Prospects of Heavy Ion Physics at LHC

Prashant Shukla
Nuclear Physics Division
BARC, Mumbai India

CMS Collaboration

What Next at LHC, 6-8 Jan 2014, TIFR Mumbai, India



CMS,/!

Plan of the talk

Introduction

Observables in Heavy Ion collisions

Selected measurements at LHC

How they have improved, extended our understandings from
RHIC

Future directions




CMS

A Note on Heavy Ion Physics ?

‘Compact Muon Solenoid

The aim of colliding two heavy nuclei at high energies is to create
a matter where colour degrees of freedom (quarks, gluons, ..) are

dominant over a finite volume- a state known as Quark Gluon
Plasma (QGP).

The heavy ion collisions basically revolve arround creating and
detecting the signals of QGP. But in general one can call this field

of physics as the study of behaviour of strongly interacting matter
in bulk.

Learning from RHIC
Perfect liquid
sQGP (Strongly interacting)

LHC
Precision machine for QGP studies



_ 4 Early universe phase transitions
Today t, t = 15 billien years
Life on earth T=3K {(1meV)

Solar system

Quasars

Galaxy formation
Epoch of gravitatienal collapse

Reachable Today
RHIC ~ 300-350 MeV
LHC ~ 500-600 MeV

Recombination
Relic radiation decouples [CBR)

Matter domination
nset of gravitational instability

Nucleosynthesis
Light elements created - 0, He, Li

t=1 second
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Quarks, Gluons confined

Quark-hadron transitio
Hadrons form - protons & neutrons

Free quarks and gluons

Electroweak phase transition
Electromagnetic & weak nuclear

forces hecome differenfated:
SUB)aSU{2JxU{1) > SU(BJAU(1)

LHC pp collisions

Massless standard model
searches rare events

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G > H - SU3)«SU[2)xU(1)
Inflation, baryogenesis,
monopoles, cosmic strings, efc.?

The Planck epoch

The quantum gravity barrier

Big Bang
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Quark-hadron phase diagram
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Colliding Heavy Ions in Lab

EBHABHA ATOMIC RESEARCH CENTRE

The heavy ion collision experiments run parallel to usual particle
physics experiments which like to collide electrons or protons.

i

Experiments:

CERN SPS (1986 ...)
pp, Pb+Pb @ Vs, ~ 3 t0 20 GeV

RHIC (2001 to present):
pp, dAu and Au+Au @ Vs, ~ 7.7 GeV to 200 GeV.

LHC (2010 to present):
Runl PbPb @ Vs, =2.76 TeV

Run2 PbPb and pp @ Vs, = 2.76 TeV 150 pb™!
Run3 pPb @ Vs, =5.02 TeV, pp @ Vs, = 2.76 TeV 6

Future --> 5.5 TeV PbPb



CMS
Observables in Heavy Ion collisions

* Soft probes: Properties derivable from measured particles of
low (<2 GeV) and intermediate p_ (<4-5 GeV)

Total multiplicity, Transverse Energy --> energy density
Interferrometry --> System Size, Life Time

Hadron yields and spectra --> Freezeout conditions, Thermalization
Hydrodynamic flow,v_ -->1/S

E by E Fluctuations --> Sucseptibilities
Electromagnetic probes at low p.. --> Temperature

* Hard probes:
Penetrating probes: Carry system properties.
Produced in short time scale, early in the collisions.
Produced in Hard collisions (high momentum transfer events) and their
production can be treated in perturbative QCD.
--> Colour screening, Plasma opacity



CMS ] Observables: Hard Probes
(Advantage LHC)

1. Quarkonia (ccbar, bbar bound states)
Colour screening properties of QGP hot matter.

2. Open heavy flavours (c and b) measured through D and B mesons
Interact and loose energy in hot matter.

3. High p. hadrons

Interact and loose energy in hot matter.

4. Jets, Dijets
Photon tagged jets or Z tagged jets.

Major advances in these areas have been achieved due to much larger
cross section (compared to RHIC), coupled with excellent capabilities
of LHC detectors.

At 5.5 TeV with increased luminosity it will be possible to carry out a 8
detailed map of the system using these probes.
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Nuclear modification factor of hard probes

» Nuclear modification factor (for hard probes Raa = 1: no modifications)

— compare measurement in heavy ion collision with pp reference
(at the same Vs, needs interpolation between Tevatron and LHC)

Rpa(z) dNga/dz with x being the observable,
(TAA) d[]'pp/dx €.8. cenh‘a]ity, PT, V...

AN 4 /dz

— T4a: nuclear overlap function

(N cull) dN Dp / dx  Neon: number of binary collisions

— compare measurement in central heavy ion collision to peripheral (“pp like”)
collisions

ipheral
B ( ) ( NPerlp era, > d Nji?tral / dr a dvantage: many efficiencies
CP\T) =

coll
and systematics cancel in the

(Neentral) g NREIPREE2L Gy i

C




LHC at CERN
Experiments for Heavy Ions R

‘Compact Muon Solenoid

CMS
Compact Muon Solenoidal Detector for LHC




The CMS Experiment

Total weight 14000t

Overall diameter 15 m ECAL /X E-‘i"""“l”ft“"!iél
B} _ WO, crystals

Overall length 28.7 m

Pixels & Tracker
» Pixels (100x150 um?)

MUON BARREL
250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC)

Large coverage for muons, Caloriemetry:
An excellent detector for Hard probes.

MUON ENDCAPS

ode Strip Chambers
sistive Plate Chambe|

Si Strips ~16 m2
13

~137k ch

Steel + quartz
Fibers 2~k ch

EBHABHA ATOMIC RESEARCH CENTRE
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Cross sectional view of CMS

0Om im Im im 4m 5m am im

Key:

Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
---- Photon

Silicon
Tracker

N Electromagnetic
}ill Calorimeter

Hadran Superconducting
Calorimeter Solenoid

Muons : silicon tracker + muon stations.

