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Expected evolution of HI collisions

QGP and hadronic phase Bass’02
initial state hydrodynamic expansion and freeze-out

pre-equilibrium hadronization

_ Kinetie freeze out
Chemical§ freeze out

RHIC side & out radiié: AT ~2 fm/c

R

long

& radii vs reaction plane: T ~10 fm/
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Heavy lon Physics at LHC
1.1 CMS detector

CMS
e Si tracker with pixels n | <2.4
ood efficiency and low fake rates
or p, > 1 GeV,
excellent momentum resolution,
Ap: Ap,/p,<2%

e Muon chambers |n|<2.4

e Fine grained high resolution
calorimetry (ECAL, HCAL, HF)
with hermetic coverage up

ton| <5
eB=4T

ueraiieny ' Zigom | secscowernacon _ e TOTEM (5.3 <n<6.7)
CASTOR (5.2 < |n| < 6.6)
ZDC (z=%140 m, 8.3 < |n|)

e Fully functional at highest
multiplicities; high rate capability
for (Iﬁ)’ PA, AA), DAQ and HLT
capable of selecting events in

real time

52<m|<6.6
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1.2 Forward Region

(8.3<[nD

Forward
HCal

B=<mMl=95

(53<n<6.7) (5.2 <1 < 6.6)
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o Level 1 Trigger
muon chamber +
calorimeter information
response time ~ 3us

100kHz
226 MBvesec 226 MByalsec
Cutpul rle 150Hz
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1.4 Heavy lon program at CMS

e Excellent detector for high p; probes of quark gluon

plasma (high rates and large cross sections and high
acceptance for calorimeters and muon system):

- Quarkonia (J/y, Y)
- Heavy quarks (bb) and Z°
- High p; jets
- High energy photons
e Correlations
- jet-jet
- jet-y, jet=y*/Z°
- multijets
- angular and momentum correlation (e.g. HBT of direct vy)
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1.5 Heavy lon program at CMS

« Global event characterization
- Centrality determination with forward calorimetry
- Energy flow
- Charged particle multiplicity
- Azimuthal anisotropy
- Low-p; particle identification

« Forward physics and ultraperipheral interactions
- Limiting Fragmentation, Saturation, Color Glass Condensate
- Electromagnetic interactions (y y)
- Exotica

« Monte-Carlo simulation tools:
-PYTHIA, HIUING, PYQUEN/HYDJET
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2.1 Quarkonia and heavy quarks
from SPS and RHIC to LHC

Increase energy VS=17-200 GeV/n-n —> 5500 GeV/n-n

Plasma hotter and longer lived than at RHIC LHC

Unprecedented Gluon densities * Quarkonia with high statistics
: Uy, w's X, Y, X)
Access to lower x, higher Q2

Availability of new probes ® Large cross-section

for Jly and Y families

e Different melting
for Y, Y', Y*

T T IIIIII|
AN

® Z0 with high statistics.
The possibility to use
ET balance of Z°(y*)+jet
to observe medium
induced energy loss.

® Large cross-section
for heavy-quarks (b, c):
observation of medium
induced energy loss
in high mass dimuon
spectrum and secondary J/y

Qo

[

]
[ary

HCP'07 Isola d'Elba (ltaly)
May 20-26, 2007




2.2 Quarkonia (J/y, Y): nu reconstruction

MC simulation/visualization of Pb+Pb event
(dN_/dn], - ~ 3000) using the pp software framework

Y — pty”
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2.3 Jly and Y spectra for multiplicity dN_./dn = 2500

For Pb-Pb at integrated luminosity 0.5 nb-

n/K decays into up b,c-hadrons into uu

Entries 5100
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Combinatorial background:
Mixed sources, i.e.

