Heavy Ion Physics at the LHC with
CMS experiment

Igor Lokhtin

[ > _
H*“""M e

Lomonousov Moscow State University

e CMS detector and heavy 1on data taking
e CMS results on PbPb and pPb collisions
> Charge hadron multiplicity
> Transverse energy density
> Anisotropic flow
> Dihadron angular correlations
> Electroweak probes (Z and W bosons, prompt photons)
> High transverse momentum hadrons
> Jets
> Quarkonia
e Summary
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LHC PbPb and pPb runs (2010-2013)

CMS Integrated Luminosity, pPb, 2013, Vs = 5.02 TeV/nucleon

CMS ION LUMINOSITY 2011 and 2010 Data included from 2013-01-20 14:08 to 2013-02-10 05:05 UTC
180.0 35 . . ‘ ‘ . ‘ 35
= WS = LHC Delivered: 31.69 nb !
160.0 + 230/~ ) T CMS Recorded: 31.13 nb ' 130
140.0 )
=
120.0 - g 251 125
£
?n 100.0 g 20l 120
= ==§—DELIVERED
80.0 + ~@—RECORDED -
==ig==DELIVERED 2010 -c - 4
- Q15 15
g
40.0 - S 10} 110
20.0 E
0.0 1 ooro—oupliti— mr(“'«f"“"‘“f““'—'i““ | T 5f 15
5/11 10/11 15/11 20/11 25/11 30/11 5/12 10/12 ‘6
Day/Month in 2010 and 2011 = 0 “' “' (\I “‘ ‘o' ‘o' ‘0‘ 0
q}\o 1&\0 ’1:‘ e 29 W "L?e % ¢ %(,e
Date (UTC)
Pb+Pb (Vs =2.76 TeV) p+Pb (Vs =5.02 TeV)
. -1 . B}
CMS recorded 1n 2010 ~7.3 ub 1 CMS recorded in 2013 ~31 nb"!
CMS recorded in 2011 ~150 pb (first pilot pPb run was in 2012)
CMS also recorded pp data at Vs=2.76 TeV (~5.4 pb™ in 2013 & ~240 nb™in 2011)
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CMS Heavy Ion Public Results

23 published/submitted papers, 15 Physics Analysis Summaries (CMS PAS) |
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN

ﬂ | CMS Experiment at LHC, CERN

i| Data recorded: Mon Nov 8 11:30:53 2010 CEST
Run/Event: 150431 / 630470
| Lumi section: 173
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Heavy 1on event centrality determination

n CMS JHEP 08 (2011) 141 -
PbPb \'s,, = 2.76 TeV

Fraction of events / 0.05 TeV
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Events are classified according to the percentile of the PbPb inelastic cross section
based on total deposited energy in the forward calorimeters
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Elliptic flow v_ 1 PbPb
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e v, slowly decreases from mid-rapidity to forward rapidity
stronger rapidity dependence is for the most peripheral collisions  0.03

e v,(p,) peaks at ~ 3 GeV/c

e CMS (PbPb)
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dN/dp = N{1+ 2 2v cos(ng )}/ 2,
v =<cos(ng )>

Significant v_and striking
2
similarity of v, for pPb and

PbPb systems with
drastically different
collision geometry and its

fluctuations
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Dihadron angular correlations

p+p 7 TeV p+Pb 5.02 TeV Pb+Pb 2.76 A TeV, 0-5%
JHEP 09 (2010) 091 PLB 718 (2013) 795 JHEP 07 (2011) 076
— offline - 1
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”Ridge” (long-range azimuthal correlations) is observed by CMS
in high multiplicity pp and pPb as well as in central PbPb collisions
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Nuclear modifications factors
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* No medium effects for electroweak hard probes (Z°, W*, prompt y)

* Charged particles and jets are suppressed, suppression factors saturate at high transverse momentum
* Observation of b-quark (via secondary J/y's) suppression

* B-jets (extracted using vertex info) seem suppressed on the similar level as inclusive jets
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Ery

A strong increase in the fraction of highly
unbalanced dijets in central PbPb as
compared with pp and peripheral PbPb,
and the dijet embedded MC simulations
4

direct observation of jet quenching

The fraction of the energy that a jet loses
increases monotonically with increasing
collision centrality, and does not
dramatically change with jet p,

J

constant relative energy loss?