Good track momentum resolution and muon ID lead to excellent
resolution of quarkonium states.

Displaced vertex for heavy-flavour decay measurements .

12
Full jet reconstruction upto p_. ~ 2 TeV using EMCal and HCAL



The pPb and Pbp runs

An= 0.47
(LAB) CM

ame

frame

| sl |158Tev
—

Integrated Luminosity Pb+p 18.4 nb, p+Pb 12 nb!

* Rapidity shift 0.47

* Energy of p =4 TeV, Energy of Pb =4%82/208 = 1.58 ATeV.
* Vs =V(4*E, *E,) =5.02 TeV/ nucleon.

13
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ALICE at LHC

HMPID
PID (RICH) @ high p,

) =
MUON
[-pairs

ITS N

Low p, tracking

Vertexing

Excellent for soft probes, PID spectra. 14
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Fraction of minimum bias events

—
<

—
<

Centrality and how it is determined (in CMS)

(a) CMS PbPb \'s,=2.76 TeV

——— Jet Trigger

M

10% - 20%

0% -

50% - 100%
30% -

20% - 30%

b | 'I Y | |
L1 DE Je 6 g o] o] ¢ Dy Bt 4 o) A A A A

—— Minimum Bias Trigger

0 20 40 60 80 100 120
Sum HF Energy (TeV)

L © O

| | | | |
140 160

* Collision centrality is
determined by energy
deposit in Hadron
Forward calroriemeter.

* The centrality in % is
mappedtoN___ and N

part coll

by Glauber model.
Or one can study signals

as function of Ntraks or
Calo Energy in an event.

15



A typical PbPb central event

SITHT GRATOL HegH et ¥

EBHABHA ATOMIC RESEARCH CENTRE

File Edit Yiew Window Help
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MET
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Global and collective features

17



co Charged particle multiplicity at

LHC

‘Compact Muon Solenoid

Multiplicity per participant grows logarithmicly with collision energy
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Multiplicity: > 2 x RHIC

1
CMS, JHEP 08, 141 (2011) Energy Density: 3 x RHIC 8
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LHC hotter than RHIC
:f:a 103% | | I I | | | I I | l | I | | | | | | | | | | | | | I
o 10 0-40% Pb-Pb, \'s,, = 2.76 TeV
9} o h ALICE 0-40 % PbPb
o VE .
FE PRELIMINARY <Z.
%%F 13 S Direct chofone eLIM Exp fit for p. < 2.2 GeV/c
% F — Direct photon NLO for 1 = 0.5,1.0.2.0 p, (scaled pp) Inverse slope
v-g 10 §_ p = Exponential fit: A x exp(-p,/T), T = 304+ 51 MeV T =304 + 51 MeV
102k te
= U
109E- PHENIX 0-20 % AuAu
» ] T =221%19 19 MeV
10‘5; o e.e .
= The initial temperature is
10 50 % higher than these
10'70l—r| [ 2| L1 Jl‘ [ E[; L1 1 é [ 11 1|0 [ 1|2 L1 1 14 Values.
P, (GeVlc)
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CMS /| Hadron yield ratios
Statistical model

| | | | ' o m
= ALICE preliminar -
1 e ® pp As =900 GeV) @ - § P y -
7 . T
£ O pplNs=7TeV) . D10 A -
A e Thermus fit for 0.9 TeV data i O A E
T - L -
B imi - © -
] Preliminary ) a0 1
@ 10° =
o) 0 3
®10'E * & 3 —— -
: o i 10° - _ ——
m  Pb-Pb ys,,=2.76 TeV, 0-20% centrality 3
] i s pp ls=7TeV PO
102 ] — Thermal Model T=164 MeV,u =1 MeV,y =1 1
| ] 10—4 b S
| | | | | |
pp P Kint At zx YE K'm* K pin* Bl Tt T Qi T

Statistical model does not describe p/n ratio:
Possible explainations
Sequential freezeout

Dominance of hard processes at LHC energies 20
ALICE Arxiv:1303.0737
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The anisotropic flow

Anisotropic Flow

dN/dp =1+ 2 vl cos(@) + 2 v2 cos(2@) + 2 v3 cos(3Q) +...

¢ = atan (py/px)

v, gives pressure transfer from y to x direction

21
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The anisotropoc flow v2
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n/s at LHC

Measurements of higher harmonic flows at _N2mKT
LHC + Better Hydro codes =

-> Improved precision of n/S

RHIC LHC
41N IS < 3-6 41m/S < 2-3

i

) (INEIENINNIENIENEN NN ENENENENINNIENEENNENINENEE
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Quarkonia and colour screening

24



CMS

Muon Solenoid

Quarkonia as probes of QGP

Particles with hidden Charm and beauty produced in

initial collisions:
1. J/¥ (~3.1 GeV) - bound state of (c cbar)
2.Y - Upsilon (~9.5 GeV) - bound state of (b bbar)

Quarkonia as probes of strongly interacting matter

Debye screening in QGP leads to sequential melting
as per the binding energy of quarkonia states.