1 ufromn/K+ 1 pufrom Jhy
1 ufromb/c +1 pfromY

180000
25000
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2.4 Jhy and Y spectra
(subtraction of the like sign spectra)

N2 x IN"N- ]
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Jhy mte in 0.5 nb” Y rate in 0.5 nb™
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PbPb UPC - 5.5 TeV - 0.5 nb™
—— vyPb>Y (> e'e)

A
=)

PbPb UPC - 5.5 TeV - 0.5 nb"
— yPb=Y (mp'y)

W
(=]
o

entries (60 MeV/c?)"

N b

C o
entries (60 MeV/c?)"

N

(=]

(=]

s
(4]
o

[STARLIGHT model. Full CMS sim-reco] [STARLIGHT model. Full CMS sim+reco]

|
85 9 95 10 105 11 115 12 . 8 85 9 95 10 105 11 115 12

.. (GeV/c?) m, ... (GeV/c?

Invariant mass dilepton distribution in CMS for photoproduced Y
S/B = 1 for y*p- and S/B = 0.67 for e*e”
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3.1 Jet cross section & expected event rate

Expected statistics for CMS acceptance

Pb+PbA/E = 5.5 TeV/A (no trigger and reconstruction efficiency)
Luminosity, o1 0% fend 5 .
CTEQSM + EK598 % < 3, ™t <24

jetcone R=1.0
jetcone R=0.7 Time =1.2 x 10° s,

Channel oan = A’cyy, A =208 (Pb)
(Pythia6.2, CTEQ5M)
jet+jet, E{'>100 GeV 4 x 10°

jet tagged by h*,7’,
Er>100 GeV, 2 x 10°

Zhi,TCO > 0.5

1Jat/ GeV inl0" events

B-jet tagged by p,

T E4* > 100 GeV, * > 0.3

| 50 100 150 200 250 | 300 | 350 | A00 E jet 50 GeV, ¥ > 0.3
E, (GeV) ! i

CERN Yellow Report, hep-ph/0310274
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3.2 High p- jets. Jet reconstruction in Hl collisions
t/é BACKGROUND SUBTRACTION ALGORITHM

The algorlthm is based on event-by-event 77-dependent background subtraction:

1. Subtract average pileup
2. Find jets with iterative cone algorithm

3. Recalculate pileup outside the cone
4. Recalculate jet energy

Ng cell — &

Efficiency, purity Measured jet energy Jet energy resolution
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(R RN R NS NS ER RN RN
0 50 100 150 200 250 300 350 050100150200250300350 50100150200250300350
E, MC jet in cone 0.5, GeV E; MC jet in cone 0.5, GeV E; MC jet in cone 0.5, GeV

) =0.032; o(N,~ N,,) = 0.028
Better than n size of tower (0.087x0.087
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Collisional loss Radiation loss
(incoherent sum over scatterings) (coherent LPM interference)

E E=E-»

Bjorken; Mrowczynski; ] Gyulassy-Wang; BDMPS;
Thoma; Markov; Mustafa et al... ' ’ GLV; Zakharov; Wiedemann...

Energy lost by partons in nuclear matter:

AE ocT03 (temperature), g (number degrees of freedom)
= AE|4qp >> AE|gq

To oge~ 1 GeV >> T ™~ 0.2 GeV,

AE e/ AE,; > (1 GeV /0.2 GeV) ~ 107
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4.2 Fast Monte-Carlo tools to simulate jet
quenching and flow effects

- fast code to simulate jet quenching
(modify PYTHIAG.4 jet event)
http://cern.ch/lokhtin/pygquen

- fast code to simulate transverse and elliptic flow in central
and semi-central AA collisions at LHC
http://cermn.ch/lokhtin/hydro

- merging HYDRO (flow effects), PYTHIA

(hard jet production) and PYQUEN (jet quenching)
http://cern.ch/lokhtin/hydro/hydjet.html

It describes RIHIC data adequately.
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4.3 Jet quenching: nuclear modification factor
for charged hadrons

