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Azimuthal Correlations in CMS
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Physics Motivation and Tools

 Measure the Anisotropic Asymmetry to Address
. EO0S, Opacity, and Viscosity of the Medium

« Role of Fluctuations and Initial State
. Particle production mechanisms and degrees of freedom

. More details in parallel talks given yesterday in session IC by
Victoria Zhukova and Rylan Conway

o Use Multiple Methods For Elliptic Flow Determination

. Study Single and Particle-Pair Correlations

« Anisotropies of higher order harmonics are investigated and compared

. Look at the v, of an Identified Hadron: the n°
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The CMS Detector

- EM and Hadonic calorimeters
Photons, Jets

HF
(Forward Calorimeter)
MinBias Trigger

Centrality
Inner tracker:
Charged particles solendid
Muon
detectors
Muon Inj<2.4
BSC
HCAL |ﬂ|< 5.2 (Beam Scintillation Counter)

MinBias Trigger

ECAL In|< 3.0
Tracker Inl< 2.5

Event plane determination : 3 <|n| <5
Broad kinematic range and full azimuthal acceptance
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Correlations in the bulk system (low py)
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Hydro flow with Fluctuating Initial Conditions

d—N ~1+2v,cos2(¢p—-y,)

d¢

Two-particle dN™"
correlation dA¢

Elliptic flow

~ 1+ 2v; cosS2A¢
N

Elliptic flow
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Charles Maguire (Vanderbilt) 6 Hard Probes 2012 (Sardinia)



Hydro flow with Fluctuating Initial Conditions

Two-particle
correlation

A 1+2v,co82(¢p—1,)+2v,co83(p— ;) +...

d¢

pair
aN"" _ 14 2V cos2A¢ + 2V; cos3A¢ + ...

dAg ~
n=2 + n=3D + n=4 + n=5
N

Elliptic flow Triangular flow

, s te 208N
& A= SO, g f‘\'.’“@ Triangular flow
Q PoYa 0 =30
“ Elliptic flow

_____

Alver, Roland, PRC81:054905, 2010
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Charged Particle v, Extraction Methods

Event Plane Two-particle Cumulant

v,{EP}= (cos[2(¢ VY )]) /R v,{2}= J(cos[2(¢1 — 0, )])

_09F CMS PbPb {5,¢=2.76 TeV Need to \:\o

ot =" "= correct for Wep Considerall o o o=
§07E : ; resolution (R). two-particle °o C\o) ‘\;’ oy
gg‘g; - correlations.  -° o
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Four-particle Cumulant Lee-Yang Zeros
5 V4

v, {4} =(2(cos2(8,-4,))" ~(cos(dh +6:-0,-0)))  Consider al
Consider all o o= par{asle ,
four-particleo % 0o correlations-
correlations. © o O™ (Not al

° shown!).
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Di-hadron Correlations in CMS

Signal distribution: Particle 1: trigger Background distribution:
Fyu— Particle 2: associated N
1 d°N=™ 1 d°N
S(An,Ag) = N,. dAndAg Event 1 B(An,Ag) = N, dAndAg

{5
LKL

Gy Event 2
gty
)

B AN
i b
PR
5 m%l;ff?w,?

S(An,AQ)

ey i f"”" ¢
RIS
a, i, "5'&,'3;{/ S

same event pairs mixed event pairs

Associated hadron yield per trigger:
[Aﬂ = 17550 - 0 } 1 dNPe S(An,A¢)

A(i) — q)assoc _ q)trig N dAT]dA¢ = B(O’O) X B(AU,A¢)

trig
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Fourier Analysis of A¢ Correlations

Exclusion region in An

P2<iml<4

v
0
0
"
)
“
.

