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The First Day of HI Collisions by the LHC into CMS

Event Display Taken on November 14, 2010 at 6:37 PM (Geneva)
A central collision of Pb+Pb at 2.76 TeV/nucleon-pair lights up the CMS detector

~

\.‘\ .‘.
Data recorded: 2010@ 1418__. 744420271 Gl
Run / Event: 15107611465388 N,

A possible

‘ dimuon decay, e.g.,
' Jhp 2> put+w

GMns, |
%1 C. Maguire Results from PbPb Collisions Measured by the CMS Detector




The CMS Detector

- EM and Hadonic calorimeters
Photons, Jets

HF
(Forward Calorimeter)
MinBias Trigger
Centrality
Inner tracker: .
Charged particles solendid
Muon
detectors
\Y[¥Te]g Inj< 2.4
BSC
HCAL |n|< 2.2 (Beam Scintillation Counter)

MinBias Trigger
In|< 3.0

Inl< 2.5
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The Goals (as at RHIC) and the Tools (RHIC++)

To produce QGP and characterize its properties

— Energy density and T: location on the phase diagram ?

* dN,/dn , dE;/dn , quarkonimum melting (J/y , Y measurements)

— Viscosity, speed of sound: Transport of momentum and energy
« collective flow and di-hadron correlations

— Opacity, diffusion: Transport of particles
« Charged hadron Ry,
* Di-jets
» Heavy flavor

* Isolated photons Rua
« Z-boson Ry,

— Color screening

24| C. Maguire
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= colored probes: sensitive to the strong interaction

- Colorless probes: insensitive to the strong interaction
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Data Taking During the PbPb Run
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Days since Nov 1, 2010
Recorded luminosity PbPb 8.7 ub-! Triggering on minimum bias,
Recorded luminosity pp@2.76 TeV 241 nb- jets, muons and photons
Total PbPb data volume ~0.89 PetaByte * ALL rare probes written to tape

RHIC runs HI for months, LHC runs HI for weeks * ~half of minimum bias written

Note: luminosities will be rescaled by few% after complete analysis of Van der Meer scans

CMs, |
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The CMS Results from the First PbPb Run (3 weeks of data)

13 CMS HI papers from LHC PbPb run 2010

* HIN-10-001: Multiplicity — arXiv1107.4800, JHEP, accepted
* HIN-10-002: Elliptic flow — PAS (CDS record 1347788)
* HIN-10-003: Z bosons — PRL 106 (2011) 212301

* HIN-10-004: Dijets — PRC 84 (2011) 024906

* HIN-10-005: Charged spectra — PAS (CDS record 1352777)
* HIN-10-006: Quarkonia — PAS (CDS record 1353586)
* HIN-11-001: Correlations (“ridge”) — JHEP 1107 (2011) 076

* HIN-11-002: Photons — PAS (CDS record 1352779)
* HIN-11-003: Energy flow — PAS (CDS record 1354215)
* HIN-11-004: Fragmentation functions — PAS (CDS record 1354531)
* HIN-11-005: Flow (higher harmonics) — PAS (CDS record 1361385)
* HIN-11-006: “Ridge” vs. centrality — PAS (CDS record 1353583)
* HIN-11-007: Upsilon — PRL 107 (2011) 052302

PAS: Physics Analysis Summary
+ a couple more not yet preliminary results CDS: CERN Document Server
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GLOBAL OBSERVABLES
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ch

(AN, /dn/(N_ /2)

Charged Particle Multiplicity

Uses pixel tracker and two methods arXiv1107.4800, accepted JHEP

Data : B=0T ; Trigger with 99% efficiency, 1% UPC contamination
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Central multiplicity dN_/dn=1610 = 55 for 0-5% centrality
dN./dn/ (0.5 N ) a factor 2.1 > RHIC ; similar centrality dependence
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dE./dn: Rapidity and Centrality Dependence

 dE{/dn (n=0) =2 TeV - by a factor of 3.4£0.4 higher than RHIC
* dE;/dn/ (0.5 N,,) : Monotonic increase with N,
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dN_./dn and dE/dn: Vs, Dependence

* dNg/dn/ (0.5 N,,4) and dE{/dn/ (0.5 N ,4) — power law increase with Vs

* dE/dn/ (0.5 N,,) rises faster => More energy per particle than at RHIC
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Anisotropic Flow in HI Collisions

pdN_1 d'N
d’p 2w pdpdy

1+ i 2v, cos[n(@p — Wy, )])

n=1

v, = (cos[n(p - Wy, )])
anisotropic flow coefficients

» V, has been extensively studied, and to a lesser extent v, and v

» V5 and v; were surprisingly found to be non-negligible

» An understanding of all the harmonics will provide new insights on the properties of the
quark-gluon-plasma “near-perfect” liquid

