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CMS Heavy lon programme

J. Phys. G: Nucl. Part. Phys. 34 (2007) 2307-2455

Broad and exciting range of observables

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES
CME TDR 8.2-Acd
CER.N EUROPEAN LABORATORY FOR PARTICLE PHYSICE 5 March 2007

- Jets and photons
(this talk)

- Quarkonia, Z° and heavy quarks in
high-mass dimuon decay modes (this talk)

- High-p_ hadrons
(talk of Krisztian Krajczar)

- Low-p_ hadrons
(talk of Ferenc Sikler)

High Density QCD
with Heavy lons . . . .
Physics Technical Design Report, Addendum 1 - Ultraperlpheral COlllSlOﬂS, forward PhySICS

(not presented here)
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Outline

 CMS experimental setup
» Jet, high-p_hadron and photon reconstruction

* Photon tagged jets
* High-mass dimuon resonance reconstruction

* Quarkonia, Z° and high-mass dimuon spectra
* Summary

" The story is based on CMS Quark Matter 2008 talks (D. d'Enterria, C. Loizides and D. Dutta)
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CMS detector at the LHC
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(8.3<1nl)

Forwarc
HCal
3<l<5)

(5.3<n<6.7)

(5.2 <N < 6.6)
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Hard (“tomographic”) probes of
QCD-matter at CMS

q: fast colour triplet | -
QQQ Induced
- gluon R
g: fast COIOW radiation <{>
o e ’ dN,
- E
Q slou.v colour . g CNEFGY dy
triplet kQQ“ loss ? ./
QQ: slow colour i o Tc
singlet/octet Dissociation
C

v*: colourless

-

v: colourless - Controls

QCD medium
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Pb-Pb High-Level Triggering

M.Ballitjin,C.Loizides,G.Roland, CMS-AN06-099

= Unique CMS High-Level-Trigger 12k X 1.8-GHz CPUs ~ 50 Tflops !
= CMS HLT fast enough to run “offline” algos on every PbPb evt. !

= Event rates: JotE AT
- Logging rate: 225 MB/s JoP b Minbias
- Luminosity: 103 (pp), 10?” (PbPb) )
- Evt. size (MB): 1 (pp), 2.5 (PbPb),10 (PbPb cent) 10
10
ol
1/400 1/600 E—\.f 0
pp: 40 MHz—3» 100 kHz—9» 150 Hz %|_1 02
L1 HLT = 10°
PbPb: 5 kHz—pp» 5 kHz —pp ~10-100 Hz 10*
11 1/50 - 1/500 10 Efge 7800 mb

PbPb

10° E|L=0.90 (mb s)

— — 107 Gy =72 mb
Significantly enhanced statistical reach 1o® fLNeim =00 | ., v0.09

for hard probes: x20 — x300 1 10 102
jet ET™ [GeV] or part. p?i” [GeV/c]
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Jet reconstruction in HI collisions at CMS

l. Vardanyan et al. Eur. Phys. J. 50 (2007) 117

BACKGROUND SUBTRACTION ALGORITHM

(based on event-by-event n-dependent background subtraction)

1. Subtract average soft background

2. Find jets with iterative cone algorithm
3. Recalculate pileup outside the cone

4. Recalculate jet energy

0
I
89—
=,

N

Ny cell —

Full jet reconstruction (R=0.5) in central Pb-Pb collision, HIJING, dN_/dy = 5000

.o Efficiency, purity Measured jet energy Jet energy resolution
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1 u- Purity 2 * oo f ™

20 @ o- Efficienc g 50 K ®.vithaut background 5 3 without background
- ‘ Wwith backgrpund, - mwith background, dNch/dy=5000
] ! ; ; dNch/dy=5000 . | | |
o T e ] e e ey 0 (TR [T TR I I T T [ T T T S T F e
%0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
E, MC jet in cone 0.5, GeV E; MC jet in cone 0.5, GeV E; MC jet in cone 0.5, GeV

Jet spatial resolutions 0¢=0.03, cn=0.02 are better than n, ¢ size of tower (0.087x0.087)
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Jet spectra at CMS@LHC

Jet spectra up to E ~ 0.5 TeV

4
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Detailed jet-quenching studies: jet fragmentation function, jet shape, jet azimuthal anisotropy,...
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High-p_hadron reconstruction

C. Roland et al.: NIM A566 (2006) 123

CMS tracking performance for Pb+Pb collisions, HYDJET, chh/dh|y=0 = 3500
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()] o + E Qo n .
& 80F,eae e ; }3 B 4 o 2<eta<25 E
S 0k se v T 4 © .
8 70: ] 4] C .
s - 3 Q 25 ]
o 60F . . E o =7 ]
500 * Efficiency = 2F p, resolution<1%

E o Fake Rate s - .