0-10% central, jet triggered

=2>Will be measured at CMS: 100 150 200 250
=> jets up to E; = 500 GeV pr [GeVie]
=» charged hadrons up to p; = 300 GeV/c
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4.4 Jet quenching: jet fragmentation function D(z)
for leading hadrons

dN" - - d NI
Ad —phypiety S d(piet)tdy—— oA

& r L
[ dep)dyds d(ph ) dyd=" ey d(py' *dy

lel.:' mln

Inh|<2.4, |njet|<3, E;>100GeV, L=0.5nb-"
Jet fragmentation function
AR R N RN RN RN

* PbPb, no energy loss
* PbPb, PYQUEN energy loss

It is probability distribution
for leading hadron in the jet
to carry fraction z = p;"/pit
of jet transverse momentum

A leading
partlcle (m?)

.,

emitted
inside cone| 102

. emitted vy, h
w2~ out of cone

10

02 03 04 05 06 0.7 08 O. 9 o
In the jet induced by heavy quark, Z= p_l_/pT
the energetic muon can be produced

“h_ P HCP'07 Isola d'Elbai (Italy) PbPb
and detected (“b-taggin pp ~
( gging”) May 20-26, 2007 D (Z)/D (Z) 0.25 19




4.5 Jet fragmentation function can be
'.-/é reconstructed with CMS tracking system

Longitudinal momentum fraction z Transverse momentum relative
along the thrust jet axis to thrust jet axis

3

100 GeV Jets + dN/dy 5000 background
— MCinput, pi™ > 0.7 GeV

s reconstructed signal, g~ > 1 GeV

100 GeV Jets + dN/dy 5000 background

3,

N
o
T
-7}
]
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z
S L
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— MC input

1 !Nj etsd Nchafgedfd pEiIet

s reconstructed signal

- =100 GeV Jets without background | i 1 i M
M M M M 1 M M M M PR — P 1
3 10

0.5 1

L= p”f|pjet| pJTet
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5.1 Azimuthal anisotropy in HIC with CMS Calorimeter

Non-central heavy-ion collisions (b # 0), elliptic volume of
interacting nuclear matter, energy flow illustrates
azimuthally anisotropic elliptic volume.

Calorimeters are used to determine event plane.

ECAL+HCAL

Q
(=]

barrel+endcap En ergy fIOW

48 5
(=] =]
dE/dep, GeV
~J g w
(=]

>
@
()
S
©
~
Lo
o

(=]

(=]
(=]
(=]

barrel+endcaop

e}

=]

o
e}
=]
o

HCP'07 Isola d'Elba (Italy)
May 20-26, 2007




0l I 93 04 05 06 07

Li0g

Outer Barrel 1ma
(T DB) L]

Inner Barrel

) - Ay

1L} 25, g

b inner Disk
(TID)

Pixel Barrel ”ﬂ"
(TPB) Fl ER ] Al a0 aaa 1#a NETN el %13 Naa b [} A

Pixel Endcap
(TPE)

CMS Tracker

Detector Crec(AY), rad
ECAL+HCAL(Barrel+Endcap) 0.37

Tracker 0.31
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6.1 Global event characterization.
Centrality determination

HIJING: minimum bias, 3<InI<5
130 GeV Data

- Aut+Au @ RHIC
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CMS HF and CASTOR will provide _ “Spectators’
best correlation between energy flow

and event centrality (maximal energy ZDC improves resolution
deposition and minimal energy relative at large b (like RHIC)
fluctuations). Impact parameter HCP'07 Isola d'Elba (Italy)

resolution ~0.5 fm for PbPb and ArAr > 2>2% 2097 23




6.2 Charged Particle Multiplicity: dN_,/dn

Determination of the primary charged-particle multiplicity is based on the
relation between the pseudorapidity distribution of reconstructed clusters in the
innermost layer of the CMS pixel tracker and that of charged-particle tracks
originating from the primary vertex.