> CMS has measured v, , with n = 2 - 6, in PbPb collisions at Vs, = 2.76 TeV using two-
particle and multi-particle techniques

» Non-flow effects such as resonance decays and jets will complicate the hydrodynamic
analysis of the particle correlations

CMS |
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A Closer Look at Anisotropic Flow

Schematic of a heavy ion collision: Analogous system: A strongly-
interacting degenerate
fermi-gas of atom

Initial State | ==> (LIS

Position
Anisotropy

impact parameter

Fourier decompose the azimuthal angle of the particle
emission spectrum with respect to the reaction plane:
d>N 1 d?N

EF—— = 1+ 2v,, cos(n(¢p — U,
Fo = oy 2 20 cos(n( — )

Y 800 s

S 1000 ps

Second Fourier coefficient n=2 _
v, = (cos(n(¢p — ¥,))) quantifies the particle emission Final State

“in-plane” versus “out-of plane” Momentum 2000
Anisotropy
Measuring the v,, coefficient can constrain K. M. O'Hara
hydrodynamic and transport properties of the hot et.al, Science,
and dense medium produced in the collision. 298, 2179 (2002)

|
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Four Methods Used for Extracting v, Signal

Event Plane

event plane

acceptance

(>

N

« based on particle correlations with the

. gives an estimate of the reaction plane

« requires corrections for the detector

4" Order Cumulant 88

« based on 4-particle correlations

. removes lower order non-flow effects

2"d Order Cumulant 00

« based on 2-particle correlations

0000

Lee-Yang Zeros 0000

O...

« based on all particle correlations in each
event

. removes non-flow effects

Higher order harmonics up to v, were measured using select methods:

n=2

CMS | .
i C. Maguire
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Reaction
plane

- defines yg
(direction of the |mpact parameter)
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Elliptic flow at Mid-Rapidity: LHC and RHIC
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V,(N) : Centrality Dependence
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« Multiple methods — give a handle on non-flow and fuctuations

« Weak n- dependence, except for most peripheral (EP and v2{2})

* may constrain descriptions of the longitudinal dynamics

C. Maguire Results from PbPb Collisions Measured by the CMS Detector 18




V5 (p7): Comparison of Methods

3580C
1<p, <2 GeVic J‘Ldt=3.1_ub'1
2.0<jAn|<4.0
it

CMS Preliminary

ool POPOAS=276Tev | 1 1 A

2 L -l -}
40-50 % 1 50-60 % 1 60-70 % 1 70-80 %
e by by o by b o by e b by b bovwn beov o Poyvwn b bewn by b w8y v b vy by a1 a ey
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« v4{2} and v;' comparable at low trigger p+

Non-flow dominate v,;{2} at high p and in peripheral collisions
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The Full Harmonic Spectrum
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* V,, Vs N, shows different trends:

« even harmonics have similar centrality dependence:
* decreasing = 0 with increasing N,
* V5 has weak centrality dependence, finite for central collisions
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HARD PROBES
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High p+ Charged Hadrons: Spectra and R,

» Measuring charged tracks up to p~100 GeV/c ( jet triggers)
« Strong constraints to energy loss models
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A Colorless Probe: Isolated High p+ Photons
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As expected: no nuclear modifications seen
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A New Colorless Probe for the QGP: Z Bosons
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Overview of CMS experimental results, JPS Sept 16-19 , 2011

QGP is transparent to
photons and Z%

———

\ QGP is opaque to

charged hadrons (jets?)
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Jet Quenching:The Opposite of Transparency

CMS s Expenment at LH(, "CERN -
— 7'/‘-{1313 récorded: SunNoy 14 19:31:39 201 0 CE..S]
|/ Hun/Event: 151076(1328520 T, -

ST Limy.section: 249 . e e, -

Jet 0, pt: 205.1 GeV

pT,1 - pT,z

pT,1 . pT,z
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Di-jet Imbalance

arXiv:1102.1957 |nuck-ex|
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Phys. Rev. C 84 (2011) 024907

Ay = (pr,1'pr.2)/(pr.1+pT.2)

* Di-jet imbalance increases with centrality
* Not reproduced by MC ( PHYTHIA + PbPb data)
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Jet Angular Correlations

arXiv:1102.1957 |nucl-ex|
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A¢12(rad) Phys. Rev. C 84 (2011) 024907
« Back-to-back even in central collisions
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Where Does the “Lost” Energy Go ?

