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Origin of azimuthal correlations

Reaction beam Event Plane

plane
(contains the
impact parameter)

Al participants
’ - defines yg
Elliptic flow Triangular flow

dN

% ~ 1+ 2vy cos 2(¢ — 2) + 2vz cos 3(¢ — ¥3) +

* Smooth IC
— odd harmonics = 0 (by symmetry)

* Fluctuationsin IC
—> give rise to odd harmonics # 0
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Azimuthal correlations investigated in CMS

intermediate pT high pT

| | L | [T (R N S N B | | I N N N A A

107" 10 10?
P, (GeV/c)=—>

Hydrodynamic flow Soft hard interplayi|  Path-length
driven by asymmetric (hadrons from | dependent
pressure gradients & |i thermal quarks +

spatial anisotropies | jet fragmentation) ||~ energy loss

Z S8andra S. Padula ICHEP 2012 - Melbourne 3 @7

EEEEEE



Highlights

 Measuring azimuthal anisotropy of charged particles:
— Physics motivation:
* EoS, opacity, and viscosity of the medium
* Initial conditions and the role of fluctuations
— Elliptic anisotropy at lower p; = different methods

e Event Plane

 Cumulants
— Two-particle: v,{2}
— Four-particle: v,{4}
* Lee-Yang Zeros

— Elliptic anisotropy at high p; (Event Plane)

— Dihadron correlations
* Investigate anisotropies of higher order Fourier harmonics

* Summary
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CMS Detector

Hadron Calorimeter (HCAL)
Beam Scintillator Counters (BSC)

Forward
~— ;;\‘ A Calorimeter

-~ \g
/Il/ (2.9£TnF|)<5.0)
<l

Very large coverage =l H”, I
(1AL 2w, |ANn|<5) /(e—' A
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Four methods: EP, v,{2}, v,{4}, LYZ

Event Plane Two-particle Cumulant
(02{EP} = (cos [2(6 — 4,)])/R) 022} = \flcos [2(61 — 6)])
Need to correct for Y, resolution (R) o a W \ @
_ N ¢+EP o 0‘ " 2 ..J. ~::.Z. /
. \b .\...lll o —>

200 4o
ésider a%‘ two-

particle correlations

n=3

@2{4} (2(cos[2(¢1 — ¢2)])* — (cos(¢1 + d2 — 3 — ¢4)>>1/ﬂ Lee-Yang Zeros
\ O 0‘~..f / Consider all Consider all J /
6\“\: g‘." 8. four-particle particle
.\.’ ...../ ,’ correlations correlations .i'
/. %o "/‘. (not all shown)
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Di-hadron correlations (5t method)

Signal Particle 1: trigger Background distribution:
gy Particle 2: associated 2N
1 d*N 1
S(An, A¢) = Event 1 B(An, A
(A1, 80) = IRy dBg (A0 A0) = 5 TAn dig
1
Py 1 e 2 P~
_2.: _ ............ n Event 2 _2':
153 | % ) =5 < .
% T i " % .| same ) mixed
1 7 N_ | event = event
4 5 pairs pairs

assoc trlg

AT\ A77 =7
A(b ¢assoc ¢tr1g

Associated hadron yield per trigger: 40-50%
1 d@N™ S(An, Ag)
— B(O 0) >< ’ = | & trlg
N. . dAn dA ’ An, A L3 S 3 <pr < 3.5GeV/c
g 011 A0 (&, A9) qugv b 1< piP° < 1.5GeV/c

A ‘fm\ \i“‘“ .
A “ 1\‘ ‘\‘

v
15t analysis: PbPb@ +/Sn =2.76 GeV:
0-5% most central coll. > JHEPO7, 076 (2011) N Eur. Phys. J. C 72 (2012)2012
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Fourier analysis of Ad correlations

[T T T T T T T T T T T T T T 7]

Exclusion region in An

chsi, " V4A n—4
o — 1 Via
I "1 Vaa @
D<A <4 L o 1 23
AQ|
Fourier decomposition: fitting the 1D A¢-projected distribution for 1 < |[An| <4 as
air N
1 dN’ N ma

g~ oo+ D] 2iscosnadd)} (N, =5)
n=1

trig

Flow driven correlations:
VoA (pgglg’pa%SSOC) _ Cpmplementary to standard flow methods
(i.e., EP, cumulants, LYZ)

trig aSSOC)