Nuclear & Comover suppression
Shadowing

Regeneration

ColorScreening

25
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= - dMS Slmulatlon - - )
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: 0.1
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y y

« Single muons: p,.,~ 3-5 GeVl/c for muon stations

— JP: p;..n~ 3 GeVic for |y| > 1.6
- Y Prin= 0 GeVic for |y| < 2.4
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Dimuons with 2011 Pb+Pb data at LHC

STHT TRATOY HeTH e Fx
BHABHA ATOMIC RESEARCH CENTRE

CMS Preliminary

Q‘ [ _]
> | pp & PbPb |5, =2.76 TeV -
o NN
e 10'e ¥(1,2,39) L (PbPb) = 150 ub’ =
£ S Y L. (pp) = 231 nb’ 1 In 2013 we had
O Ay
o 100 =

= ) pPb@ Vs,

> 1 =5.02TeV,

2%& 4 317/nb
\‘“ N ‘J/\ mi@\/sNN
Ny Eﬂﬁv
SR S i ol T

m,, (GeVic?) 7

—
o

—
D
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Bottomonia measurements

28
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PP

— 5{] LI LI L I UL I LI I LI L I UL I LI
“5}";’ I CMSpp (5=276TeV 1
rﬁ B lyl <2.4 ]
= 40 k> 4 GeVic o
(=] L o i
E - L, = 230 nb™ :
E - —
30 -
L% B . = data ]
a total fit ]
ool ThL background 7
10 |
1 * L1 1 * 11 11 I L1 | * ]

1 L1 1 1 11 11 I L1 1 1
DT 8 9 10 11 12 13 14
m,., (GeV/c?)

Nreas)/Nr(1s)lpp = 0.56 £ 0.13 =+ 0.02
Ny as)/Ny(is)lpp = 0.41 £ 0.11 4 0.04

Phys. Rev. Lett. 109, 222301 (2012)
CMS HIN-11-011,

Y states and their ratios

— B00F TT T[T T T T [TT T T [TTT T[T T T T[T TT[TTTF]
* data ﬁ CMS PbPb |5y = 2.76 TeV
700 popofit f| Cent 0-100%, Iyl <2.4

----- pp shape || L, =150ub™
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n
=
=

IIIIIIIIIIIII|IIII|IIII|IIII|IIII_l

2

Events / ( 0.1 GeV/c®
[%7]
=

400
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10 11 i2 13
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=
o —
w

I

f"»'r’_r"[gs}/f"»'rjﬂ{lsj |1:rhph = (0.12 £ 0.03 £ 0.02
Ny (as)/Nrsylpupn < 0.07
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Centrality dependence of suppression of Y states

pact

Clear suppression of Y(2S)

< _I T T | L | T T T | T T T | T T T | TTTT | T TTT | T T I_ .
0:<1.4_— CMS Preliminary, PbPby\/s,, = 2.76 TeV - Suppression of Y(15)

- | - (includes feed down from higher states)
1oF ¢ Y(LS) Line = 150 b N

i ° Y(2S) ly| < 2.4 ] .

1# - Centrality integrated:

- 30-40% 1 Raa(T(18)) = 0.56 £ 0.08 (stat.) £ 0.07 (syst.)
PO aosow 20-30% 1 Raa(T(28)) = 0.12 £0.04 (stat.) £ 0.02 (syst.)
N | b o2 1 Raa(Y(38)) < 0.1 (at 95% C.L.)

L 5-10% 0-5%
0.4:— + ¢ #—: : :

- 1 Sequential suppression of the three states
021 ? + + 1 in order of their binding energies

O _I L1 1 | L1l | L1l | L1l | L1l | I+I 1| | 1| + | | (I I_

e 00 150 300 950 300 350 400 1he new pp measurements will allow R,

N of Y(2S) Vs p, and y and will improve

R,, of Y(1S) vs p; andy.

part

Phys. Rev. Lett. 109, 222301 (2012) 30
CMS HIN-11-011,
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Upsilon- R,, : Are Different experiments
Consistent ?

Hﬁ.ﬁ.

1.4

1.2

0.8

0.6

04

0.2

IIIIIIIIIIIIIIIIIIIIIIlIIIIlIIIIlIII
— POPD
- & CMS:Y(1S)
e CMS:Y(25)

VS = 2.76 TEV  AuAu s, =200 GeV
r STAR:Y(15+25+35)
Iyl<20.5 (preliminary) —

lyl<2.4

ot g b Lo sl I+

tdo ‘F

i
III|III|III|I|

E+

12
C Ij\l.um:unmr v CMs:L -‘|5l}ub1 lyl<2.4

06

02

08

0.4

50 ‘10{} 150 200 2513 3{1{} 35{5- 400
M

part

D_IIII

Pb-Pb \S,,, = 276 TeV, inclusive Y(1S), p_>0 GeV/c
A ALICE: L, = 69 ub", 2.5<y<4
ALICE

[ Uncorrelated syst. [ | Correlated syst.

0

50 100 150 200 250 300 350 (‘}\(}]0
pal

STAR (arXiv:1109.3891)
Centrality integrated R, , of Y(1S)

+Y(2S)+Y(3S)
Raa(Y(1S+2S +3S)) = 0.56 £ 0.2175 0%

CMS: Centrality integrated R

Raa(T(15 425 + 39))
1+ 7(2S +38)/7(1S)
1 +7(25+3S)/7(1S)|pp

== RAA(T(lq)) X

1+0.14

— 056 x ~
DT 007

~ (.32

ALICE and CMS consistent
More suppression at LHC

as compared to RHIC 31
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Y suppression: QGP models

< [T T T T T T
14~ CMSPbPb |5,,=276TeV -  « Starts with lattice-based potentials
1.2:_ +Y(1S) L, = 150 ub” B * Calculates thermal widths of
- * Y (29) Iyl < 2.4 5 quarkonia as a function of temp.
14 ] * Dynamical expansion with
:‘ Mﬁr{gﬁ%?d _3 - initial conditions (for fixed dNch/dy)
08F |\ % TSy im.ﬁ 2 4 552MeV< T0 <580 MeV
0_6:_ + : + _ ﬁ% EﬂE ;? B 1 <4pin/S<3
-\ e S i * Includes feed down corrections
04 |\~ N e & 1 Tau0 = 0.3 fm/c
I S N o e T
0.2~ Requires different n)/S values for
- explaining Y(2S) and Y(3S)