Missing p;l: #r= Y —prkcos (Prrack — PLeading Jet)
Tracks

0-30% Central PbPb - .
W, S L R ] Calculate missing p; In
= PO+PD Ve _=2.76 TeV ] .
| S v AT excess away ranges of track p;:
: 1 ina i ® >05GeVic
g o0l - : | from leading jet T 05. 1.0 Gevic
S , [ ]1.0-2.0Gevic
- [ 20-4.0GeVic
20r excess towards — 4'2 ;)eéo ‘(,?nleV/c
ol leading jet BN > 8.0 GeVic
seaslosnslonnslsnnslonss l
0.1 0.2 0.3 04
/ A, \
balanced jets unbalanced jets

The momentum difference in the dijet is

CMS PAS HIN-10-004 balanced by low p- particles

Phys. Rev. C 84 (2011) 024907
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Jet Results Summary

________ . 2. Large average dijet
i p,imbalance

3. p, difference found ,«“‘“
at low p; far away from —__, F,/ \
jet

3 *

-
a .__’}

1. Angular correlation of
partons not affected by the
medium

4. Partons fragment as in
vacuum.

C. Maguire Results from PbPb Collisions Measured by the CMS Detector 30



Compact Muon Solenoid: u*u Invariant Mass

© B " CMS Preliminary - -
o 10° Jhy PbPb \S,, = =
© S 2.76 TeV =
QO 1(1,2,39) L =7.28pr.\|t?1 =
:@ int ol
C —
@
>
(0]

10

—_—
o
¢
I Illllll| I I‘% I IIIIIII| [
| IIIIIII|

p‘; > 4.0 GeV/c H ” ”

10 102
m,, (GeV/c?)

C. Maguire Results from PbPb Collisions Measured by the CMS Detector 31



Jhp and Y

« JAp and Y observed in u*u channel [ nttp:/cdsweb.cern.chirecord/13535867In=en
* CMS muon acceptance [n|<2.4, p;,>2-4 GeV/c

« Excellent mass resolution ~1%, comparable to pp

« Use displaced vertices to separate prompt JAp and B-decays

N, =734154 N, =86+12

(:\300_—I| ' I L I T l rr | rrT | rr | rrT | T T T II—_ C\T\ _I T T T | LI | IIIIIIII | LI | L | LI I_
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o) B ] 60— i —
O 250 PbPb \/s, = 2.76 TeV ] & o — fit PbPb \/s\\ =2.76 TeV -
N - 2 <~ -1009 ]
8 [ L =728 : L ol 0-100%, 0.0 < |y| < 2.4 3
S oal 0-100%, 0.0<ly| <24 } - = [ Pr>4Gevic 1| 0<p <20GeVic ]
7200 c =39 MeV/c® — - | L =728ub’ i
" - 0.0<p_<30.0GeVic ] &L int = £-2O M .
2 T tes . £ 40 —
S - e opposite-sign ’ o _ 2 e ]
2 150F  « same-sign ] o[ Y 6 = 92 MeVic” (fixed to MC) ]
[ — total fit i 30 —
~ ===+ background ] N .
100 + + _ i

i h + AL 201~

| 4 » e "l h -

& L a J r:r !y % ppi 1y + - ! *
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cms;g
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All quarkonia suppressed: R,, Vs. centrality

Non-prompt J/ip suppression is a measure of b-quark quenching
High p; JAp is strongly suppressed at the LHC
Inclusive Y(1S) is suppressed

<
<

oC

C. Maguire
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CMS Preliminary

PbPb \/s, =2.76 TeV
= Prompt Jhy

* Non-prompt J/y

¢ Y(1S)

http://c

dsweb.cern.ch/record/13535867In=en
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Suppression of excited Y states

~ T [T T T T ~
No 80_ . | = | | | —
S [ - daa cms Preliminary . N‘§ C o data CMS Prellmlnary i
q’ — —_— - [ pu—
O 7o M pp \'s = 2.76 TeV = 3 % — popofit | PbPb\/s=2.76 TeV "
I 0.0<|y|<24 : A pp shape [ 0-100%, 0.0 < |y| < 2.4
— Ll = - S ]
c 60E-p; >4 GeVic 0<p, <20 GeVic e o 50: pl > 4 GeVic 0<p_<20GeVic
P L = 225.1 nb” . > L =7.28ub"
€ S0 ] 12 B int =~ {.<0 W
st pp 2 e ] S 401 ~
D ,oF © = 92 MeVic® (fixed to MC) 1 zf o = 92 MeV/c? (fixed to MC) 1
: - 301 ]
. | PbPb
C . 20
20— —_
10; i 10 J” + *
07 S | E— I L | E— | E— I S I_ L1 11 | L1 11 | 111 I L1 11 | 111 | L1 11 | L1 11
& 9 10 1 12 13 14 =% 9 10 1 12 13 14