Flow driven correlations:

V! = VL (RY) < Vi)

f. Fourier analysis of long
range dihadron correlations

1 deair N .
' ition: = —a50¢ (14 2% V cos(nA
Fourier decomposition: dAd - 2n ( ; . Cos(NAg))

trig

Complementary to standard flow methods (EP, cumulants, LYZ)
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V,(P1) Results Usmg leferent I\/Iethods

arX1V. 1204.1409
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These v,(EP) CMS results are only slightly larger than the PHENIX results
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v, from Di-hadron Correlations

@ en

- PbPb2.76 Tev  0-3% 1 |  15-20% I & |  35-40% _
0-2_- = Dihadron correlation T o e ® -

_ 2<|An| <4 T " e 8 "

Vo | o HF Eventplane I 10 Y
T3 <ini<s 5 e, -¢_§ 2% 4]
S Temgmow T R ¢ "
0'07_.f._.._._.i._.._._.._.%_:f._.._l_,7._.._._.._.7:7_7._.7._.._._.._.7-
5 10 15 5 10 15 5 10 15

o (GeV/C) arXiv:1201.3158

arXiv:1204.1409

V,(p1) from correlation method derived using fixed
p.?ssec of 1-1.5 GeV/c agrees well with EP method

See parallel talk by Rylan Conway: Monday May 28, Session IC
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Integrated v, Scaled by Eccentricity

Participant Eccentricity Cumulant Moments
2
/(2 -02)" +a2, {2} = (€an),
Epart =
part 2 4 2 \2 4
03/' T Oy 6{4 = <€part> — <€part>
vo{2} __ wv2{4} _ v2{EP}
6{2} 6{4} €part
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L CMS PbPb |s,=2.76 TeV ] - + -
0.6~ 03<p <3.0GeV/c, Il <08 = 0o6F I The differences
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e-scaled Integrated v, (N, and Density Dependence)

par
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V; Flow From Cumulant Analysis
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Higher Harmonics from Di-Hadron Analysis

arXiv:1201.3158
arXiv:1204.1409
CMS L, =39ub’ PbPb \[sy,, = 2.76 TeV 1<pP <3 GeVic
_lIIIIIIIIllvllllllll__lllllllll IIIII IIII__IIIllllllll'llllllll_
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Higher-order coefficients, n > 2, do not show a significant
centrality dependence, which is consistent with fluctuations
in the initial collision geometry being the driving force
|

CMS
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Extract the Full Harmonic Spectrum (v,, v, ...

03 T T T T T T
_ 30-40% ' .
| —— Hydro, ideal (/s = 0) 2hydro 30-35% 1
. — Hydro, /s =0.08 In|<1 —
B Hydro, n/s =0.16 n
0.2 ° —{ arXiv:1201.3158
c : v hydro bt V2:
01— N —
— O A V ]
n " VS_
¢ + 4
00 ="~ T T T
2 a4 6

Py (GeVIC)  schenke et. al., arXiv:1109.6289

« Measure multiple v, to over-constrain the hydro calculations

n/s
Initial conditions (Glauber vs CGC)
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|dentified Hadrons at Intermediate p+
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Baryon vs meson v, (Result from RHIC)

PHENIX Collaboration: Phys. Rev. Lett. 98, 162301 (2007)

_Illllllllllllllllllll_l_llIIIIIIIIIIIIIIIl_
0.3  (a) ® 1 (PHENIX) <5 p (PHENIX) (b) |
m K (PHENIX) O A (STAR)
¥ K2 (STAR) [ = (STAR)

0.1+

0ll""“"llllll111]1111111111 Pl v v b v b v 0 1y

0 1 2 3 40 1 2 3
p; (GeV/c) KE, (GeV)

At RHIC baryons have a larger v, than mesons at intermediate p;
In CMS we can study n® v, in comparison to unidentified charged hadrons
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CMS =’ v, Results Compared to PHENIX ¥ v,

® CMSPOPb fsyu=276T8V | 1
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0.1 L I{] + Jr
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No change in v, despite a factor of 14 increase in sy,

Charles Maguire (Vanderbilt)
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=V, Compared to Inclusive Charged Particles v,

I;j
¥ ;
5 o
::§ &
| _IZ|

o Charged particles 1
I 40-50%

o 7 1 30-40%
0
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| [ 1
[0 CMS Preliminary 1 I
50-60% 1 60-70% L 70-80%
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Differences in v, of n° and charged particles
may be attributed to baryon contribution
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Correlations at High P+
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Azimuthal Pair Correlations at High p+