Igor Lokhtin, “Heavy ion physics
at the LHC with CMS experiment”

Event Fraction
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Dijets in pPb
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Dimuon mass spectrum in PbPb
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P, W, ¢, JAy, v, Y(1S, 2S, 3S) and Z°peaks are clearly visible

CMS has the best dimuon mass resolution of all LHC experiments in heavy ion collisions
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Quarkonium suppression in PbPb
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Y(ZS+3 S)/Y(1S) suppression in PbPb
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Y (nS) suppression is ordered as Y(3S) > Y(2S) > Y(1S), and increases
with the centrality of the PbPb collision
sequential melting of the excited Y-states in quark-gluon plasma?
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* Moderate Y(nS)/Y(1S) suppression (much lesser than in PbPb) - initial or final state effect?
* Y(nS)/Y(1S) decreases with event multiplicity for all systems. pp, pPb, PbPb
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Summary on CMS Heavy Ion results

PbPb collisions

* Global observables: high multilipcity and energy density, anisotropic flow, ridge
= Strongly interacting matter with hydrodynamical properties
» High transverse momentum hadrons and jets: overall rate suppression, dijet and y-jet energy
asymmetry, modification of jet shapes and fragmentation function
= Jet quenching due to partonic energy loss in hot QCD-matter
* Quarkonia: suppression of prompt and secondary J/y's, sequential suppression of Y(nS)

= Debye screening of color charge in QCD-matter, in-medium b-quark energy loss
e Electroweak probes: first measurements of Z°, W™ bosons and prompt photons in HI

= No medium effects for electroweak bosons, confirmation of NN binary scaling

pPb collisions (first look)

* Global observables: multi-particle correlations and ridge in high multiplicity events
= some collectivity?

e Jets: no dijet asymmetry, dijet n distributions shift with event activity
= no jet quenching? initial state effect (nuclear shadowing)?

* Quarkonia: moderate suppression of Y(2S,3S)/Y(1S) (stronger for higher multiplicities)
= 1nitial or final state effect?

More results are coming...

Igor Lokhtin, “Heavy ion physics International Session of Nuclear Physics Section of the Physical Sciences Division 17
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Deconfinement of nuclear matter and quark-gluon matter (QGM) formation —
the prediction of Lattice Quantum Chromodynamics (QCD) for systems
with high enough temperature and/or baryon density
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QCD phase diagram
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Temperature

Neutron Star

_ ~5-10 nuclear density
Baryon density P
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Study of quark-gluon matter in HI collisions

The formation of super-dense and hot state of QCD-matter in relativistic
heavy 1on collisions is possible on large space-time scales
(quasi-macroscopic as compared with characteristic hadronic scales).

initial state

pre—eqitilibrium
stage

Soft probes (p~Aycp=200 MeV) Hard probes (p,,M>>A,,=200 MeV)

v’ spectra of particles with low v spectra of particles with high transverse

transverse momenta, femtoscopic momenta, their angular correlations;
momentum correlations; v hadronic jets;
b

v : : :
g f}low eflfeclzlts, il _ v quarkonia (dileptons);
thermal photons and dileptons; v heavy quarks (leptons, tagged b-jets).
v’ strange particle yield.
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SPS (CERN) - RHIC (BNL) = LHC (CERN)
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Heavy 1on physics at the LHC

2010, 2011: PbPb (Vs = 2.76 TeV); .
2012/2013: pPb (Vs = 5.02 TeV); >2015: PbPb (Vs = 5.1-5.5 TeV?);...

