Particle correlations and collectivity
in heavy-ion collisions at CMS

Wei Li (Rice University)
IWoC, September 14-20, 2014




Paradigm of nearly perfect fluidity
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Paradigm of nearly perfect fluidity

Initial-state fluctuations Final-state correlations
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» Understand the initial state and its fluctuations
» Extract the QGP’s transport coefficients (n/s)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN, 10 papers on flow/correlations!




Compact Muon Solenoid (CMS) at the LHC
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Large acceptance and wide kinematic coverage!



Long-range azimuthal correlations (“ridge”)
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Long-range azimuthal correlations (“ridge”)
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Collectivity diminishing as system size decreases



Long-range azimuthal correlations (“ridge”)
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No collectivity in pp and pPb expected



Long-range azimuthal correlations (“ridge”)
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But what if depositing much more energies



Long-range azimuthal correlations (“ridge”)
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Collectivity diminishing as system size decreases
No collectivity in pp and pPb expected

But what if depositing much more energies
= a smaller but hotter QGP?!



The “ridge” tsunami at the LHC
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The “ridge” tsunami at the LHC
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The “ridge” seen in all systems
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at the LHC!

=> Everything flows?



The “ridge” tsunami at the LHC
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The “ridge” seen in all systems at the LHC!
=> Everything flows?



"Flow” (v.) in pPb
Factorization assumption:
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"Flow” (v.) in pPb
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"Flow” (v.) in pPb
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“Flow” (v,)) in pPb
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"Flow” (v.) in pPb
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"Flow” (v.) in pPb
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|dentified particle v, in pPb

Low multiplicity
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|dentified particle v, in pPb
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|dentified particle v, in pPb

(a) CMS Preliminary, pPb ys,, =5.02 TeV, Lim =35nb” (b) CMS Preliminary, pPb |s,, =5.02 TeV, Lim =35nb"
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|dentified particle v, in pPb

High multiplicity . §pb
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PID v, in pPb vs PbPb
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Partonic degree of freedom?
Number of Constituent Quark (NCQ) scaling in AuAu at RHIC
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Partonic degree of freedom?

Number of Constituent Quark (NCQ) scallng in AuAu at RHIC
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Partonic degree of freedom?
Number of Constituent Quark (NCQ) scaling in AuAu at RHIC

0.3 ® *+x (PHENIX) K (STAR) O A+X (STAR)
W K'+K (PHENIX) <5 p+p (PHENIX) []=+Z (STAR) 0.1

What does NCQ
scaling really tell us?

ML

[ CMS oPb

| T T T | L LI T T L T

osl — "~ "~ T T T T 010 o "
r.mK
L - L S__ -
[ CMS pr : o | eA/A R S
t mK® - EN r ." =
02 _ Ix g > 0.05[ B
L 'i]\[/\ * % 71 scaled ~ %% ,{’
o or & ) r i }
X & acn” % ol byn [ g®  185<N™ <220 -

.@. - I ) o i
L - i 00;‘.':.'7‘".‘:(‘.q.'pp.‘es‘.?:?é -

[ o 185<Ny™ <220 T4
% (0.0060.06%) - L
O'OI 1 1 1 1 1 1 | 1 L L O 0:6 PP T PRI S L l-i
0 4 0.0 0.5 1.0 2.0



v3/nq

Data/Fit

0.05

0.00

0.04

0.00
1.5}

1.0
0.5

Partonic degree of freedom?