40 = 1 5F -
30- : ) -
200 : S
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10; o 6 o © @ ¢ + ] - ]
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More details in the talk of K.Krajczar during this Workshop
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High-E_isolated photon reconstruction

0.4- . RN | o.4| R
* Identification . 4'8 i
. 0.2 . 1 02
— 10 cluster shape variables : I =
S " M € Jaas
* based on ECAL <0 A
— 10 isolation variables %2 Prompt : 02 "
* based on 0.4/ 1

ECAL/HCAL
— Track-based cut

e Selection

— Total of 21 variables
grouped into 3 sets

— Linear discriminant
analysis (Fisher) and cut
optimization using TMVA :

Ad
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Multiplicity and flow
measurements
characterize density,
path length

_—"" Photon

Photon energy tags
parton energy E;

Jet axis __— Jet axis provides
parton direction

Hadrons /
, / /\Charged hadron tracks

/4
/ used to calculate z = p,/E;

N\

s Y

Main advantage

« Photon unaffected by
the medium

 Avoids measurement
of absolute jet energy
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S

Measure jet fragmentation function:
dN/dg with ¢=-log z

Ingredients:
e Event/Centrality selection
e Reaction plane determination
e Vertex finding
e Track reconstruction

e Jet findin
e Photon identification

Workshop on high-p, physics at LHC, Tokaj, Hungary, March16-19, 2008

Photon-tagged jet fragmentation function
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dN/d¢

jet quenching increases

= OPAL, V5=192-209 GeV ===+, low-p; particles yield
141 — in vacuum, Ej;=100 GeV ' N
12 | ---- in medium, E;,;=100 GeV
. Adapted from ,"'
10 - hep-ph/0506218
8 “ ‘u
6
4
2| . L
: | ~10 GeV/c
jet | _.w¥ .- | . . .
1 25 3 4 5 6
- 4? §= | og ( ET/ pT) 42_)0’
hadrons (p__E.)
_ T jet quenching reduces (P —0)
- high-p_ particles yield

Igor Lokhtin, “Hard probes capabilities of CMS..."” Workshop on high-p, physics at LHC, Tokaj, Hungary, March16-19, 2008

14



10* E

PYTHIA
Signal y - jet events

PbPb 0.5 nb™
0-10% central
m'l <2

G. Roland et al.: CMS AN -2007/051

Study for one nominal LHC Pb+Pb
run “year”

- 10°sec, 0.5nb™', 3.9 x 10’ events
Use 0-10% most central Pb+Pb

- dN/dn|,_~2400 (HYDJET)

Simulate signal (PYTHIA/PYQUEN)
and background QCD (p+p) events

— Mix into simulated Pb+Pb events

50 100 150 200 250
E! [GeV] (~1000 events)
Data set pr [GeV/c] || signal y-jet m’ T+ M n’ ®
unquenched >70 4288 23675 | 47421 | 12267 | 8194 | 30601
unquenched >100 1216 4422 | 9103 | 2357 | 1567 | 5975
quenched >70 4209 7569 | 14616 | 3825 | 2445 | 9235
quenched >100 1212 1562 | 3000 829 515 | 2051
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ent/ 8 GeV

Entries per ev
3 3

—
<
wm

Igor Lokhtin,

Signal + Background (jet quenching on)

Beforecuts: S/B=0.3

= | I I I I | I I I I | 3
-CMS Preliminary s Non-isolated particles -
= |solated photons

O |solated hadrons

200

E, [GeV]