New regime of heavy 1on physics with the important role of hard
QCD-processes in hot and long-lived quark-gluon medium
complementary measurements from ALICE & CMS/ATLAS

ALICE | ATLAS | CMS |

ALICE (low-p, charged particle CMS/ATLAS (high-p, charged particle tracking,

tracking, hadron ID, central e, : . &
forward u (J/t, Y), y multiplicity,...) central U (J/Y, Y, Z, W), hard Y, calorimetric jets...)
soft probes + selected hard probes hard probes + selected soft probes
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Centrality | b mean (fm) | b RMS (fm) | Nport mean | Npart RMS | Ny mean | Ny RMS
0-10% 34 +0.1 1.2 355+ 3 33 1484 + 120 241
10-20% 6.0 £0.2 0.8 261 +£4 30 927 + 82 183
20-30% 7.8 +0.2 0.6 187 £ 5 23 562 + 53 124
30-50% 9.94+0.3 0.8 108 + 5 27 251 + 28 101

50-100% | 13.6 04 1.6 22+2 19 305 35
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Energy density in PbPb

PRL 109 (2012) 152303
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o dE./dn 1s maximal at n = 0, shape is consistent with a Gaussian with 6, = 3.4 + 0.1 for central

collisions (and wider for peripheral collisions)
central PDPb (0-2.5%): dE /dn (n=0) = 2.1 TeV - by a factor of 3.3 higher than at RHIC;

e (t,=1 fm/c, n=0) ~ dE /dy (y=0) = 14 GeV/fm’ - by a factor of 2.8 larger than at RHIC

- dE /dn /(O.5<Npa >) increases monotonically with centrality, N o

« dE /dn g S\) T1ses faster than dN/dn (power law, logarithmic parameterization breaks down)

more transverse energy per particle than at lower energies
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Proton-lead event centrality determination
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CMS PRELIMINARY CMS PRELIMINARY
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* First results using the CMS CASTOR calorimeter
* At high |n|, the ratio between the energy production in central and peripheral
collisions is closer to 1 than at midrapidity
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Full harmonic spectrum in PbPb

dN/dp = N{1+ 2 2v cos(ng )}/2n, v =<cos(ng )>
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Non-zero high Fourier coefticients (the shapes of p_-dependence are similar to v )

carry information about the details of the medium space-time evolution and initial state fluctuations
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Elliptic flow v_ ot neutral pions in PbPb
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Elliptic flow v_ at high p_ in PbPb

I T T L T
0-10% 10-20%

L CMS L, =150 ub™ I 20-30%
. PbPb ys,, = \Y I i
0.2 Sn 2@ [ PRL 109 (2012) 022301
~ [ M1 o cms2011 %i

0.1 o CMS 2010, n|<0.8 (Y ;
M ] 'H :

Beyond p,~10 GeV/c, the observed v, values show a moderate decrease with p., being

consistent with zero only above p,~40 GeV/c and for mid-central (30-60%) collisions
connection to the initial geometry & constraints on partonic energy loss models
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Elliptic flow v_ at high p_in PbPb
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Dihadron angular correlations in PbPb
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”Ridge” 1s strongest for most central PbPb collisions and disappears in peripheral events
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Charged hadron p_-spectra in PbPband R
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Strong momentum and centrality dependences of suppression factor
also the tendency to saturation at p >50 GeV/c = constraints on partonic energy loss models
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RAA: CMS vs. ALICE, RHIC and models
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e Much higher p_ than at RHIC, up to ~ 100 GeV/c, are available

« CMS and ALICE are in agreement, but CMS reaches higher p.. (due to using the jet trigger)
* R, (p,) — strong constraints on partonic energy loss model (access to medium properties)
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Charged hadron p_-spectra in pPb and RpA