- CMS PbPb |5y, =276 TeV | CMSpPb (5y,=5.02TeV
| L.=23 ub_1 + | | L =35 nb” i
L 0 ] 0 185 < NOI"™ <350 |
= Ks ] p Pb " Ks (0-0.06%) ]
o A/A 1 >0 &- «— L e A/IA
- @ ht + S - S - @ h* + +
- L4 >C0 -
i g
» ; ; N 0.051 : . N -
KA ﬂ— o : ‘+
offline ﬁ
- 185 < NJW™ < 350 ol
- (58+4%) 1
?@ZIa O-OOF@ffffffffuf‘*‘*f
p. (GeV) p. (GeV)
— + — 0.04— —
*= " — >"0.02|- '% + ]
l-’ . | \\ -
, P . ]
VA ---- Polynomial fit to K ¢ ---- Polynomial fit to K?
-5 — o.oop———————————° —
_"¢“'_ E15_"“ _
R . R i e S
2N ‘ ‘ ] O o5k ‘ ‘ ‘ ]
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15
KE;/n, (GeV) KE;/n, (GeV)

Similar behavior for PID v,!



True collectivity in pPb?

Two- or more particle correlations?




True collectivity in pPb?

Two- or more particle correlations?

Multi-particle (>2) cumulants: v, {4} = 4f-c {4}
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In hydrodynamics:
Vx{2} > V,{4} = V,{6} = v,{8} = v,{o}



VA2} > V{4}

True collectivity in pPb?

(v, fluctuations)

0.10

V
2 0.05

PLB724 (2013) 213

- PbPb |5, =276 TeV

pPb {s,, = 5.02 TeV -
0.3< p. < 3.0GeVic,Inl<2.4 _

rk

| O.3<pT<3.OGeV/c; h]l<2.g 500 0 O-
@) - +
@)
o) oo 0j
O 0 DDD
i o o O 1 00 ;
O IZII:I oOO o © 9 OOO
S oo
ﬁf 0 V2 IAn>2} - 000 8 g ggE & -
' 0 v,{4) 1 & -
| T TR TR T P S S W T N S N | N TN TR SO MO NN TN TN SN T NN RN SN NN N N B
0 100 200 300 100 200 300
offline

NCfire - (event multiplicity)



True collectivity in pPb?
Voi2} > V{4} = v,{6}

(v, fluctuations)
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True collectivity in pPb?
VA2} > V{d} = v {6} = v,{8}

(v, fluctuations)
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True collectivity in pPb?

Vo{2} > V{4} = V,{6} = V,{8} = V,{LYZ,00}

(v, fluctuations)

0.10

V
2 0.05

CMS PAS HIN-14-006

- PbPb \(sT”\I =276 TeV + pPb VSTIN =5.02 TeV
- O.3<pT<3.0 GeV/c; h]lgz.g 500 o o4 O.3<pT<3.O GeV/ic, nl<2.4 -
@) +

OO w 3 '$‘$' A

7 T o ©0ooo -
C o © 00
n?‘it T 0 @9 -

I cDoOOO ¢

O V{2 IAnl>2} —+ 5 O _
-ﬁ)oom 0 v} I g A B Bt v

+ v {6} 1 [}]

¢ VA8} 1
i ® vALYZ} 1 CMS Preliminary
S T A A T T T T N SR TR SR TR NN R T I NN TR MO TR MO NN TR TN SN AN N SN SN SN N N A
0 100 200 300 © 100 200 300

NDy ™ Nofine (event multiplicity)

Direct evidence of collectivity in pPb!



True collectivity in pPb?

If Gaussian fluctuations,
v{4} = v,{6} = ... = V,{RP}

Why not all zeros in pPb?



True collectivity in pPb?

If Gaussian fluctuations,
v{4} = v,{6} = ... = V,{RP}

Why not all zeros in pPb?

Non-Gaussianity for small
systems due to unitary

bound of £ <1
pe)=2as (1-g)*"

Instead of Bessel-Gaussian
PRL 112, 082301 (2014)



True collectivity in pPb?