After cuts: S/B=4.5

= T | T I I I | T T T I | I 3

% ~CMS Preliminary s Non-isolated particles ;
O o1k = [solated photons _
f . O |solated hadrons
+— m
O107°E oo " WP=60% S, =
> o "
ai-) o .' ."u
L10°F © + ' “ =
0 ¢¢ ++ ¥
S104E H
S i

- L

10° 00 200 300
ET (GeV]

Photon isolation and shape cuts improve S/B by factor ~15

“Hard probes capabilities of CMS...”
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% Prompt photon identification performance .
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[ TT | TTTT | TTTT | rTTI | TTTT | TTTT | TTTT TTTT TTTT]

- _ [T TT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT TTTT TTTT]
10° £ CMS Preliminary = 1% E CMS Preliminary -
- Track p_ > 1GeV/c, EZ"® > 70GeV . = c =
- Py » By ] E Track p_ > 1GeV/c, EY"* > 70GeV 7
10° E Underlying event subtrac’.ced . — oL Underlying event subtracted _
= e Unquenched Fragmentation Function 3 10°E o Quenched Fragmentation Function g
up - MC Truth . - .
O ok _ ‘éﬁ i MC Truth B
L= . Unquenched S - Quenched 7
® 1F E 5 = E
5 = * 3 o 1 E
= : g :
107 ke I 107 F ' E
, B _ e N
1= E E 10°E t
10_3_||||||||||||||||||||||||||||||||||||||||||||||||_ 10-3_|||||||||||||||||||||||||||||+||||||||||||||||||_

o 1. 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10

=In(E_/ =In(E
g=In(E /p.) &=In(E /p.)

* Major contributions to systematic uncertainty

— Photon selection and background contamination (15%) ‘
No or small &

— Track finding efficiency correction (10%) ' dependence
— Wrong/fake jet matches (10%) J

— Jet finder bias (30% in quenched case and 10% in unquenched case)
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Jet fragmentation function ratio

Reco quenched Pb+Pb / MC unquenched p+p

7 _I TTT | [ | TTTT | TTTT | [ | TTTT | TTTT | rTri | L T I_
o i CMS Preliminary ]
= 6F Quenched / Unquenched ]
o E. > 70GeV -
CC) s ° Reconstructed Pb+Pb / MC p+p
5 - — MC truth p+p ]
S 5
L 4: ]
C L B ]
O 3 ]
E - ! ’
C - -
QO 2 ~
= - ]
@) i ]
E 1 _— ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| —_
e " E.' >70GeV 1

0 L1l | L1l | i | 1111 | 1111 | I Y | 1111 | 111 | 11| I_
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1 2 3 4 6

5
E=In(E /P

7 8 9 10

Fragmentation Function Ratio

7 _I I'TT | TTTT | ITTT | TTTT | T | ITTI | | PO I | T | TTTT T I_
N CMS Preliminary §
6 Quenched / Unquenched -
. El > 100GeV -
s ° Reconstructed Pb+Pb / MC p+p
- — MC truth p+p .
4F =
3F .
2f p
1 :— IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII [ IIIIIIIIIIIIIIIIIIIIIIIII —:
5 ETy >100GeV-
B L1l | [ | L1l | L1 I_

O I|II|I|II|||II||III|||II||III

o 1 2 3 4 5 6

7 8 9 10

&=In(E /p.)
* Medium modification of fragmentation functions can be measured
— High significance for 0.2 <& <S5 for both, E_." >70GeV and E_" >100GeV

Workshop on high-p, physics at LHC, Tokaj, Hungary, March16-19, 2008 18



High mass dimuons at LHC: Jiy, Y, Z’, B

Dissociation of Quarkonia (Debye Screening): Hot QCD Thermometer

« J/v suppression: RHIC comparable to SPS  * Y Large Cross-section: 20xRHIC

- Regeneration compensate screening Y melts only at LHC: T ~4 T
 J/) not screened at RHIC (T,~2Tc)? - small bb(bar) pairs: less regeneration
Suppression via feed down * much cleaner probe than J/¥
« LHC: recombination or suppression? * LHC: new probe Y vs. Y'vs. Y"
regeneration ? __SPS RHIC LHC

Y(18)

@ In—In. SPS
025 L 2 Pb—Pb, SPS

W Au—Au, RHIC, |y| < 0.35
A Au-Au, RHIC, [y|=[1.2,2.2]