111 1 | L 111 | L1 11 | L1 11 | | | 111 L1 11
%50 100 150 200 250 300 350 400 suppressions. Also the shape of p_
N

part distribution of Y(1S) not reproduced

M. Strickland and D. Bazow, NPA 879, 25 (2012)

M. Strickland, PRL 107, 132301 (2011) 32



CMS

‘Compact Muon Solenoid

Y suppression: Colour screening

FbPb CMS: (Min.Bias) T(13) m PbPb CMS:T{15) —]
¥ PbPb CMS: (Min.Bias) T(25) e PbPb CMS:-T(23) -
Present Model: T(15) —

- --- Present Model: T(25)
_______ Present Model: T(3S5)

IIIIIIIIIIIIIIIIIIIIIIIII
OO 50 100 150 200 250 300 350 400

1.4
> The bottomonia properties: ; 2:_
formation time and dissociation -
temperature are obtained using 1j
potential models. <08
o [
0.6
> Feed down corrections are -
accounted i N
02 o
E i
Bottoninm properties ‘T{ISJ ‘ vol1P) ‘T[‘E-S‘} ‘T[ESJ ve(2P)
Tp ILGEV upper limit 1&; 2T | 13T 12T 1 T
PRL 99, 211602 (2007).
Tp [GeV] used in the present work|1.8 T |1.15 Te|1.1 T |0.9 Ti

Npart

A. Abdulsalam and P Shukla
IJMPA28, 1350105 (2013)
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| Y Suppression in pPb at LHC @

0.5 — }

:%1 ,[_CMS Preliminary  pPb 5. = 5.02 TeV 4 @ | CMSPreliminary PP Y5y =276 TeV
D pt >4 Gevic [ e, | < 1.93 1 OEly,, <193 o L,=54pb"
- ] - F -

< 12 PbPbys, =276Tev | €04 PPbys, =502 TeV -
2 - e, | < 2.4, PRL 109 (2012) ] = [ RO
= B _— o, imi — 0.35 - g int n —
.::. ’ 95% upper limit - =
~s i 0.3F PbPb ys,, = 2.76 Te:‘u’ 3
£ ] C dh L, =150 ub ]
= 0.8~ i = 0.25F ] Woul <24 3
?_, B + ] ’ = -] —— 95% upper limit 7
Z 06 ~ 0.2 =
2 B ] - -
£ L ] 0.15F -
. 0.4 — - .
B i 0.1 c[‘lp L -

- % . - . 8 =

0.2~ —[ ] 0.05F T =

ok | 0~ -

Y (28)Y(18) T(3S)Y(18) T{2Syr(13) T(3SHT(18)

» In Double Ratio (DR) initial state effects cancel to first approximation.
> DR suggest presence of effects in pPb collisions compared to pp collisions.
> Affect ground state and excited states differently.

arXiv:1312.6300 [nucl-ex] 34



Y ratios in different systems
HO.S_ T |||||| T T T |||||| T T T |||||| ] 60-5_ |||| T T |||| T T T |||||| T |
D oMs Prelimin ary  Y@SY(S)  Y(S)(1S) ] = F CMS Preliminary ~ YGSYX(1S)  Y(28)Y(1S) ]
;’0.45:— ly_|<1.03 0 pp276TeV O pp276TeV ;_."0-45:_ . |<1.93 0 pp2.76TeV | © pp2.76 TeV 3
= p o & pPb5.02 Tev @1 PPb 5.02 TeV 3 A ® pPb5.02 Tev @1 pPb5.02TeV 3
2 0.4F 3% PbPb 2.76 TeV £ 04 57 PbPb 2.76 TeV
Pl 2.4 ] — [ ly_[|<2.4 .
%"035:_ |Y_SM|< _: 0.35C M =

0_3:_ = 0.33— % + _f

0.25 % % H, E 0.255 % + + 3

0.2F ' ¢ = 0.21- %; ¢ E

= ¥ ] 0.15F + i .
0.15F = F + -
S - 0.1 Ty =
0-1:_ EH + = » # " ]
: ] 0.05— L —
0.05— . ] - -
C ] 0_|||| Lol Lol ] L1
0_ | | |||||| | | |||||| | | | |||||| 1 10 102 103
1 10 10? 10° N
>4 tracks
Er

 Single Ratios are compared for all three collision systems.
 All pp and pPb ratios are far above the PbPb activity-integrated ratios.

[ Ratio seems to be constantly decreasing with increasing mid rapidity multiplicity.
> More PbPb data are needed to investigate the dependence in three systems and
their possible relation.

arXiv:1312.6300 [nucl-ex]
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Charmonia measurements
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R,, prompt J/¥
140 CMSPreliminary G ,I?1_4i"'(';'M'S"'Flr"ii',}{i'n'gb,'”'""""""""'"L 2140 CMSPreliminary’
- PbPb\/sy = 2.76 TeV ] " PbPb\s,, = 2.76 TeV ] © PbPb\[Sy = 2.76 TeV ]
12F 4 12F =4 12F 3}
g e T :
0'8; ; Prompt J/y _; 0'8;_ Prompt J/y _; 0'8;_ Prompt JAp _;
0.6 ; 4 osl- - o6k -
B " i B i I i
- * - - - — -
0.4~ " - 04 . - 04 7
- ol . ] - o —E ] - e ]
0.2 Iyl <2.4 . "4 0.2 Cent 0-100% 4 o2 Cent. 0-100%
C 6.5<pT<30 GeV/c ] - 6.5<p_<30GeVlc ] C lyl<2.4 ]
%5000 150 200 250 300 350 4o 002040608 1T 12141616 22224 %5 H 5 a0 s 30
' 0 J/ 2.4 J/ Ve,
#&) N, ly="¥] Pr™¥ [Gevic]
par
60-100% 0-5%
Centrality, p, and rapidity:
* 0-5% (most central) factor ~5 suppression
* 60-100% (most peripheral) factor ~1.4 suppression
* Weak p, dependence (High p,) CMS-PAS-12-014
* Weak rapidity dependence 37