Di-hadron analysis shows that there are strong pair correlations at high p+

(@) PbPb \s,, =2.76 TeV
L. =150 ub™

CMS Preliminary
"1™\, 0-30% centrality

s |S265(
pd
T|S 26.0 &
o ()
~|_F25.5{
=z )
4 4

p‘Trigj > 20 GeV/c
1< pj‘_ssc’c <2 GeVlc

(b) PbPb \s,, =2.76 TeV CMS Preliminary
_ -1
Ly =150 ub 0-30% centrality
264 T T T
B ( 2
| 2<IAnl <3.5 ° |
26.2  pl9>20GeVic o
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Z — p—
ol© .
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o
o
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1) (Truncated) peak at An = A¢ = O from jets/decays
2) Away side ridge from jets or flow
3) Near side ridge from flow and ...

Azimuthal pair correlation in
central events after excluding
the |An| < 2 region

CMS /|
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Azimuthal Dependence of High-p+ Particles

S Experiment at|LHC, CERN  ™~__
atarecorded: Sun|Noy 14 19:31:39 2010 CEST
un/Event:.151076 y 1328520
mi.section: 249 .1

AE ~ L¢;

a =1 for QCD, collisional
a = 2 for QCD’ radiative CMS Central Collision
o= 3 for AdS/CFT Dijet Example
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First v, measurements for p; > 20 GeV/c
Gradual decrease of v, above 10 GeV/c

Charles Maguire (Vanderbilt)
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Theory Comparison

Theory: B. Betz, M. Gyulassy, arXiv:1201.0281

0.2

0.1

[ T
b

T I T T
0-10% centrality

50 ub™

40-50% centrality

. cMsL,, =150 . . cmsL, =1 :
-~ PbPb (S, =276TeV  [n|<1 e !- PbPb {5y =276TeV  [n|<1 -
i B L ]
L l e o g
L — L2, Glauber . H o — L2, Glauber .
—_ g on L2, CGC-fKLN _‘ I I S -- L2, CGC-fKLN _—
£, : e
i i TT‘jmxﬁ
- —Re—t—e— - i . -
1[___‘___T______l _____ _— e T P R S YA S I R 2 O _‘1
' 20 20 80 20 a0 80

P, (GeVl/c) P, (GeVic)

Data can constrain different theoretical scenarios
However, a lot of complications in modeling still need to
be addressed (e.g., expansion of the system)

See parallel talk by Victoria Zhukova: Monday May 28, Session IC
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Summary Highlights

intermediate pt

V,(p;) at LHC behaves 70 Vy(pr) has same values | | Firstv, measurements at

similarly as at RHIC as at RHIC, and v, is also pr > 20 GeV/c
particle species dependent
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Hydro flow with fluctuating initial conditions

dN

o ~1+2v,cos2(¢p—y,)+2v,cos3(¢p — ;)
¢ Elliptic flow Triangular flow
. pair
Two-particle aN™ 44 2v2 cos2A¢ + 2v2 cos 3A¢
correlation dA¢ s

N
n=2 + n=3D

& A= SO, g f‘\'.’“@ Triangular flow
Q PoYa 0 =30
“ Elliptic flow

_____

Alver, Roland, PRC81:054905, 2010
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CMS Results Compared with PHENIX Results

e CMS PbPb \/sN = 2.76 TeV
o PHENIX AuAu |'s,,, = 200 GeV

0_2-_ — CMS fit 4

20-30% 40-50%

0 8:-0 CMS fit/CMS data ~ Jf
“©['¢ CMS fit/ PHENIX datal

123 456
P, (GeVlc)

Large increase in V syy (x14) leads to only small increase in v,(pT).
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n-Dependence of the Integrated v,
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Direct test of V_, factorization

Test of factorization: V ,(p

\

Vaa (Pr-1)

JV..(1,1)
v

Take low reference p; bin (1-1.5 GeV/c)

Vn(pT) =

I( | 2 pTassoc
1V a(Mm, 1)1V a(M,2) V 4(M,3) === V a(m,m)
| 1. .
: . : :
L Voa(BA) 1 Voa(3,2) Von(3,3) === Voa(3,m)
| |
| Va(21) 1 Vor(22) Voa(2,3) - Vp(2,m)
| |