Un(pT ) X U’I’L<pT
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V,(p+): results for the 4 first methods

— V,(p;) grows
up to 40-50%,

then decreases |
0.3}

0.2}

— Behavior with
p.:rise up to
p;~ 3GeV/c,

0.1F

then 0_35

gradually
decreases

(except v,{2} 0

above 50%)
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f CMS PbPb |s,=2.76TeV

All methods: |

0.2}

0.1F

5-10%

-----------------

10-15%

] arXiv:1204.1409

15-20%
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Integrated v, scaled by eccentricity

Participant Eccentricity Cumulant Moments
B 2 1.2
\/ (¢ - 02)" +402, e{2}? = (),
Epart =
part 2 2 4 _ 72 \2 4
Ty + Oy 6{4} = 2<€part> - <€part>
vo{2} _ wo{4} -~ vo{EP}
c{2} {4} €part
arXiv-1204.1409 arXiv:1204.1409
* ) 7\ 1T ‘ T 1T ‘ T 17T ‘ T 1T ‘ T 1T ‘ T 17T L
SN H - 0.35  Comparison with PHOBOS/RHIC —
C + 1 | Differences between - + .
06F I T the methods > well 03 Pes -y
050 o VAEPYe - described by Glauber 0 7 ++ 7
- . * 0 vA2)/e{2} 1 | model eccentricities for ' 5; i . ,ﬁ,’ﬁﬁ»”' ]
0.4 @_5\& *VAAYe(d) 15-40% centrality L 02l ++++ ]
> " . L ! 4 n _
0.3F ISy - , S (1" VS I CMS -
- \}‘\'&3{‘:"5\\.‘ ] v,/€ scales with the P & o PbPb276TeV |
0.2F TaIeg 4 charged-particle 0L PHOBOS E
C R~ idi i - = AuAu 200 GeV -
oiE E rapidity density & o n Auu200 Gev, i
- 1 | isingood agreement/ r r e,
oo b v by v by v by v by v by gy 0 T H -
0 10 20 30 40 50 60 70 with PHOBOS o 0 e e e e s
Centrality (%) (1/8) dN._/dhn ( fm?)
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V,(p7): comparison with ALICE & low energies

6071 v0OCT-AIX E

_I LI | T TT | T TT | T TT | IIIIIIII | T TT T
0.3F PbPb (s, = 2.76 TeV (1)
E o o 40-50% Centrality
0.25|- g 0 5 48
%
0.2f B’ % i e
b oot T
0.15F 0' Kt ' h
E i%)* * *
0.1 o V,{2} (CMS) ~
- § 0 V,{2} (ALICE)
o x v {4} (CMS) _
0.05 ;9% X vz{4} (ALICE)
- | | systlematicls | | |
0 1 4
p. (GeV/c)

6071 ¥0CT -AIX E

(EP)

e CMS (PbPb)
0 ALICE (PbPb)
A STAR (AuAu)
o PHENIX (AuAu) -
= PHOBOS(AuAu) —
o CERES (PbAu)
A NA49 (PbPb)

v E877 (AuAu)

10

102 10°

(S (GeV)

— (1) CMS & ALICE for v,{2} and v,{4} = good agreement withinjuncertainties

— (2) Qualitative /Sy~ dependence of integrated v, [4.7 GeV (Agg) -2.76 TeV
(LHC)]: 20-30% log increase with /Sy~ from RHIC@200GeV to LHC@2.76 GeV
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v,(p;) extended to high p; & versus N,

— First precise measurements of v,(p;) up to p; ~ 60 GeV/c (comparison with ATLAS)

(EP)

-V, gradually decreases above p;=10 GeV/c; remains # 0 up to very high p;