Single layer hit counting
in innermost pixel barrel layer

High granularity pixel detectors

5
> 4500
-]
4000
5
3 3500
-
=]

Pulse height in individual
pixels to reduce background

Very low p; reach, p; > 26 MeV
(counting hits!)

Psel.Jd orapidity,n -(corrected)

On an event-by-event basis,
the reconstructed multiplicity

is within 1-2% of the true value

in the | n | < 2 region. HCP'07 Isola d'Elba (ltaly)
May 20-26, 2007




Minimum bias p+p 14 TeV Central Pb+Pb 5.5 TeV |
25 000 Pythia events, |n|<2 125 Hydjet events, In|<2

[ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII- -Ii IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
0O 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
p+ [GeV/c] p+ [GeV/c]

Solid lines: reconstructed, dotted lines: generated

-+

Inclusive yield can be extracted up to p;= 1 GeV/c for m* and K*, and up to p;= 2 GeV/c for p*
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7.1 v*IZ(— pp) +jet production

PYTHIA v6.321 at 5.5 TeV
¥ promprie > p* >3.5GeV/c, |n¥|<2.4

— Z%jet

s y(M12 GoVI) ot = t=10°s, L=0.5 mbt st

—————— v*(M[4.0,8.5] GeV/c?)+jet

o rrewesnewere2 )l DY BB background
(S/B > 10 for 29,
S/B < 1 for y*)
rejection can be done
using tracker
A AR N B AN A B I information on dimon
20 40 60 80 mg?il[zge{f‘,g] vertex position

v* (M . > 12 GeV/c?)

y* (M., [4.0,8.5] GeVic?)
v (M, [1.3,2.7] GeVic?) m
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8 Summary and outlook

At LHC a new regime of heavy ion physics will be reached where hard particle
production can dominate over soft events, while the initial gluon densities are
much higher than at RHIC, implying stronger QCD medium effects observable
in new channels.

CMS is an excellent device for the study of quark-gluon plasma by hard probes:

- Quarkonia and heavy quarks

- Jets and high-p; hadrons, "jet quenching"” in various physics channels
CMS will also study global event characteristics:

- Centrality, Multiplicity

- Correlation and Energy Flow in wide range of prand n

CMS is preparing to take advantage of its capabilities

- Excellent rapidity and azimuthal coverage, high resolution

- Large acceptance, nearly hermetic fine granularity hadronic and
electromagnetic calorimetry

- Excellent muon and tracking systems

- New High Level Trigger algorithms specific for A+A

- Zero Degree Calorimeter, CASTOR and TOTEM will be important
additions extending to forward physics
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More details on CMS Heavy lon Physics:

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES  CERNLHCC 2007-009
CMS TDR 8.2-Add1
CERN EUROPEAN LABORATORY FOR PARTICLE PHYSICS 5 March 2007

CM

High Density QCD
with Heavy lons
Physics Technical Design Report, Addendum 1

HCP'07 Isola d'Elba (Italy)
May 20-26, 2007




Acknowledgement

This report includes the remarks of

|.P.Lokhtin, A.M.Snigirev, O.L.Kodolova, V.L.Korotkikh,
M.Bedjidian, B.Wyslouch, D.Denegri, D.d’Enterria,
C.Lourenco, M.Murrey, C.Roland, L.V.Malinina, C.Mironov,
|.N.Vardanyan, C.Yu.Teplov, S.V.Petrushanko, G.Kh.Eiyubova,

and other CMS collaborators

HCP'07 Isola d'Elba (ltaly)
May 20-26, 2007




>BACKUP SLIDES

HCP'07 Isola d'Elba (ltaly)
May 20-26, 2007




Overview: CMS Detector Coverage
Kinematics at the LHC

.
r

3= -,

0 2 _.’f"{.‘g‘%ﬁ

BNV
g

Pixels+Tracker

Large Range of Hermetic Coverage:
Tracker, muons Inl<2.4

a2 Gluon density

has to saturate
CASTOR 52 <|n|<6.6 1 at low x

ZDG 8.3<n|
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Jet quenching in heavy ion collisions

One of the important tools to study QGP properties in ultrarelativistic
heavy ion collisions is QCD jet production: medium-induced energy loss
of energetic partons (jet quenching) is very different in cold nuclear
matter and in QGP, resulting in many observable phenomena.