* With the new pp run expect finer binnings of p, and y
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J/W: RHIC vs LHC

Noar

_I | | LN L | LI | UL | UL | LI | UL | | I_
|:|:i 1.4 CMS Prellminary —
C PbPb ‘I.|I'ENN =2.76 TeV i
12— —
B m Prompt Jiyp i
1: . | :
-k + AUAU \[Sg, = 200 GeV .
0.8 vr STAR preliminary —
B P, =5 GeVvic, lyl<1.0 i
ool T TL :
0.2 00<lyl<24 o R
- 6.5<p_ <300 GeV/ic -
_I L1 1 | L1 1 1 | | | | L1 11 | L1 1 1 | | | | L1 11 I L1 1 I_

20 100 130 200 2530 300 350 400

3
o

ar ALICE Preliminary, Pb-Pbys,, = 2.76 TeV, L = 70 ub"
- % B Inclusive Jiy, 2.5<y<4, 0<p,<8 GeVic global sys.=+ 14%
192 i PHENIX (PRG 84 (2011) 054912), Au-Au|'s, = 0.2 TeV
““Hi ALICE O Inclusive Jiy, 1.2<y<2.2, p>0 GeVic  global sys.=+9.2%
PRELIMINARY
1 HE -
s
0.8 Hllm
0.6 % _
5 n _
: @ "
0.2 @ @ g ) &
U-I'I'Illlllllll'l!|1ll'|llIllllFrIlII|I|IIrI
50 100 150 200 250 300 350 400
163 Npart

At high-p.: J/{ more suppressed at LHC — More screening

But at low-p.: J/Y less suppressed at LHC — Regeneration
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JAY R, ,: ALICE vs CMS

< 147
< | Pb-Pb {5, =276 TeV
x |
1 2 __ B ALICE Jiy — u'y’, 2.5<y<4, centrality 0%—90% global syst. =+ B%
| @ CMS Jiy — p'w, 1.6<ly|<2.4, centrality 0%—100%  global syst. = + 8.3% ° At hlgh pT ALICE and
1 ; CMS are consistent.
0.8 H
: H *  Regeneration may
0.6 - E causes the low p_ bump
02F
O_Illllllll|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

o 1 2 3 4 5 6 7 8 9 10
pT(GeWc)

ALICE: arxiv 1311.0214
CMS:JHEP 1205 (2012) 063 39
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CMS 71 Quarkonia: p+PDb collisions at LHC: Rapidity Dependence (Rec)
0.2 N # N, . g :l T | T T T | T T T | T T T | T T T | T ]
o 4T A P-Pb sy = 5.02 TeV % o 140 LHCb —¢— LHCDb, Prompt J/y ]
I, ALIGE (- - pPb s, =5TeV ]
1.2 ..__,_-,-_’_ PRELIMINARY L ‘,‘ pT <14 GeV/c -
:‘?2% é;./.i/ 1.2 w\ | —
1|7+ 74 S BNS & 7277777 T ——— &l -
C : : o%tes SoTates N\ 1
- 1 R
0.8— l N 3 * |
: B A LH\H\‘“‘-«-___ﬁ__‘__' :
0-6:_ o Inclusive Jiy—pw, p >0 0.8 e “H“‘-\M\ [
- I o e 3 i
04l @ Inclusive Y(1S)-u'w, p>0 - EPS09 LO ™wigiiissamiimns ot 38 .
i EPS09 at NLO (Vogt, arXiv:1301.3395 and pri ) b = e e o
— al ogt, arAiv: . ana priv.comm. B A N
02— EZZZZA x(1S) - Soati Pie X ]
F SO sy gal. = e e X
- i E. loss + EPS09 NLO !
O L1 1 | I - | L 111 | L1011 | L1011 I | | | L1 11 | 111 | L1 11 | 111 L | L 1 1 1 1 1 L 1 1 1 1 I 1 1 1 I 1 )
4 3 2 -1 0 1 2 3 ) P 0 2 1
ycms y
ALICE Collaboration hep-ex:1308.6726 LHCb Collaboration hep-ex:1308.6729

» ALICE measured inclusive J/iy and Y in forward and backward rapidity regions.

» LHCDb measure prompt J/.

» J/p production decreases with respect to pp collisions from backward to forward
rapidity.

» Only shadowing is not sufficient to reproduce data.
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- CMS Preliminary
N, 741+ 36

: pp Vs =2.76 TeV R ..:0.049 + 0.010

W(28)
L, =231 nb’ o= (32 = 1) MeV/c? 3

e data

% total fit
==+ background

. 0-20%
-+ With R o (PbPD)

-
o
™

\\\\\\\\\\\\\“

-

o
o
|

Events / ( 0.04 GeV/c?)
)

lyl < 1.6
6.5<p, <30GeVic

5
10k 4 W%, —
N /? { ’%_ :

—

i

28 3 32 34 36 38 4 42
m,, (GeV/c?)

2

Hight p, Ratio (W(2S) / J/W) in PbPb is
~2 times smaller than that in pp.

CMS-PAS HIN-12-007

Ratio of W(2S) and J/¥W

== background

. 0-20%.
-=== With RWS)(Pbe)

16<lyl<24
3<p, <30 GeVic

—
o
N

T T TTTTTT N —e IIIIIIII

5\104 __l LI | [ | LI | LI | [ | LI | [ | LI |__
S | CMS Preliminary .
o [ N,,: 104634 ]
(3 | pp Vs =276 TeV R, psy: 0.020 = 0.007 -
S 0% kL =231 nb™ o =(51= 1) MeV/c? _
3 - e data 3
I f . i
P C s total fit ]
C B _
[<b)
>
L

10T

—

26 28 3 32 34 36 38 4 42
m,, (GeV/c?)