103 TrTTTTT T T T T TTTTg T T T 2_| III\‘ T [ | I IIII‘ I [ ] | IIIII _I
102 selu pPb |s,, = 5.02 TeV B 7
_ 1(1) 5:"4.’;;. CMS preliminary 1.8 — e ppPb I'syn = 5-02 TeV, charged particles
Q. ¢ B _
T 10 - - 7
£ 102 1.6 "1 11 .-
~ -3 — m —
Zz 19, —~ 14F tliplegs -
- T n o2 ® ee7y _
2 1 8'5 - = - —ef—TLoe T
-6 V B — P EaA - l_ll:i_l ]
210 ~ 1.2f Cmrenen TR Call
™~ 107 -1.8<n  <-1.3 (x64) - 0 oo =asE®2 _° -
~— -8 cMm O L — e0s02 " g @ [ _|
= 10 v -1.3<n_ <0.8 (x16) = 1B g B SSS5e e 88 ]
- 10%F | = -08m_ <03 (x4) —_ B TR R [ ]
=107k |—e— <1 o - A Ce T ]
— 10-11 —— pp reference, n_ |<1 (x6.9) o 08 L e, " ]
10712 5 0.3<n_<0.8(4) G:Q- - ﬁ:o:uu -
10713 —— 0.8<n_ <1.3(/16) 0 6 " e®." ]
10714 1.3an_ <1.8 (/64) Rl .
] ] — L S 04— .
< o Pb ] 4 .
& 151 %gp . ~ CMS Preliminary ’
E 10:— — 0 2 - Ncoll=6'9 ]
S 5| . - - _
D L 4 ‘ | | | L1 111 ‘ | | | L1 111 | |

oL . .| 0 10 >

1 10 10
P, [GeV/c] CMS-PAS-HIN-12-017 pT [G eV/ C]

» Modification factor compatible with 1 at p ~2-20 GeV/c = no jet quenching?

« Enhancement at p >20 GeV/c = initial state effect ("antishadowing™)?
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Pion, kaon and proton spectra in pPb
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arXiv 1307. 3442
 Spectra are generally flatter than predicted by models
* Mean transverse momentum rises with multiplicity at low multiplicities (harder single NN
scatterings like pp) & saturates at high multiplicities (multiple NN scatterings like PbPb)
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Jet-track correlation in PbPb
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Relative contribution of low-p_ tracks grows with A & spreads at large distances to the jet axis

lost energy is transferred to soft hadrons scattered far away from the jet axis?
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Jet-track correlation (missing p_) in PbPb
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Dijet momentum balance for PbPb data is covered by out-of-cone low p_ tracks
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Tuned HYDIJET event generator reproduces jet background fluctuations, that
allows us to use it as the reference for jet quenching analysis in PbPb collisions
— Use PYTHIA and N_; scaling for unquenched reference
— Embed in HYDJET (underlying event)
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Angular dijet correlation in PbPb

- CMS

J' Lat = 150 b ; ¢ PbPb Vs, =276 TeV Antl-k; éF;FlzT). R=0.3
- . T %% PYTHIA+HYDJET Py, > 90 Gevic

_ Centrality 0-20% /: : ' "

120 < p_ <150 GeV/c o 150 <p_ <180 GeV/c 180 <p__ <220 GeV/c
jv‘/ .

: 260 < P, < 300 GeVic = 300 < P, < 500 GeVic

B PLB 712 (2012) 176 I

D - IIIIII|

No angular dijet decorrelation observed
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Jet fragmentation in PbPb
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Igor Lokhtin, “Heavy ion physics
at the LHC with CMS experiment”

International Session of Nuclear Physics Section of the Physical Sciences Division

43

of the Russian Academy of Sciences, 5-8 November 2013, IHEP, Protvino, Russia



Jet shapes in PbPb
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The modifications of radial jet profile: excess at large radii but core 1s unchanged
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Suppression of inclusive jet rates in PbPb
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Photontjet correlation in PbPb
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A significant shift of jet—-photon p,-ratio (~15%) and reducing the fraction of isolated

photons with associated partner jet (~20%) in central PbPb collisions as compared with pp
and peripheral PbPb events, and MC simulations = jet quenching in hot QCD-matter
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Dimuon mass spectrum in PbPb
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Jhy, v, Y (18, 28, 3S) and Z°peaks are clearly visible

CMS has the best dimuon mass resolution of all LHC experiments in heavy ion collisions
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J/Y and Y suppression in PbPb
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* Prompt J/y's are suppressed in central (peripheral) PbPb by a factor 5 (1.6) vs. pp
more high-p., suppression at LHC than at RHIC = melting in hotter quark-gluon matter?