N T SR B B suppression
e {GeV/m-") '/ >

Energy Density ' | | T,

* 7' - no final state effect, baseline for quarkonia (LHC: large section section)
* B —J/y, BB — u'u - information about b-quark in-medium rescattering & e-loss
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Dimuon Resonances:
* Quarkonia: J/{ (BR: 5.9%), Y (BR: 2.5%)
« Z° (BR: 3.4%)

Dimuon Continuum:
* Decays from opencand b
* Decays fromm K

* Decays from W

* Mixed muon pairs

lgor Lokhtin, “Hard probes capabilities of CMS...” Workshop on high-p, physics at LHC, Tokaj, Hungary, March16-19, 2008

* High-mass dimuon sources in HI collisions I ¢
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M. Bedjidian, O. Kodolova, CMS NOTE-2006/089

e Signal (J/y, Y): CEM, NLO-pp, (CTEQSM+EKS98 PDF),T,, scaled
* Background uncorrelated muon pairs from 17K decays:
—Two scenarios for the multiplicity of charged particles
dN_ /dn = 2500 at n=0
dN_/dn = 5000 at n=0
—only tand K are considered ( 90% of charged particles
multiplicity)
— Kaon/pion = 11% (HIJING)
— pyand n distributions of pions and kaons according to
HIJING

* Background muons from open heavy quark decays (b,c):
NLO pp, CTEQSM+EKS98 PDF, T,, scaled

Igor Lokhtin, “Hard probes capabilities of CMS..."” Workshop on high-p, physics at LHC, Tokaj, Hungary, March16-19, 2008
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Quarkonia reconstruction at CMS

Event display with full CMS software/simulation framework

f
1

!
i
i
i

Pb+Pb event (dN_ /dn = 3500) with Y" - pw
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Dimuon reconstruction algorithm

~ Primary vertex determination:
- select pairs of pixel hits 100
with A¢ giving 0.5 < p.< 5 GeV

- extrapolate each pair in RZ

to the beam line.

# Track finding: u-stations

- start from track candidate

in muon stations

- extrapolate inwards from

plane to plane using vertex Si layers

constraints

O, = 190mm

# Track selection by cuts:

- fit quality {x2)
- vertex constraint

Si pixels
) ' BT A '
de 48 5 52 54
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Dimuon high level trigger performance

Two Different Level 1 Trigger (single muon trigger)
L1: optimised for high luminosity pp run, OL1: low quality muon candidates optimised for HI
L2 and L3 run on online farm, trigger conditions: two L1 or L.2 opposite sign+ L.3 (cut on loose)

2
N
-

— — — —
O N A O ® O N B D
mII\‘\Ill\\Illl\‘Hllll\‘\Illll\‘\lllll\‘\llll\\‘

- ~*

< 22 < 18

2 20 S 16

< 18 =
= 14

(OL{,L2): 252 evenis
(L1,L2): 113 events

J/IP trigger efficiency: e
0.97% (OL1-L2 chain)
0.44% (L1-L2 chain)

TTT HI‘I\I‘\I\l\I\‘g\lll\ll\lll\ll‘ll\

T
5 10 15 20 25 30 35 40

p Gelic
160 _
%140} ~ 2501 (OL1,12): 3322 events
= 120 s L
120; :§ 200 (L2,L2): 2590 events
100 -
- tri r efficiency: -
80— / Y gge y \Aﬁuj
wor 4 21% (OL1-L2 chain) -
ok 16.5% (L1-L2 chain) 100
ZOf— 50:
0-5_ 5 5 10 15 ECE Y
pt, GeV
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Dimuon efficiency & purity vs dN ,/dy

Y iIs embedded in PbPb events

~ 100 ! . . -~ 100p—
&= - - &~ - -
< g0 1| S — E
>, - 1 > g b .
o 3 4 £ gk ' Y -
5 BU:\+ + H ] 5 8 5 1
S 70k i = . i
= - - B i A - . -
W 60f = 60~ S
50F- 50 -