m,, (GeV/c?)
Y (28 +38)/Y(1S)| ,, = 0.78:¢ 15 £0.02 Y(2S +38)/Y(1S)| pypy = 0.247713 £0.02
Y (25 +38)/Y(LS)| pyps
Y (25 +39)/Y(1S)|,,
« Excited states Y(2S,3S) relative to Y(1S) are suppressed

* Probability to obtain measured value, or lower, if the real double ratio is unity, has
been calculated to be less than 1%

=0.31"))5 £0.03 | PRL107 (2011) 052302
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« Broad experimental program and excellent detector performance
« CMS has obtained significant statistics of hard probes

 CMS conducted detailed measurements of global properties of
medium in PbPb and pp collisions

e Our measurements indicate consistent view of the hot and dense
medium
— Strong collective effects in the medium
— No quenching of weakly and electromagnetically interacting probes
— Strong quenching of partons, including b-quarks
— Suppression of quarkonia, including excited states of the Y

s, |
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BACK-UP
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|solated photons

* Colorless probes

— Check suppression

— Nuclear parton distribution function

— Initial state
Photon selection

— ldentify isolated electromagnetic clusters/a

* Epca/EgcaL <0.2

/

* Energy in cone (R<0.4) less than 5 GeV/

— Transverse shower shape

rrfrryrryrrrryrrrrrrrorr Trrr ™rT
CME Proliminary

qu “i e’
- PL#Pb \T_e2.78 TeV

E, : 25-30 GeVic
0-10%

0 0,005 o 0.015 002 0.006 0.01 0.015 002

Shower Shape (Gyy,) Shower Shape (Gyy,)

/

-0.4-0.3-0.2-0.1 0 01020304
AFTER

background energy subtractlon
Transverse shower
shape using high \
ECAL granularity \

Yo

Smaller width

Larger width
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Jhp: prompt and from B decays

« Use separation of primary and u*w~ « Separate:

vertices in plane transverse to beam — Prompt J/y production
« Long B decay times lead to displaced - Non-prompt J/p from B
vertices decays
’g _I T T T I T 1T l T T T T l T 17T T 17T T T T I_ c\/l\ :| L | L | | | | I L | |||||||||||||||| :
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- i 20| .
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Muon reconstruction mechanism

Magreic F teamiaee e
Directed O

® ‘ |
/ If W 1
( | O S M
% | i
’ '}m Caloimeter
HCAL - Hadron Superconducting
Calofimeter Solenoid lfon retum yoke interspersed
i wih Muon Chambers
Transverse sice
through C_MS . . ) )
» With information from inner tracker and muon stations, global muons
reconstructed

« Global muons need p 2 3 GeV to reach the muon station, but loose
2~3 GeV energy in the absorber(iron yoke) so total momentum of the
muon that reach the muon stations is = 5 GeV (depending on eta)
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Fragmentation Functions

CMS PAS HIN 11-004

CMS Preliminary
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Leading and sub-leading jets in PbPb fragment like the

corresponding energy jet in pp
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Take home messages from CMS

e ey
1 R AR Aanan T 0.4-CMS Preliminary PbPb\[S,,,=2.76 TeV -| Jeazans GMS Preliminary
CMS Preliminary £ CMS Preliminary 3 0.35[-0<p, <30GeVic, <08 ] 1 N
101 PbPb \[5,,=2.76 TeV. 0.08" Stat. Uncertainties % 3 N P \g\dfygn /\\‘32"3
Mid-Central 1 3 03fF | . .
= [05% e Ja— 2000 005 : g (d) N>110, 1.0GeV/c<p_<3.0GeV/c
Q‘: 8| s 0-90Y% < bocoms ] 0251 Y El T
g o ) > 0041 = AUCE E & ! [*
= a045% — 3 1500 B . L STR i S o02f il
X gL 60-65% S = 003f CPHENX i « CMS PoP 276 Tev N
5 i, B 5 ] HOBOS - 0.15 - PHOBOS CuCu624 Gov SRR
. co2f L T coeRes - o PHOBOS CuCu200 GV TR
S5 [esoon . b 020 Newea 1 oif * PHOBOS Auk624 Gov] N
z° 4 L anan o u [ | o PHOBOS Auhu 200 GV
z cHS Praliminery oo “AGS (OTT) 005 . R, €7, 01405 2009 |
L PopbyE=276 Tov i e e
2F e RN R R
°CcMS Vo (GeV) (1/5) GN_/dy (fm?)
TP T NPT