Low p, Ratio (W(2S) / J/W¥) in PbPb is
~5 times larger than that in pp.
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Ratio of W(2S) and J/¥

C}.‘IO LI TrTTTd TTTT TTTTIT TrTTITd TTTIT TTTi1d TTT I_ 14 TTTT TTTITd TTTT TrTTT TTTrITd TTTIT TrTTTd TTTT
= - | | | | [ | | - B | | [ | | | [ ]
= 9:_ PbPb ys,, = 2.76 TeV E L PbPb s, =276 TeV -
; F e 3<p <30GeVic, 16<]y <24 - 1o & 65<p <30GeVic |yl <16 N
m o] == |:| pp uncertainty (global) —] : |:| pp uncertainty (global) :
= F : i g
~_ = pn -

£ F . i -

= F ] ]
> °F E 8 .
/) [~ . — 1
>~ 5F - - .
m - - - -
N - ] 0.6 —
= g= - ]
2F = C ’
S ; 0.2~ .
1E - = N — ]
- CMS Preliminary 1 B CMS Preliminary ]
_I L1 1 I L1 1 1 I 111 I L1 1 1 I L1 1 1 I L1 11 I 11 1 I 11 1 I_ L1 1 1 I 11 1 I L1 1 | I | -] I 111 1 I L1 11 I L1 11 I 11 1 1
0 0
0] 50 100 150 200 250 300 350 400 0] 50 100 150 200 250 300 350 400
Npart Npart

®p >3 GeV/cand 1.6 <|y| < 2.4: Indication that W(2S) less suppressed than J/¥

with large pp uncertainties preventing to draw a strong conclusion.

®p_ > 6.5 GeV/c and |y| < 1.6: W (2S) are more suppressed than J/¥ at mid-
rapidity and high p_

® The low p, results will be improved by new pp measurements 42
CMS-PAS HIN-12-007



CMS,/! .
Quarkonia Summary

* The suppression of different quarkonia states consistent
with their binding energy > CMS Quarkonia thermometer

g V4 e T/T’qu/(r-)[fm-l]
o - CMS Preliminary 0-100% _ -
12 PbPb\/s, = 2.76 TeV . 2 [YAS)
1k i ~ | %(1P)
C . Inclusive y(2S) (6.5 < p_< 30 GeV/c, |y| < 1.8} ] -
08l " T(3S) (ly| < 2.4), 95% upper limit - 12 J/(1S) Y'(25)
L4 T(28)(ly] <24) -
. m prompt J/y (6.5 < p, <30 GeVic, y| <24) i
08"« Y(15)(ly| < 2.4) 7
04l Y(1S) T
- ™ Jv ]
0.2y (2S) Y (28) -
_ Y(3S ]
U_¢ 'Yl' (55) | . | | | i PRL 109, 222301 (2012)
0 0.2 0.4 0.6 0.8 1 1.2 CMS-PAS HIN-12-007

Binding energy [GeV] CMS-PAS HIN-12-014 43
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Non prompt J/¥ or
B--> ]/ measurements
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Non prompt J/¥ reconstruction

ST URATOL HeTH U g

+

° o o IJ e mj/'¢
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o L P . S i . ]
< [ CMS Preliminary | £ [ CMS Preliminary !
> i B N, 8525177 - o 10°E =
® 2500-PbPb \/s,,=2.76 TeV “sc. 1 mevic? S = PbPb \[s,, = 2.76 TeV 3
(@\] - _ . - A ]
< Ly = 150 po™ ° data . S [ Liy =150 pb'g lyl < 2.4 ’
S Looobyl < 2.4 %% toual fit B | 65<p, <30Gevic |
—~ " 6.5<p. <30 GeVic 75 bkgd + non-prompt £ 10°F Cent. 0-100% E
" L T = background 7 ) C ® dat .
= - Cent. 0-100% . > N o e ]
S L — L i 445 total fit ]
= 1500 — 544 bkgd + non-prompt
T - i 102 — background —
1000F - i ]
- i 10 E
500 . : g
o . 1= =
9 1 Eo R B R A | I.L =
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CMS, /| /EESSSR
R,,: Non prompt J/{ from B->J/{
::: VT TTCTMTSTTPTreTlTirTrITinTaTrTyT TT 71T TT 71T { TTTT { TT1T TA ::: VTTT‘CTTATA‘STTSIIeiii‘rTT]Ti;‘]‘aT.;’T{TTT‘TTT‘TTT‘TTT‘TTT‘TTTA § 147\ \C\Mé\P\r\el\lr‘T];n\a.\ry\ ‘ T T T ‘ T 17T ‘ T T \7
@ 14— - o 1l4r- — x 14— —
. PbPby/sy, =2.76 TeV ] PbPb\[s, = 2.76 Tev § . PbPb\[sy, = 2.76 TeV ]
1.2)- 4 12b - 121 -
1 S . ! .
0-85+ Non-prompt 3| *°F Non-prompt J/y o Non-prompt J/y-
0.6 ¥ o 4 os- - 0.6 + .
* 1 r 1 i ]
041 * x T 04r + + | + = 04~ | + -
02F |yl < 2.4 - 02} cent 0-100% . 0.2~ Cent. 0-100%
r65< p, < 30 GeVic : r65< p, < 30 GeVic ] B lyl < 2.4 1
TR TR I Y R ST TR TR R TR S TR e R
Npart |y| pT (GeV/C)
« Centrality (p, y integrated): slow decrease of R, ,
* 50-100%: factor ~1.4
* 0-5%: factor ~2.5
* vy (p, centrality integrated): hints of increasing suppression at forward rapidity
* p.(y, centrality integrated): hints of increasing suppression at high-p .
e The new pp measurements will allow finer binings of p..and y dependence 46
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CMS v
R ,: Non prompt J/¥ compared with light hadrons