B — generation point of jets and

Space-time evolution of dense matter, created
in region of initial overlapping of colliding
nuclei, is described by Lorenz-invariant
Bjorken's hydrodynamics

J.D. Bjorken, PRD 27 (1983) 140
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Jet quenching: p.- and n-distribution (HYDJET)

30,000 minimum bias Pb+Pb events, \s = 5.5A TeV (n, = 30000)

p,-distribution n-distribution

—_ HYDRO
HYDJET (quenching off)

weeeeee HYDJET (quenching on)

HYDJET (quenchin

HYDJET (Cucncn‘,-_g on}
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Jet quenching: elliptic flow (HYDJET)
v, =(cos 2¢) (Elliptic flow)

v2(p+) v2(n)

— HYDRO
HYDJET (quenching off)
- HYDJET (quenching on)

i
.. HYDJET (quenching off) i

YDJET (quenching on) |

v,(p> 2 GeV): sharp drop due to jets and additional v, due to jet quenching
v,(n): ~30%-reduction due to jets and small influence due to jet quenching

HCP'07 Isola d'Elba (Italy)
May 20-26, 2007




Azimuthal anisotropy in HIC with CMS Tracker
(HYDJET, 10000 PbPb events, b =9 fm)

Open circles are with simulated and closed squares with reconstructed events

Vethod  (vi"(rec))  RMS(i")  (v2"(rec)) /vi" ((sim)
(cos2(p—2,)) 0.12 0.05 1.05
Jleos2(p, -9,))  0.12 0.05 1.05
v, from fitting 0.12 0.06 0.96
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Balancing y vs Jets: Quark Energy Loss

1 month at

< AE>=8 GeV
- Background

ETy/nO_ETJet (GeV)
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Z° > u*u- detection at CMS

oAA = AZe PP with o=1

o

o]
e
=

m
<
=)
-+
oy
=

oPP was taken from PYTHIA, correction
k = 2 for cc and bb and
k=13-15forZ W, tt

HIJING was used for AA event

IH=

Pb—Pb 5.5 TeV/nucleon pair

1o8L Prla) > 5 Gev/e o DV +2Z
- —bb
108k --cc

2 - /K decays
= b, 7/K decays

LT ++++
.--}:.L__!_I I_'“-.__ +++_+ + +
In“.-'r\-, I_;"-. f *
Lo o o (P il o Bl | o f L f
100 120 140 160
W Gev /c®

The expected number of
Z' — pru: ~10%/1.3x10% s
of Pb-Pb running at L = 10¥’cm-2s-1

Z° can be measured with muon
system alone and with
muon+tracker systems.

Z%+jet events

The expected number of Z%+jet for
jet E; > 50 GeV and |njet| < 1.5:
900/1.3x106 s of Pb-Pb run at

L =1027cm-2s-1.

Z0 + jet events with p;Z°
measured from pair p*u- should
allow to study effects of jet
quenching using energy balance
E jet = p;Z°
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Heavy quarks b, c > p/ Jhy +X.
Secondary vertex finding and correlated background rejection

Or is transverse distance between the intersection points
with the beam line belonging to different muon tracks
BB - p'u- BB > Jly —» p'u”
Sr—distribution for high—mass u'w —pairs

Sr—distribution for w'u” from primary and secondary J/¥

B = v

wemee Primary JA¥

10 - !
0 20 40 60 a0 100 120 140 160 180 200
&r, wm

b-quark energy loss affects B-jet fragmentation and modifies the dimuon spectra depending on

mechanism of heavy-quark production (for BB — p+ u—) and on the intensity of jet quenching
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