If Gaussian fluctuations, 14 o {a 8,02 TeV, PoPb {5 =276 ToV

| 03< p, < 3.0 GeV/c; Inl <2.4

Vo{4} = V,{6} = ... = V,{RP} 12t

v,{6}/ v,{4}

—
o
T 1

Why not all zeros in pPb?

o
o)

Non-Gaussianity for small
systems due to unitary
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bound of £ <1 .
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PRL 112, 082301 (2014) T R
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Back to AA
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v. =k X €., not perfect



Back to AA

Oo> f(stcp!n)
~1+2) v,(p,m) cos|[n(p-F,)]

c(e2,v2)=0.996
C» =0.153

B lf,rn znd) T’ded)|

SWN 7/s =0.16

| rre(r, qr))rdrdqz) 20-30 %

0.5 0.6

—~
- JE—
e

Radial fluctuations averaged out v, =Kk, x g, not perfect



Back to AA

1200 p(r,cp,‘r]) o1 e o: f(pT!(pvn)
i } ~1+22 v,(pr.1) cos[n(¢p-W,)]

P2

Orientation (event plane)

s angle depends on patrticle
_ _ [[r"em0e(r, g)rdrdg properties,
" [rre(r,¢)rdrdé
LIJn(pT! n)

Radial fluctuations averaged out



Back to AA

1200 p(r,cp,‘r]) o1 e o: f(pT!(p!n)
i o ~1+22 v (pra1) cos[n(qb—ll’n)]

P2

Orientation (event plane)
angle depends on particle
_ _ [[r"em0e(r, g)rdrdg properties,
" [rre(r,¢)rdrde

LIJn(pTv n)

Radial fluctuations averaged out

Details of initial state imprinted in
VnA (p;’lg ] p;SSOC ] T]ll’lg 7/]CZSSOC)



Factorization: new insights on initial states

Factorization ratiO'

- Vn (P2 ) ~ (cosln(W, (py™)- W, (pi™ )

\/VnA (P; ¢ lg ) \/ VnA ( p;ssoc | ey

J. Milosevic’s talk
for details



Factorization: new insights on initial states

Factorization ratio:

. VnA (p;*ig : p;SSOC)
VoD DOV, (i )

centralit
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Strong effect in central PbPb =» More lumpiness?



Flow In ultra-central PbPb

Ultra-central events (~1 03)
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Flow In ultra-central PbPb

Ultra-central events (~1 03)
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Ideal testing grounds for effects due to
initial-state fluctuations!



Flow In ultra-central PbPb

0-0.2% centrality
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Intriguing p; dependence, consistent with hydro.



Flow In ultra-central PbPb
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Flow In ultra-central PbPb
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Flow In ultra-central PbPb
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Longitudinal dynamics

Not boost-invariant PbPb

a12_""I""I""I""I""I"" E\T1-2_'"'I""I""I""I""I""
o CMS PbPb \/ _276TeV o o ]
Tl 1.1F CMS P n 1.
£ : reliminary £ -
“Q 1,—!1 . — ~® 1F® | ]
€ o9fF 3 £ o9f == =
n N o wn om r [ |
> C > C
~ o ~ -
0.8 - 0.8 -
S E e0-10%  030-40% P L
& o7p ©10-20%  440-50% 4 & o7F =
> C 20 - 30% ] > C
> T TR T > 06: |||||||||||||||||||||||||||||
O'60 05 1 2 25 0 05 1 2 25



Longitudinal dynamics

Not boost-invariant PbPb
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“Collectivity” at high p-
p;i19 > 20 GeV!

N \,0-30% centrality

CMS Preliminary

AE ~ L
o = 1 for pQCD, collisional

a = 2 for pQCD, radiative
o = 3 for AdS/CFT

p‘Trig > 20 GeV/c
1< pET’S“c <2 GeV/c



“Collectivity” at high p-
p;ii9 > 20 GeV! A9 =90°

CMS Preliminary
" '""-.__0-30% centrality
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Summary and Outlook

Surprising collective behavior

observed in pPb at the LHC:

» Smaller QGP droplet (v,{N=4},
mass ordering, ...)?

» Theoretical challenge in
understanding the initial state

« What about pp?
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Study of collectivity in AA remains an active field:
« Great promise of constraining n/s from ultra-central collisions

» Detailed 3D imaging of initial state from v, factorization

» “Flow” at high p; to probe L dependence of jet quenching