. Vv, in wide acceptance
Charged hadron First: E;

Pb+Pb \'5,=2.76 TeV AR08

A First: Suppression of excited Y ©f foauerw § oo

AR:0.8

R SRS RS s A AN SRR R
H ] L 80F . data CMS Preliminary = —~ N S — .
multiplicity S | mvaezmety 1 8 T Gas by
b PRI NN SR = 00<lyl<24 El 3 — porort | PbPb\sy,=2.76 TeV ]| . . .
i BEAE. Seossoe | ocp<moe 4 X Fo e owsoosyi<ze First dihadron correlations
P > L= 225.1 nb” E S M p>acevie || 0<p, <20Gevic ]
15[ s 25 E S 728" ] . .
S :J:) & =92 MeVic? (fixed to MC) 1 g 40 b= 72808 E pp and Pbe N W|de
& J{ 4 E hd =92 MeV/c? (fixed to MC) |
{ a acceptance
osp 1 ) 3
= : 4
1234 10 20 100 200 Rs
DY(GGVIC) of " o leva b b e Lo B | | L L L | ]
8 ° ° otz 7 8 9 10 11 12 13 14
: Govie? U ——
First: h+- Rya py up to100 GeV/c e M (800 R s s S

=24 LSRR AN RN RN RAR RN AR

£
€ 220F-CMS Preliminary

« opposite-sign

©
- = o same-sign 4 2 T ’ ! T !
S 200-PbPb \sy = 2.76 TeV — ol it 9 o« 14— CMS Preliminary -
o & T T T T T T T T T
=180 — back d = !
% 0-100%, 0.0< |y| < 2.4 ackgroun s PbPb\'syy=276TeV ] L CMS PbPby's,,, = 2.76 TeV = Opposite-sign
5160 00<p <300Gevic I c=39Mevic’ = Prompt Jiy 815l [Laerau” o Same-sign _
@ 140E 1, = 7.286" E = * Nonprompt 45 S a Ocms pp7 Tev 23 o
n + Y(S) 5 <24, p:>m GeVic
08k E 5 N=39
210 . 01 o0z 03 04 o1 02 _ 03 04 01 02 _ 03 04
i

W+ " . b y iy . First: Jet imbalance and

*

+

G R e 5 s s 54 56 5e 4 a 85 <Ry’ <300GeVle 00.<py <200 Gallo 033 IIj.H. i‘j i‘o- s +ao v IH Lt jet fragmentation funCtion

021 00<lyl<2.4 - 1
|

90 100 110 120

50 100 150 200 250 300 350 400 Dimuon mass (GeV/c?)

m,, (GeVic?)

Noar . .
H " " - 10° Pl ; R e T
First: Prompt Jaw and First: Gauge bosons: Z, W, isolated-y e
) 10°5 g oocevie st s0ceve o Soeagng ot JLat-720 3
i 9> 213 —pp reference
B-had th h mpt J/ ¢ eresy iz
-hadarons tnrougn non-promp P g P NS R z - oo e T el Popp 3
e PDPD\ Sy, = 2.76 Tey —*— 10:30%x100 N o =~
_ 3 —— 30400%x 10 v F 107 - -100% -309
P’ vaserat TRV R E o Protmnany eam 30-100% 0-30%
T T T vl Systematic Uncertainty | O _[L at =260 nb
E [ oMsPreiminay - mefﬂm s sererox o) | @ TO PbPb \f5y = 2.76 TeV B e A
8| PbPb\5=276TeV - Z o Leading Jet
forPolon A £ [ . e
S Lu=728u > 10°F e E g i
< f A — totalfit % 10°E o s0f- 51520 Govie, 1< 26 2 H » Subleading Je!
2o % ... background 104 k| 40 ] ﬁ 15 Ed
E 0-100%, 00 <lyl <2.4 E 20E MC W embedded in PbPb Hydjet ] >
f 65<p, <300 Gavlc P E 2 Hm_% gL
i ‘% 201 = PbPb data s \_'_L
105 E I
E L_““ﬁ E 10 . b E ,
E 1 e w o g ! 005115225335 44£0 051152 253 354 4!
v s e &=y e = inedp™
30 40 50 60 70 80 My [Gevie] T
Photon E, (GeV)

C. Maguire Results from PbPb Collisions Measured by the CMS Detector 41