) 1 Via(1,1) 1 Via(1,2) Via(1,3) === Via(1,m)

me; T i izati
Assuming factorization Check if v, (py) can derive rest of matrix:

?

e PE) e ¥, (P15 x V, (PT)

T Pt

Va5 PT) 2,

v,(pro)x v, (pT™
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Direct test of V_, factorization: n=2
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i >§BQ"I - 'o-+ ; 'o SRR ; + e
B KIS pEoly E
0 1 F e - o° ! . b E# *
b L0 T geaRe0e ® # T 1 ooQee et ¢ ¥ 01
3.0 <pf™* <35 GeVic} ! g
_ 5t T ettt ,d,, ,,.;...;...;.,,;:
15 o’+ | © + o ¢ +$+++
0 I L.t 0 4¢ i o
1.0:_’9_ : '99n° ‘90.. _ __‘_E_ _DU_D_
[ 4.0<p]™" <5.0 GeVic] : :
arXiv:1201.3158 54 6 8 2 4 6 8 2 4 6 8 2 4 6 8
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1.5<p,s0c<2.0 GeVic

2.0<p*%¢<2.5 GeV/c

1 2.5<p55<3.0 GeVic

1 3.0<p,ssc<3.5 GeVic

] 4.0<p,ss0c<5.0 GeV/c

* V,, from long-range corr factorizes for not very central PbPb
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Direct test of V_, factorization: n=3

Pbe276TeV
1 1520% @ I_
n= -

: O O 1 9000928 © _]
E1.5<pfs°°<206eVlc_ TH :
Ty

r===) 15 o7 J° T o |7
L o 1 1 (o] ]
: :1.03_.9999924 oooee2? t ‘-’a+!' =
I g« I 20<pT <25Ge Ic: T
Tl L i PR ot :
EREIR: oo |t -
'l Bl 1 o0 o.. +i
£ - x 1_0—099292—0 —J00%T - — o922 % T I { 1
:begg"_: 25<p _g GeWc § T+_ -
o .---G-- i---:---:_-
: = :“’ : 1.5_ ° o - o o ]
, ! o e0R%on _L P oo
:3.0<p:'°°<3.5 eWc § 1_ ¥
1.55— o * 3 o L I
++_+
1.0—0Se ————09— o ]
40<pﬁ‘tSOGeVIc ‘ﬂ 2,_
arXiv:1201.3158 46 8 2mg g mg
pT (GeVlc) (GeVlc) P, (GeV/c)

1.5<p,ss0c<2.0 GeVic

2.0<p®5¢<2.5 GeVic

2.5<p5¢<3.0 GeV/c

] 3.0<pssc<3.5 GeV/c

4.0<pTass°°<5.0 GeVic

» V;, from long-range shows good factorization
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Detection of the n° Decay Photons

Selection of the y-Clusters

--- CMS ECAL Barrel Specifics
75,848 PbWO, Crystals
--- -1.49 <n <+1.49
Crystal Areais 2.2 x 2.2 cm
--- Moliere radius = 2.19 cm

The two vy from the nt° decay are identified in clusters of 3x3 crystals
Standard CMS v identification (e.g. H = y+Y) uses a 5x5 cluster
And super-clusters are extended in the azimuthal direction
A 5x5 cluster size would limit the 7t° p; range to < 4.0 GeV/c
With a 3x3 cluster size, we can go to pr = 8.0 GeV/c
Primary shape cut is S4/S9 ratio: largest 2x2 energy/energy in 3x3
S4/S9 set at 0.87, with systematic checks at 0.83 and 0.91

CMS, | —
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n® Invariant Mass Distribution

< 200000 - ' TTToorTTTTTTTmmTTTTL
N CMS PbPb {s,, = 2.76 TeV . .
g T 40-50% Yo | « Combinatoric background
=, | Mi<038 estimated from mixed events and
- | 25<p_<3.0GeVic

§ 100000 — CMS P:eliminary — SUbtraCted
T - - * Yield extracted in 6 bins of ¢-W,

i « Same event distribution _  EP determined in HF — separted

— Mixed event background | .

