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Exploring hot QCD w/ heavy ions

= | attice QCD predicts Eary Unierse —The Phases of QCD
a phase transition
near T = 170 MeV

= High T regime
accessible w/ high-
energy HI collisions Crveni Pon

Hadron Gas

Supercoﬁductor

* Replicates conditions /

Matter Neutron Stars
-

of the early universe

Baryon Chemical Potential

source: www.bnl.gov
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Evolution of a HI collision

Energy Stopping Hydrodynamic oL ». o3
Hard Collisions Evolution Hadron Freezeout

Initial state

» Soft/global observables, e.g., multiplicity, particle correlations
» Hard probes, e.q., jets, EW bosons, quarkonia



GDR-QCD: Heavy ions with CMS

The hard probes paradigm

» Hard scattering in vacuum

= Well understood in pQCD
_)%‘— = Measurable in pp collisions
= How does picture change w/ a hot QCD medium?

Jets

Photons, 729, W+

Quarkonia
Hadrons



Proton-lead collisions

* |nvestigate initial state nuclear effects, e.g., nuclear
modification to the PDFs (nPDF)

* Final-state effects in cold nuclear matter (mostly)
expected to be small w.r.t. QGP effects

» |s there evidence for HI-like effects in p-Pb?

CMS



GDR-QCD: Heavy ions with CMS

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m

Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
A/f

— Niobium titanium coil carrying ~18,000A
— /
=

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

’ FORWARD CALORIMETER
‘\ f g / Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels



GDR-QCD: Heavy ions with CMS

Particle ID in CMS

| | | 1 1 | | 1
om m 2m 3m 4m 5m 6m 7m
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
""" Photon

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS

C
D Bamaey, CERN, Febriguy 2004
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CMS Integrated Luminosity, PbPb, 2011, Vs = 2.76 TeV/nucleon

Data included from 2011-11-12 05:40 to 2011-12-07 09:22 UTC
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CMS Integrated Luminosity, pPb, 2013, Vs = 5.02 TeV/nucleon
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1 Collision centrality
5/~ i
‘ Nuclear effects dependent strongly
E  oF on collision impact parameter
>
i JHEP 08 (2011) 141
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Centrality: classify events according to
some measure of overall activity

Fraction of events / 0.05 TeV

Typically use forward detectors, well -] _
separated from region we want to study 3 E; in HF [TeV]
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o
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Using a Glauber model, centrality is translated into collision properties:
Impact parameter, # of participating nucleons (N,,), # of collisions (N.,), etc.
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Nuclear modification factor (R,,)

O';npel dZNAA/dPTdU Yield in AA

R = T Yi rom
AA <N C0”> dz o pp/dp . d}’] Yield expected from pp
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Charged particle suppression

. EPJC 72 (2012) 1945
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o Path length biased
o Convoluted with FF

= Reconstructed jets provide
a more direct window into SRR
the dynamics of parton- 1 234 10 20 100 200
medium interactions Py (G6VI0)
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Dijet in a Pb-Pb collision

Run/Event: 151076 / 1328520

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Lumi section: 249

CMS Experiment at LHC, CERN
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Clean access to jets in HI possible for the 1st time at the LHC
Jet quenching manifest as large p; asymmetry visible e-by-e

Subtraction of Pb-Pb underlying event is non-trivial



Dijet pr imbalance

Subleading jet p; / leading jet py

PRL 109 (2012) 022301
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Gradual turn on of quenching with increased collision centrality

Effect persists out to largest values of jet p;

CMS

Difference in ratio between data and MC does not depend strongly on p+

Caveat: Not corrected for jet resolution effects



1 /Njethtrack/dg
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“Fragmentation functions”

z = track p; / reconstructed jet p; (R=0.3) CMS-PAS-HIN-12-013
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Relatively mild distortion of the jet fragmentation pattern inside the jet cone

CMS
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Cms,
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The momentum difference in the dijet is
balanced by low p- particles outside the jet cone
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Dijets in p-Pb

CMS-PAS-HIN-13-001
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Nuclear parton distributions

Source: Francois Arleo and Jean-Philippe Guillet http:/lapth.cnrs.fr/npdfgenerator/
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Distributions of partons in nuclei are modified by ~10% for the relevant Q?
Poor agreement among various global fit analyses



Dijet pseudorapidity

CMS-PAS-HIN-13-001
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Dijet sensitivity to nPDF

CMS-PAS-HIN-13-001

CMS Preliminary pPb VSNN=5.02 TeV
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» Compared to NLO w/ CT10 (pp), vs including nuclear effects w/ EPS09
» Shape comparison only
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Charged particle RpA
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Dimuons in CMS
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Quarkonium
Dissociation

= Onia states thought to melt
due to color screening

= Melting temperature depends
on binding energy
o ~ T, for Y(2s), Y(3s)
o ~4 T, forY (1s)