BHABHA ATOMIC RESEARCH CENTRE

CMS (* preliminary) PbPb\/s,, = 2.76 TeV
| ' | ' | ' | ' | '
1 W *Z (0-100%) p! > 20 GeVic

1.8—J-Ldt=?-150 ub N
—M— W (0-100%) p' > 25 GeVic

1 6— —&— Isolated photon (0-10%)
B L b-quarks (0-100%}

1 4 __ (via secondary J/vy)

1.2

-3 | S B S

o T B
0.8— + |
0.6/~ @ _

i %] & ¢ © S y-

0.2 C;@OO —=— Charged particles (0-5%) |

ol 1.0
0 20 40 60 80 100

p.(m_) (GeV)
« Atlow-p,: Different suppression pattern from light hadrons

« At high-p.: Similar suppression as light hadrons
47



CMS

‘Compact Muon Solenoid

R, .: Non prompt J/J Vs theory
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Vitev: J. Phys.G35 (2008) 104011 + privat  Radiative energy
Horowitz: arXiv:1108.5876 + private loss not enough to
Buzzatti, Gyulassy: arXiv: 1207.6020+ private describe data
He, Fries, Rapp: PRC86(2012)014903+ private 48
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R, ,: Non prompt J/y Vs ALICE D mesons
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Noart

ALICE : arXiv:1203.2160
CMS : CMS-PAS HIN-12-014

 In central collisions, at p,. > 6 GeV, R, , hierarchy

charm bottom
RAA < RAA
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R, .: D mesons Vs light charged hadrons at LHC
< 2:""|""| | LI B R |
T 180 Pb-Pb)sy=276TeV
: PRHLEEER
1 _6_— ELIMI Y
; 4:_ e Average D°,D*,D™*, |y|<0.5, 0-7.5%
ik § o with pp p_-extrapolated reference pT <38 GeV/c:
1 o o Charged hadrons, n|<0.8, 0-10%

hint of less suppression
than for 1t ?
pT > 8 GeVic

same suppression as for
TT...

= Charged pions, n|<0.8, 0-10%
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Jets and high p_ hadrons
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. R, of different particles at RHIC
R (p.) d°N*/dp,dn
p p—
AT L d? o™ dprdn
241 HENIX AusAu, § 8,y = 200 GeV, 0-10% most central
o 2.2 B direct y {arkiv: 12055763} § Jiy 0-20% cent. (PRL9S, 232301)
2?_ B = (PRLIDT, 232301} @ 0-20% cant. (PRCE4, 044802)
L ¥ 1 (PRCA2, 011802} § el (PRCE4, D44005)
1.8 ¥ 0 (PRCE3, 024090) § K (PROB3. 064903) PHENIX - RHIC

§ p (PRCA3, 064003)

1.4 photons not suppressed
12 but

j 11 % | } hadrons suppressed at
gt | high p, .
0.6
0.4- l ¥
0.2 - :

arXiv:1212.6722 [nucl-ex] 52
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More suppression than at RHIC
upto p_ <8 GeV/c.

R, light hadrons: LHC reach

SFS 17.3 GeV (FoPh)
o = WADS [0-7%)
RHIC 200 GeV (Auhu)
O = PHEMIX (-10%)
# I STAR (0-5%)
LHC 2.76 TeV (FoPb)

® K CMS (0-5%)
J # & ALICE (0-5%)

T T 11T T T
GLV: diidy = 400
GLV: dM_idy = 1200
GLV: oML idy = 2000-4000

— YaJEM-D —
—_ elastic, small P__ —
__ elastic, large P__
— YaJEM
— ASW

POM: <& = 30 - B0 Ge\Pfm_

— LHC medium more opaque than RHIC

100 20
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JetR,, at LHC
2.5_ I | T I T | T I | I | I | | | I | I I I I | I I | I I I | I I ]
- S "Z (0-100%) |y| < 2 - ~ CMS *PRELIMINARY PbPb {s_ =276 TeV -
L —m— W (0-100%) p:>25 GeVic, '] < 2.1 i » » _
L % Isolated photon (0-10%) [n| < 1.44 . - ILdt=7'150“b -
2 g Charged particles (0-5%) || <1 ] I ——«—— *Inclusive jet (0-5%) || <2 ]
[ E=E= "B Jiy (0-100%) y| <24 i | —=— “bdet (0-10%) In|<2 i
s 1 L -
<t i i i
m — — — —
e T S I S b
: + i : + ]
0.5— * + . + o T A Apa 4 + +
2 i f ot ' | + 1 be My 4 y :
i i i i}
= LC.. . = _
D_ | | | | | | | | | | | | | | | | | i _I | | | | | | | | | | | | | | | | | | | | | |
0 20 40 60 80 100 100 150 200 250 300
p, (M ) [GeV] p, [GeV]
Jet R, upto p_ of 300 GeV/c.
Jet suppression stays same after p_ 30 GeV.
R, b-jets consistent with inclusive jets, requires more statistics
54

Hard Probes 2013



CMS

‘Compact Muon Solenoid

I:{pr

R ,: light particles in pPb

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

CMS Preliminary
pPb \s,, =5.02 TeV

N..=6.9

coll

Helenius et.al, JHEP 1207 (2012) 073

_ e CMS Charged Particles InCMI<1

EPSO09 fDSS NLO =x° y=0

10 0?
o [GeV/c]

R, , consistent with 1 from 2<p_ <30 GeV/c

Above 30 GeV/c shadowing does not explain the data.