. ) by 3 units of n
N§ i * Background subtracted data |
() i —— Gaussian Fit ]|
= 40000 — . 2
<t N Mass = 134.90 MeV/c® |
e i width = 15.35 MeV/c? _
£ L
°
> 20000 [~
© -

: _

0 005 01 o015 0z 025 03

m,, [GeV/c?]
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Reason for negative yield: conversion correlations

Ideal case: no conversion

° Decay

WV\/\[V\’ ’
T /
"l/t

But life is not always

Conversion case [: only one photon decays

e+
E4
-
E; \ 0, Vi
B LA E
J'EO

so simple......

The apparent opening angle 6,5 can become
large due to the magnetic deflection of the
electron, and out-of-plane effects

So even though E; < E, , the mPC, > m(119)

CMs, |

The pair survival probability for the CMS ECAL is (1 — 0.25)? = 0.56

I Charles Maguire (Vanderbilt)
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Understanding conversions using fast simulations

(result with conversions suppressed)

Fast Simulation
_ | _ L _ 1) Events have pairs of 119,

3000_....................' ........................ ........................ .............................................

a SR 0 b B A with a realistic p; spectrum

" E rast smaaten 710 Peak From Fast Simulation

3500 —

= -0.80 <n(r’) <0.80 : : :
2000 — . .................... [ P ETTTTRRPPpE-w o Lo

:1.0<p <8.0 : : .
1500 [ v e ve e b enreremrenedee N

Counts per 4 MeV/c? bin

. 3 | 2) Events are given a
1:::—Sgnal1010126? .................. . ........................ ﬁéog::a:tr:?:;nz ],% 0'1432.:?:;5 random event plane angle
e 455 3) Each 110 in the pair is
given an azimuthal angle in

== 1" Peak From Fast Simulation

dN/dm,, [4 MeV/c?

O A S S R ' the event plane according to
é’ 2500 ;_Bac.kg,round subtrac.tedyleld 1205.0 2594 .................... ; a V2 d|Str|but|On
3 2000 =-Background. yleJd 202469 B ;

1500 E S . — 4) The 170 decay Correcﬂy

1000

%Z ............... ' 5) The decay photon values
' (E, n, and ¢) are distorted
according to the resolution

............................

J Background-subtracted n° Peak From Fast Simulation

s oan” 25 | | parameters of the ECAL,
g s0f= 2/ ndf 33.861/20 . . .
| Prob 1 8027079 with optional conversion
S wE i : Mean 0.13694 = 000030 .

CE TN A . — ____ooistss » 0000262 effects possible

6) The O mass is
C—— reconstructed using the

distorted photon values,
m,, [GeV/c?] b

giving a realistic mass.

CMS /! m—
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Understanding conversions using fast simulations

(result with conversions enabled)

c 600 — - -

£ oot simutation | T Peak From Fast Slmulatlon

E = E : : : :

D 00 B e
g —S/B(So) 0.493 +/- 0.017 : : : :

s = 080<n(n)<080 : :

o 800 [—

—10<p <80 : :
L e A N e sarty
[ Signal = 4918 = 157 :

D_éér}'{dmé’éé}iméi ................ ...................... j - 2 ‘72 Fast Simulation

1 1 pe: a 0.
0.1 0.2 03 0.4 0.5 0.6

A Negative yield observed for

photons are allowed to convert

: g n Peak From Fast Simulation higher mass regions when
% 1200__Massmtegratlonreglontrom00&10018.Gev........é.........................;.........................E ........................

1000 —Backgraund. subtracted yield.=5035.+.337.......
800 _Backgmund ylﬂld— 6A8. = ;

dN/dmW [4 MeV/c2]

Mean a1 | Similar results for the appearance
3 RMS 0.1822 .
22/ 27,597/ 20 of the over-subtraction are
Mean owe-oos | Obtained using the full HYDJET
Slgma __0.016034 = 0.000387
= generator events.
Fast simulation has much higher statistics
m,, [GeVIcZ]
CMS /|
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Integrated v, at Mid-Rapidity for Different Methods
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Azimuthal Dependence of High-p+ Particles
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