= Lineshape in Pb-Pb shows
increase in Y(1s)/[Y(2s)+Y(39)]

vacuum

CMS

Temperature T<Td Temperature T>Td
Iy ® e ©
J/\II T T
| | | : > s =
PRL 109 (2012) 222301
(:\ 800_—t L I L I L B L LB B

o — _ —_

S 700:_ ¢ data CMS PbPb VSan = 2.76 TeV _:

& PPE — PP fit Cent. 0-100%, |y| < 2.4 ]

- L e = -1 ]

S 6000 pp shape L. =150 ub =

g C pl >4 GeVic ]

~ | T _

n - |

< 500— ]

(O} n |

> L —

L - _
400— ]
300 a
200 =

-t Pl n
100~ ]
:I 11 | L1111 | 111 1 | | .| | | | | L1 11 | 11 I:

07 8 9 10 " 12 13 14

Mass(u'w) [GeV/c?]



Sequential Melting?
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Mocsy, EPJC61 (2009) 705

» [arge suppression of excited states
» Ground states unmelted, except for feed-down?
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Upsilon in p-Pb

= Ratio of states shows S OB e e
. = ;CMS Preliminar T{Esyr(s) T{2S)T(1S) ;
surprising dependence on R O AR
T : 2 o4p €5 PbPb 2.76 TeV
multiplicity in pp/p-Pb a Vo2 ]
S E

= Need more Pb-Pb data to - + I ;
) ] 0.25; + \ =

see if trend varies smoothly - J( 'y L) :

- ] ]

= Not yet clear what impact g TL ﬁ %
0.1 " , —

multiplicity dependence has .- s Yy % E
on interpretation of Pb-Pb T B U —

le<2-4

tracks
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Azimuthal Flow

Initial State Spatial
Anisotropy

4

Pressure Driven

Azimuthal dependence of particle yield w.r.t. to
reaction plane is expanded in a Fourier series:

d>N 1 d2N ad
Bp 21 pidpsdy (1 * r;Zvn cos[n (g - TR”)

E

" Wgis the ‘reaction plane angle’

Expansion " v,is known as ‘elliptic flow’

¢ __""I""I""I']"I""I"'[_L
>3 PRC 87(2013) 014902 ]
Final State 03f ++ + E
Momentum - | +$ g T
Anisotropy 0.251 g /{;{,,W -
s 0.2;— ++++_ —
0.15F g R CMS E

v2/e sensitive to shear viscosity of system ;Hg*;zb:m TeV
. 0.1 —
Only weak dependence on /s via EOS = AuAu200GeV
0 AuAu 62.4 GeV -
Elliptic flow scales with charged particle 0051 * CuCu200GeV
density = close to hydro limit, low visc. 0 0 0 5 0 T e

(1/S) dN_ /fan ( fm®)
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Long-range correlations (Pb-Pb)

PLB 724 (2013) 213

(a) CMS PbPb {s, = 2.76 TeV, 220 < NJ;"™® < 260

Jet-like correlations .3 ceve

1< p:ss“ <3 GeV/c

An correlation, “the ridge

SN
,;':‘;?““
SR
et

'6:‘““““/: %

= |Large acceptance permits correlations studies over broad range
= Long-range correlations must correspond to early times
= Require hydro. flow to propagate to final state (and/or CGC)



PLB 724 (2013) 213

Ridgeology  resswosizes

High multiplicity pp High multiplicity p-Pb
(d) CMS N =110, 1.0GeV/c<p_<3.0GeV/c (b) CMS pPb |sy = 5.02 TeV, 220 < Nﬁ'{"“e<zso

1< ptTrig <3 GeV/c -
1 < p:ssoc < 3 Gev/c g

L |© 34f T D)
g |5 ':" & SR \ \‘ L
g5 o ““\:“‘3‘@‘«‘“ -
-c-o 3.271 B ““‘

o Z= =5
= 3.1 > ““‘

R(ANn,A¢)

CMS has dedicated triggers for high multiplicity events

Ridge in high multiplicity pp collisions one of the most surprising
results from the LHC so far

Also seen in high multiplicity pPb collisions

Are these systems really big enough to thermalize?

If so, can we find evidence for QGP-like effects?

CMS
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Triangular Flow

Fluctuations in overlap
shape give rise to
triangular flow component

As with v2, requires hydro
to propagate to final state
Surprisingly large in p-Pb
ridge and scales with
overall multiplicity

Evidence of hydro-like
behavior, but hard to
reproduce w/ models
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Conclusions

LHC Run 1 has brought new opportunities to Hl
o Clean jet measurements

o Access to bottomonia (and open beauty)

o Long-range correlations

o Lots more | did not discuss ...

Lots of information about the QGP to digest

Latest p-Pb data
o Constrains nPDFs and cold nuclear matter effects
o Opens new puzzles with surprisingly HI-like behavior

Much more to come after LS1with an order of
magnitude more data expected!
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GDR-QCD: Heavy ions with CMS

30



GDR-QCD: Heavy ions with CMS

Onia in p-Pb (N

tracks

vs HF E)
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CMS

Charged particle n asymmetry in p-Pb
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