CMS-HIN-12-017

55



Dijet Asymmetry

C CMS Experiment at LHC, CERN

— Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

= Lumi section: 249

Jet 0, pt: 205.1 GeV/

Jet 1, pt: 70.0 GeV
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Dijet Asymmetry: Quantitative

T o« PbPb vs_ =276 TeV
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Jet loosing energy in more central collisions CMS, PLB 712 (2012) 176
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Dijet Asymmetry: Ratios of 2 jets p_

" cMs IILdIt;1I5E;;;b'I1I ]  Antik; (PFlow), R=03 T ]
0.4 N p.., > 30 GeVic En Centrality 0-20%
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Jets loose energy even at Trigger jet p_ ~ 300 GeV/c
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Dijet Asymmetry: Quantitative
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Gamma-jet assymetry in PbPb
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Gamma-jet assymetry in PbPb: Quantitative
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Muon Solenoid

| No di-jet assymetry in pPb
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Z-Jet study

( -|""--"1|‘>/ CMS Experiment at LHC, CERN
. Data recorded: Fri Nov 26 13:45:58 2010 CEST
S\ Run/Event: 152601 / 528278
p_—a, Lumi section: 122

T | Could be realized at F¥s¥ K%

Muon 1, pt: 41.8 GeV

Jet 3, pt: 19.8 GaV

Muon 2, pt: 107.3 GeV
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Summary and future outlook (General)

* There has already been a wealth of wonderful measurements in
PbPb at LHC although limited by ststistics. The future 5.5 TeV run
will improve the precision tremendously.

* PbPb collisions at LHC create a system with higher temperature,
larger size as compared to RHIC

* Better precision of properties of matter at LHC
eta/S is smaller at LHC as compared to RHIC. More perfect
liquid.

* LHC collisions have shown some difference with collisions at
RHIC e.g. as low proton/pion ratios or quark number scaling of v2.
To be understood.

* Last 3 years we witnessed a hard probe revolution at LHC due

to larger cross sections, new generation detectors. 64
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Summary and future outlook (Colour screening)

‘Compact Muon Solenoid

* Colour screening at LHC (Y states)
Sequential suppression first time observed.
More suppression as compared to RHIC.

Final state effects in pPb.
More PbPb data are needed to understand system size dependence.

Colour screening at LHC (J/{ )
High p. J/ more suppressed as compared to RHIC

Low p._ J/{ less suppressed — hints of Regeneration
Charmonia ratios — Hint of regeneration

An overall understanding from RHIC and LHC measurements is
emerging. More statistics at 5.5 TeV, a better p_ and y dependence of

quarkonia will help settle the issues of colour screening and
regeneration.
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Summary and future outlook (Energy loss)

* Energy loss of heavy quarks

Mass hierarchy vissible at p. <8 GeV/c

Above 8 GeV charm and lights are consistent.

Better precision and larger p_ reach required for bottom
measurements.

* Jets quenching more at LHC as compared to RHIC —~ More
interacting medium.

LHC fecilitating quantitative analysis of energy loss transport
coefficient of the medium.
B-jets studies require more statistics.
Newer cleaner probes Z-jet studies at 5.5 TeV.
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Summary and future outlook (pPb)

* pPb results need to be studied in totally:

Hints of collectivity in pPb (Ridge story)
Suppression of higher Y states.
Shadowing calculations not producing R, , J/psi and

R, of charged particles.

Jet R at high p_required to be done to understand high p_

behaviour.
PbPb peripheral to be studied in detail

* PbPb at 5.5 TeV, Better statistics of hard probes

Must settle issue of colour screening, regeneration.
Energy loss of quarks as a function of mass.

* Reference pp runs at 5.5 TeV will also be needed. 67
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Summary and future outlook

* 5.2/5.5 TeV collisions, 10 times more integrated luminosity in next 4
years.

* Upgrades: Tracking, Caloriemetry, Particle ID -
Better precision.

* New signals, Z-jet I mentioned already, More ideas ?

* Surprises !
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Backup

69



CMS

‘Compact Muon Solenoid

Reconstruction of Jets

Jets areaccompaniedbythe large “thermalbackground” or
“underlying event” thatdependsontheoveralleventmultiplicity
e Usebackground subtraction procedures
CMSusesseveraljetfinding algorithms

o |terative Cone

e Anti-k; (M.Cacciari,G.P.Salam,G.Soyez, JHEP 0804:063,2008. )

Jets are found using differentsets ofdetectors
o Calorimetric Jets: use ECAL and HCAL
o Particle Flow Jets: use Tracker and Calorimeters

Jetconesizecanvary
o WeuseR=0.5

CMSHI“workhorse”

e IC5 CaloJets with iterative hackground subtraction
(0 .Kodolova etal,EPJC (2007) )
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Y ratios at 7 TeV
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Higher harmonic flow
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Dijet Asymmetry: Quantitative

P
CMS

08__ + $ | - O 0 O __
B 7O oo - ; a9 ; ]
D.?EDE§D g ooo - o— e i o O - —
~ bRty v Dt o b
o oo, N — - - )
ST ve®_ SR I ]
o 06 B Bete - ’
~ - o PbPb\s =276 Tev,_[Ldt= 150 ub”" L Lo .
0 5:_.::. pp Vs =276 Tev,ILdt=231 nb"’ __ P, > 32HGEWG __ _
L 4 ,ﬁ,qj = 4 |

O
- PYTHIATHYDIET 50-100%1 w3 20-50% 1 0-20% A
_ ] | I T R T ] LT e v by [ RN RATI AR N A N | [ | I T N B N N N |
U - f 3 T T 1 E — f T 3
= S T AN N - S5O
1 0%?&?2 -23 E i % 2T e 8 " " . - + E o~ = = = _ — 3
& it IR ORI
S Fommm o - :
n‘ '0-2_ E | | .

150 200 250 300 350 150 200 250 300 350 150 200 250 300 350

73



CMS

‘Compact Muon Solenoid

Dijet Asymmetry: Quantitative
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Chas, /|

R, , prompt J/P vs theory
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