- lems L, =150 ub ] 0-10%
02 PbPb (5, =2.76 TeV

® CMS 2011

Inl<1

> 0.1k O CMS 2010, i<0.8
!\ O ATLAS
o 9 ® *
00— — — > — — —— — —

10-20%

0.2 %
>0,
%b'?%. oo IS
oo—————————

20 20
P, (GeV/c)
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i high-p; particles:_
— v, reflects path

| dependence of
| jet energy loss

o
>

0.1

| ® h]l<1

2r O1<nl<2 T

[ e®.g

- g -
I L
[ CMS L, =150 ub™

- PbPb |5, = 2.76 TeV

10<p <1.1GeVic |

LI 1 N Ll N 4
32<pT<4.0 GeV/c

arXiv: 1204.1850
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2Md-5th order single-particle azimuthal harmonics

e Assuming factorization, i.e.,

- vV trig ,,low lowy lo lo
U (ptrlg> — nA( v > Pr ) ’ Where U, (pT ) — VnA (pTW7pT W)
e v, (P1)
n T
CMS L, =3.9ub" POPD\Sp =276 TeV 1< p** <3 GeVic
e v,  0-5% %% | s-10% | | 10-15% |  15-20%
Eur. Phys. J. C (2012) 72:2012 02k a v 1 1 1 ]
s v, 2<lan< 4 ...
e l-: .o‘o o o
= 01 v 4 .fo. 2 te 0.. | o.. = o X ]
f‘ ‘¢f"2-° rﬁ‘a""ﬁf .
4o ® o " ‘ g A by, »
ook ‘TOA* g LX'S B K1 ‘!tttj'n“ *
T mmw | s | o w0-3s% T a0
& 1 1™ 1L 5 )
- Non-zero vy and v = reflect  “*f & _ .‘*-. s pes ]
. . i L [ ] +e ° Py 4
ﬂuctuatlonsm_IC T .ﬁ-‘ i fﬁ:u .. ’“,ﬁ %s i @ ‘tﬁ-“ oo 0 :
- For most peripheral (> 30%) =2 ba, 5 i 0, , 4 1], P 3
. . 00 ---- e B TRl SRaEEt T L4s...-T1d R s s Eants TEEEE R
v3-Us truncated due to statistical | | *‘ L RN . 0 ‘ S N
limitations C 40-50% C 50-60% ' 60-70 C 70-8
0.2 -o“. 1 &~ T o, ¢ "ﬁ"“ et 9%-
. . o % '.“ ”
. e ® . . ®
o4 . L] 1 L ]
~9 OJ_% e o ¢-- L L
ﬁ -
. , + #{ .
0.0 ------'J$J|‘* -------------- 1'!;4-+ ------------- S { ----------------
. é 1‘0 1.6 = é AllOI .115‘ g Ear é = ‘1OA = ‘I‘S s EI> 110 1I:'>
(4% included for completeness) "™ (GeVic) o™ (GeVic) oI (GeVic) b (GeVic)
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Summary & highlights

high pT

CMS L, =3.9ub" PbPb \/sNN 2. 76 Tev 1< p“m <3GeVic

int

VZ(pT) at LHC Wlth 4+1 I 1<p'T9<1.5GeV/c .I; 3<p <35GeV/c ‘ s<p‘9<2oeewc Dh d h h

opf2<lani<d enmh g e . T ] Inadron nigher

complementary methods R . &
50 V82 ; 0.1 -. * . 4 AAAA AL, : + * ° ] Order Vn 9 neW
BEERE A o T lt L * B insight in IC. etc
¢ gy - f | e *» : " A’ . 1 .

. f‘,zif‘*iiiifa‘*iii ' . jf T .J‘ '