40 fommmmmnnenee ¥ i -] 40

30F 30F

20 - =Both muons ||<:0.8 = 20 - =Both muons |n|<0.8 =

1[]; s+ At least 1 muon |>0.8 ] 1[]; s+ At least 1 muon |>0.8 g

E L L 1 I L 1 L L I Il L I L | I L] L] L I L L L] L] I L L] L] L I L] L 1 |E []EI L L 1 I L 1 L 1 I 1 1 L L] | I 1 [} i I i i i i I i i i i I i [ 1 IE

0 1000 2000 3000 4000 5000 6000 700 0 1000 2000 3000 4000 5000 6000 700

dNch/dy / dNch/dy

—

“realistic” LHC multiplicity range

Eff=Eff _ xEff _xEff

trk- trk- Purity = [true Y reco]/[all vtx reco]

> 80% for all multiplicity (barrel) > 90% (all multiplicities)
> 65% for all multiplicity (barrel+endcap)
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J/\y mass spectra (like-sign subtraction)

< W

L

o,,= 35 MeV/c?in (barrel+endcap), Both muons with |n|<2.4
~ »10° : e
% “2"3':— , L e %.*n:m .
o 199 0"
& i 50000 .
3 801~ _ L}m N2 NN
“low” multiplicity  spf——""N"2 xIN"N- 20000( ",
chh/dr]|n:0:2500 20l 10000 .
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Y mass spectra (like-sign subtraction)

Excellent resolution: @, = 54 MeV/c? (barrel), g, = 90 MeV/c? (barrel+endcap)

dN,,/dn|,_, = 5000

Barrel:
Both muons

with |n|<0.8

Barrel+
endcap:
Both muons

with |n|<2.4

Tl

[}

-

MNeV/0.025 Gel/
-
:

1000

[or] E
] E
l o = 54 MeVic® | = 154:"3': H' N2 NN
E 1400
T 200
; = H
Ei1ﬂﬂn5
L - ¥ ¢ :
HF_._I,L.,I | | * f E-ll’!l ++
2:’{ HH‘N“ "I- - 1:.'—"'1'.-\. -;h:'_';
both muons with ni<0.8

40000

M, /0.025 GeVic®

4

e ¢ S WG T, B T\ BT T a5 3 9.5 0 108 11
M (GaVie) My, (GeVic®)
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P.. and n reach of quarkonia in CMS/PbPb

For 1 month LHC run, L., . =0.5 nb"!

o 1 08 E T T T T T T | iy te in 0.5 b = ol 105 B T T T T T T 7 Yratein0.5nb"
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*% 107 F n of J/ = reconstructad (low multplicity) | *% - n of Y =  reconstructed (low multiplicity)
= 8 ;_ O reconstructed {high multiplicity) ; = ‘](::l4 = o reconstructed (high multiplicity
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Simulation for Z°— p*u"and BB — p'w
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CMS Physics TDR: Addendum to High Density QCD with
Heavy Ions, J. Phys. G, Nucl. Part. Phys. 34 (2007) 2304

Dimuons:

* bb(bar) fragmentation

~ dominant contribution
will be sensitive to b-quark
in-medium effects

Combinatorial background:
b and tK ~16%

LU, K and charm decay: 5-6%

Signal from Z°: Clear peak
~11,000 events in
M_+£10 GeV/c2,

Less than 5% background
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virtual y (large cross-sections, good detection capabilities)

Dimuon trigger
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—Dominant (heavy-Q) dimuon background

“removable” via secondary vertex cut

++++ —}—

30 vix. cut

PbPb\s,=5.5 TeV |

Y
o)
E 4?%*
O'r=50 pHm 5
3 i
0,=20 pm & e
¢ L
| G,=50um
L (/R

Igor Lokhtin, *Hard probes capabilities of CMS...”

30 20
p* [GeVic]

50

F CMS can also calibrate jet-energy loss with back-to-back Z and/or p_put, C_Mimno e o
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Summary
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CMS is an excellent device for study of dense QCD-matter by hard probes
» Jets, high transverse momentum hadrons and photons
* High-mass dimuon resonances (J/y, Y', Y'", Y'"", Z°)

The advantage of CMS capabilities includes

+ excellent rapidity and azimuthal coverage, high resolution

+ large acceptance, fine granularity hadronic and electromagnetic calorimetry
+ excellent muon and tracking systems

+ forward calorimetry (HF, CASTOR, ZDC): event centrality determination
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