Larger granularity, namely |

Buffer events to disk, perform online

of the tracking detectors * | “e“"“"‘a“"a"" alignment

é ~N
Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

L
U L L

7




CMS and ATLAS in Run3-4

- Higher significance (10 nb-?, so
Hz PbPb

- Strateqy based own trigqering on
Lm?:erespms evenks

- Ups&toms

- High pT (particles, jebs (b-jets)
quarkonia, heavy guarks)

- New observables: photon-jet, Z-
Jet ebc ... ) A C)




ALICE U grad@. nfcw Run3—4-

Better significance (1onb, 50 khz PbPh) and belter bracking with Si-pixel
and di.i.ep&om, quarkonium, open heavy flavour down ko pr=5, and jet
structure,

S &

- o
o2 £\

Run2

2015

[FMAMJJASONWJFM

2016 2017

A[S|O|N[D[1|F[MA[M]|][I|A]SO|
EYETS

2018 2019 2020

A|S|O[N[D]J|F[M[A]M] 1] [A]S|O|N[D] I |F{M[A[M] 1] [A[S|O|N[D] ] |F|M|

M]3 [FIMIA[M3]3




R¥

Fixed tarqget at the LHC

- CM emergg similar bo RHIC (72 .
QM 1 1 5 Qv "‘M ?b?b AND PA 512:— ;STW%OSNNLO
resperﬁ:&w@.tj

- Accessw\g Packward rap:,dnhe_s
XF,”(O 5 6.9 o

- High integrated Luminosity

- ‘bu?nferev& targets

- Polarisation cwf the tarqget is
ossible

- Two opbions:

- Cras barqet (being tested b
LHCH) 9ek (being J

- Beam exkraction with bent

ers&ais
Z(FT ER

M, (GeVic?)
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Perspectives 2017-2030 1
Exploiting all the possibilities ot the LHC

@Lebai observabi.es..m
Light hadrons...
Strange hadrons......

/Quarw‘amia............‘....,..... \

Open heavy flavours.....

Electromagnetic probes.

Jebk and high pr
hadrowns,
@w&m //
G v

\\_/

ALICE

CMS

Rebter

—

Significance

New

observables —

Full eherqgy
range and -

q—

10 nb-1
High precision
Eracking

=

g—

High precision

tracking

S—

’O»Ehe.r svsﬁems

Fixed tarqget

535Eem

=



‘Persp@.«aﬁves 20172030 11

Other facilities:

- FAIR-CRBM

- NICA

- RHIC

- SPS

- J~PARK (V20

GreV)

-FCC (Y100 TeV)
Nobk addressed i
Ehis kalle

2030 | T T T | T TTTr | T T I III\HIl
I LHC | ]
2025} |
| FAIR
2 JSIS100) 1
8 | NICA I i
> I(Collider)
2020} —
- RHIC
RHic P .
(BES I1) _
| SPS i
2015 | IIIIIIII | IIJHH| | IIHIH| | [ HH|
1 10 102 103 10*

Centre-of-mass energy (GeV)
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Inikial Temyer&%ure
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Hard Frobes T F‘Pb Runl VI

x C 1 L
LOE | 4on —— LHCb, \[s,,=5TeV

Nothing related to collectiveness
is observed in small suskems
exaep& ohe puzzling OBS@J‘V& Lon

Noticeable decrease of the W(25)/
3/p ratic in F»‘Pb collisions

Also observed in the u,[asiiov\
afogmi,i.v

Resonance ratio should onl
depends on the gquarkonia Save-
function ot the origin

It seems ko be correlated with
the charged particle mulkiplicit

Resonance formation ktime 1/AR <
0.3 fm/c
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Nuclear ‘Phjsi;r:s at LHC
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- EM dissociation of the Pb 3
nucleus: GDR excitakion 3
and neukron evapara&ion.

- Limiting factor of the LHC
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Anti-nucleus f&&%ary
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Anti-4-He is the heaviest anki-nucleus ever observed

Precision measurement of the nuclel and anki-nuclei
mass ditference (CPT test)