a0 0350 a0 100 200 300
Npan

(a) PbPb \fs =276 TeV CMS Preliminary

L, = 150 pb" LN Y Firstv, measurements
| amen at 20< p; =60 GeV/c
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St Fada® T e = F cMs L, = 150pp1 0-10% 10-20% 20-30% ]
GE-) 0.2:_Pbe Sy = 2.76 TeV i ]
V,(py) at LHC behaves | | o S M e {% ]
.. > ' o ATLAS %04 e
similarly as at RHIC | | 2 N SRE b STEE SRy
o R R o . :
0351 + E S 30-40% 40-50% 50-60%
r O p'T"9>20 GeV/c )
0.3? ++++ + E .(‘Z) 1< p:Ssoc< 2 GeV/c 02{%2 ﬁ‘ ',‘
r h LL ; : : b & h
0'255 4 1 [ cmsL,, =150 pub" 40-50% centrality | * . Pg"*ﬂ. N %‘Hi» t +
. 02 = :!' PbPb {5,,=276TeV  [n]<1 S It ST S +- _+__+ __+__+ _____ ]
$ 0 z “I3e t —F T "
0151~ CcMs 3 Li ° , ] 25 ) e T— 5 2
F e PbPb2.76TeV | o % — L% Glauber § p; (GeVic) p; (GeV/c) p; (GeVic)
o1b | PHOBOS E o W T L% CGC-fKLN N
F = AuAu 200 GeV ] )
. O AuAu 62.4 GeV
0.05 + CuCu200GeV ] . .
S ciuemace | : High-p; v, results = constraints
0 10 20 3 40 50 60 B. BetZ00
115) a1 on energy loss models
(5 o o) M. Gydlassy, ariv’ (561,026 1 gy
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Extracted single-particle azimuthal anisotropy harmonics

» Centrality dependence of the harmonics, v, to v; = 3 p;'"8 ranges:

m

CMS L, =39 ub 1 PbPb \/ =276 TeV 1< paSS°° <3 GeV/c S

A

T I LI T T I T | T LI L I T T 3

1< p"'g <1 5 GeV/c GO -.- ------- 3_ N ptrlg < 3 5 GeV/c - 8 < ptrlg <20 GeV/c IS

02} 2<|AT]|<4 oV, mV, '_ ® ; ~~~~ . _-_ 4 ;
. N N i E

% *ce ° AV H s . ) 0 [ * —g

= ®e . o 1.°. IS

01F ° T AAMA A A 4 O T °®e . 1N

- ° T\, Awmgumm ® m u A ¢ 1%

A A A A A A A A A 4 ] fl = * [ ] 3 B

_l=. R EEE g g g = T : I * " () 1=

0.0 2 ' | ifln? s 3_ N

| [

v b b v b Tt e b b b T Y e iy
100 200 300 100 200 300 100 200
Npart Npart Npan

» Strong v, x IV, ., dependence on centrality (not significant for v;-vc)

part

* Expected from both hydrodynamic flow phenomena (lower-p ;) &
path-length dependence of the parton energy-loss (higher p,)

* v, = sensitive to the lenticular shape (larger for peripheral coll.) of
initial collision region; v,-v;, mostly driven by fluctuations in IC

CMS . )
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v, from Di-hadron Correlations

- PbPb2.76 Tev  0-5% 1
02- = Dihadron correlation -
- 2<|An|<4 1
Vs [ o HF Event plane
0.1 3<in/<5

| Sseeisiioie % evbrvetrbstevete sivbevesevsetTIveR

o (GeV/c) arXivi1201.3158

arXiv:1204.1409

V,(p7) from dihadron correlation method (derived using
fixed 1< p@ssec <1.5 GeV/c) agrees well with EP method
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Ridge in PbPb - centrality dependence

i m
(30M events) CMSL,, =3.9ub" PbPb \/s, = 2.76 TeV 3.0< p‘Trg <35 GeV/D Go <p2** <15GeV/c S
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Dihadron correlations @ high p-

(@) PbPb y\'s,, =2.76 TeV
CMS L, =150 ub" "

£26.5(
o

526.01"" 4
©

“I\ 0-30% centrality

(b) PbPb \/s,, = 2.76 TeV
CMSL_ =1

int —

* First obsevation of long range near-side (A¢ ~ 0)
structure for p;& > 20 GeV/c

0-30% centrality

725 5

ptTrig > 20 GeV/c
1< pism <2 GeV/c

CMS
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1 dN*"

|

— ——
[ 2<IAnl<3.5 °
ptT”g > 20 GeV/c

F 1< piSSOC <2 GeVic
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Vv,(n) and centrality of integrated v,

— integrated v, vs. centrality for

— v,(n) is larger at mid-rapidity |n|< 0.8: increase from central to
peripheral collisions (max. ~ 40-50%)