* Secondary J/y's are suppressed in central (peripheral) PbPb by a factor of 2.5 (1.6) vs. pp
not available at RHIC = first indication on medium-induced energy loss of b-quarks?
*Y's (1S) are suppressed in central PbPb by a factor 2.2 with respect to pp
suppression is comparable at RHIC and LHC = sequential melting of only the excited states?
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¥(2S) suppression vs. centrality in PbPb
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Elliptic flow of J/y in PbPb
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Significant elliptic flow of J/y
No centrality, transverse momentum and rapidity dependence?
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Electroweak probes (Z°, W=, y) in PbPb
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Charge asymmetry for W production

@LO: ud » Wt &ud » W™

— Less W* and more W~ in PbPb - S« d
than in pp (isospin effect)
e Cancels for W*+ W~

— W boosted towards the valence

quark (higher rapidity) : 3\”

— Spin conservation > p* (1)
boosted back to (away from) I
midrapidity - - -&.- ——————

> A strong acceptance difference v
(not heavy-ion specific)
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W= = u* v in PbPb
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The different charge asymmetry (AN(W™) - AN(W-)) / (AN(W*) + dN(W-)) dependence
with muon pseudorapidity is observed in the PbPb and the pp systems (isospin effect):
R, (W) =~0.82, R, ,(W)=146,R, (W)=1.04+0.07+0.12
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Summary on PbPb results
Global observables

* Charge hadron multiplicity and transverse energy density are much higher than at RHIC
e Strong elliptic flow (momentum dependence is 51mllar to RHIC, integral value is larger)
» Long range dihadron azimuthal correlations (“ridge™)

= Strongly interacting matter with hydrodynamical properties

Jets and high transverse momentum hadrons

e Large suppression of inclusive high transverse momentum hadron and jet yields
e Significant increase in the fraction of highly unbalanced dijet events
* Reducing the fraction of isolated photons with associated partner jet, y-jet energy imbalance
* Observation of jet energy loss at low transverse momenta and large angles
* Modifications of radial and longitudinal jet profile
e Finite elliptic flow of hadrons at very high transverse momenta

= Jet quenching due to partonic energy loss in hot QCD-matter

Quarkonia
e Strong suppression of high momentum prompt and secondary J/y yields
» Sequential suppression of Y (nS) states

= Debye screening of color charge in QCD-matter, in-medium b-quark energy loss

Electroweak probes
* First measurements of Z° and W~ bosons and prompt photons in heavy ion collisions
= No medium effects for electroweak bosons, confirmation of NN binary scaling

Igor Lokhtin, “Heavy ion physics International Session of Nuclear Physics Section of the Physical Sciences Division 55
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Summary on first pPb results

Analysis of proton-lead collisions helps us to clarify the influence of initial state
(“cold nuclear matter’) effects on various PbPb observables

Global observables

* Ridge and multi-particle correlations are observed in high multiplicity events
= some collectivity?

Jets
* No dijet asymmetry observed, but dijet n distributions shift with event activity
= no jet quenching? initial state effect (nuclear shadowing)?

Quarkonia
e Moderate suppression of Y(2S,3S) relatively to Y(1S), stronger for higher multiplicities
= 1initial or final state effect?

More results are coming...
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CMS Heavy Ion Physics: Outlook

Near future
= Continutation of analysis on pPb and PbPb data

= Preparations for future CMS HI physics

Some later future
= Heavy 1on studies with higher energy and luminosity (after LS1, > 2015)

* Jets

Precision measurements: y+tjet, Z+jet, b-jets, multi-jets

Detailed studies of jet fragmentation functions and jet shapes
TeV-scale jet quenching

e Quarkonium spectroscopy

Detailed studies of Y(1S, 28, 3S) and v (1S, 2S), onset-behaviour

+ Exotica, forward physics, ultraperipheral collisions,...
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