— constant or decreases very slowly
at larger values of |n|

RS R RN AR ISR IR R N
; 5 Cov 018 cMS PbPb |5y, =276 TeV E
. e /O = pT.<. . e' /C‘ S 0.14:— 0.3<pT<3.0 GeV/c, ml <0.8 —:
0-14F 0-5% 1 510% ovlEP} T 10-15% T 15-20% - -
0.12F CMs ¥ ov2 1 ¥ T 1 o012F - —
0.1F PbPb \s, =276 TeV I * vz{4} }—— ¥ ] N N
= .08k i #xvALYZY % 1 015 W ) -
0.062' __ B _o__.:;_;_ . 1 e >N E e E
0.04F + e s e ] 0.08 5 £ ]
0,02 e e E . - .
0.14 T g o AR :— o L4 V2{EP} —:
0.12} g = o vA{2} N
0.1F — —
= 0.08) EREEEES gy, - g * * V{4} -
0.06F T 02— 7w VALYZ}
0.04f Qll T
0.02F
0.14 _
0.12F * - -
: B :
S oos FrEEEEE o ]
0.06F : @ @ @ @ @
0.04f A i 7
0.026.s \ . ) "= S P P T P P S TS S P T B [T P T P P B ) ! ! ) ! ! L
2 - 2 1 2 2 A 9] 1 2 2 -1 g 1 2 2 41 0 1 2 0 10 20 30 40 50 60 70

1 Centrality (%)
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Subtracting flat background in An

— Near-side peak (A¢ ~ 0 ):

CMSL,, =3.9ub’

PbPb \s\, =2.76 TeV

3.0<p)°<35GeVic

1.0<

pzT1SSOC <1.5GeV/c

mostly jet fragmentation

+~

Z o1l *| [®

— Away-side region (A¢p ~ w): L.

0-5% 1

* PbPb

15-20%]

nearly flat (weakly
dependent in An)

1 dN®

3
g

E }
F L]
r [ X )
= 02 -
T o -
[ ee

— pp data at 2.76 GeV: T

similar structure to 70-80%
peripheral PbPb

1 dN"

40-50% 1

70-80% ]

— Strength of 2 regions =2
guantified by integrating
over 2rangeswrt A¢_. ~ 1.18

CMS
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Associated Yield

Ill|||||||||||||||||I|||||||||||||||||||||I|
03l 10<pass°°<15GeV/c e 4 1.5 < p?*° < 2.0 GeVic

ol e P

Integrated associated yields

CMSL,, =3.9ub" PbPb \[Sjy=276 TV 3.0 <p"< 3.5 GeV/ = systematic
int = -7 H Snn = & e 0<p. <3.5GeVic

uncertainties
1

‘ ] 2 . 1 2.0<pi*<25GeV/c 1 25< pjm < 3.0 GeV/c
¢

:_ - *if ¢ (|)_ (||) (|||) e PbPb Near Side (|V) _

m  PbPb Away Side

* -@® - pp Near Side
—8— pp Away Side

S_ e 0 e0 @ o o _0o_ O

|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 100 200 A\/\:@Oo 100 200 300 4000 100 200 300 4000 100 200 300 400

part part N N

part part

(expected for trivial extrapolations from pp results)

— Near-side peak: increases by 1.7 from 70=80% to 0-5% [in (I)]; but only 1.3 in
(IV) (at RHIC almost no centrality dependence)

— Away-side: yield decrease with centrality (negative for most central)

— On both near and away sides = yield in PbPb matches that in pp for the
most peripheral events.

CMS . )
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Centralities of the 1D A distribution

* Averaging the 2D (An, A¢) in limited region in An

(Anmax - A77rni1r1)

A77111ax 1 d2N

X

pair

N

trig

A77rnin

dAnAY

dAn

Short-range

S1.40
S 1.
5,51.35

pair

Long-range:

2 < |An| <4
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1 dN™"

CMS L, =39ub"

PbPb \[Sy = 2.76 TeV
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Dihadron correlations and single-particle anisotropies

e Factorization: valid up to
pssoc~ 3.5 GeV/c &
p;°%s°¢ ~ 8 GeV/c

e For 0-5% events—>
complex situation:
factorization does

not apply and other
mechanisms must

be at action, perhaps a
complicated interplay of
different particle
production mechanisms
between low-pT
(hydrodynamic flow) and
high-pT (dijet production)
particles.
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