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Outline

1. Introduction

— A brief history of near-side ridge and away-side
conical emission in long-range correlations in
heavy-ion collisions

— CMS detector system and heavy-ion runs

2. Recent experimental data
— Long-range correlations in pPb and PbPb
— Elliptic and triangular flows in pPb and PbPb

« Pseudo-rapidity dependence of flow parameters in pPb
- Flow of identified particles (K2 and A/A)

3. Summary
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Discovery of Ridge @ RHIC

= First observation of near-side ridge in central Au+Au
at 200 GeV in QM2006 by two-particle correlations

Au+Au @ 200 GeV (0-10%)
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= First observation of away-side conical emission in
central Au+Au at 200 GeV in QM2006 by two-

particle correlations
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Ridges in PbP

» LHC experiments
observed near-side ridge
and away-side conical
emission in central PbPb
at 2.76 TeV in QM2011

ATLAS Preliminary 2 < p_T_,p_kl’_ <3 GeV

C(Ad,An)

) cMs J Ldt=3.1ub"
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Ridge in pp @ LHC

= Striking near-side ridge in high-multiplicity pp events
- Not observed before in either hadron collisions or MC models

Minimum Bia_S pp.(<N>~15) High-multiplicity events (N>110)

pp Vs =7 TeV, N> 110

- CMS Preliminary
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No ridge when
correlating to high
4 pr particles!
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= Ridge
— QCD bremsstrahlung radiation boosted by transverse flow
— In-medium radiation and longitudinal flow push
— Broadening of quenched jets in turbulent color fields

— Recombination between thermal and shower partons at
intermediate py

— Momentum kick Model

= Conical emission

— Shock-wave excitation by supersonic partons (QCD Mach cone)
« Hydrodynamics, Colored plasma, AdS/CFT, etc.

— Cherenkov gluon radiation
— Jet deflection
— And more ...
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Alternative Interpretation

Fluctuation+Higher-order flow terms (v,, v, v,, vs, ...)

Elliptic flow Triangular flow (v3) from
(v2) A event-by-event fluctuation

AN

B. Alver & G. Roland,
Phys. Rev. C 81,
054905 (2010)

-4 2 An
~v, cos(2A¢) ~v3 cos(3A¢)
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Application to PbPb Data

JHEPO7/, 076 (2011)

(a) cms JLdt: 3.1pp"

PbPb @ 2.76 TeV (0-5%)
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Application to PbPb Data

JHEPO7/, 076 (2011) PbPb @ 2.76 TeV (0-5%)

Definition of the
associated yield - detza_mh"
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Ridge in PbPb collisions tends to diminish at high p;.
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Application to PbPb Data

JHEPO7/, 076 (2011)

PbPb @ 2.76 TeV (0-5%)
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Application to pp Data

PAS HIN-11-006 pp @ 7 TeV, N > 110
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Application to pp Data

z = N/<N> PAS HIN-11-006 z = N/<N>
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* Ridge in pp turns on N~50 For the rest of time,
(<N>~15 for MinBias events) = Recent detailed correlation results in
= Origin is not yet clear oPb & PbPb from CMS

- Multi-jet correlation
- Color connection between jets
- Hydrodynamic flow of QGP, etc.

- Long-range correlation (ridge)
- Extracted flow parameters (v, & v3)
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CMS Detector
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Heavy-Ion Related Data Samples

JSuy (TeV)

Dec. 2010 Pb+Pb 2.76
Dec. 2011 Pb+Pb 2.76
Mar. 2011 p+p 2.76
Jan. 2013 p+Pb 5.02
Feb. 2013 p+p 2.76

= Almost same N_,; scaled
luminosities for pp, pPb & PbPb
- As many as Z's and W's

= Recent improvements (compared
to QM2012)
- PbPb results updated with 20

times more pp reference data

- New pPb results
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= Cumulants formed from v,, moments ((v,,)™ = (m))
cni2} = ((2))
ca{4} = ((4)) — 2((2))"
cn{6} = ((6)) — 9((MHN(2)) + 12((2))’, etc.
where, for example,
(6) = (ein(¢1+¢z+¢3—¢4—¢5—¢6)>
—_1 ym ein(¢i+¢j+¢k—¢l—¢m—¢n)

— Pume l#£j+k+l+m#+n

= Flow coefficients from cumulants

(2} = nl2), w4} = Y=eal®, vnf6) = *[2cnt),

v, {8} = J ——c, {8}, etc.
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Ridges in pPb @ LHC

CMS PLB 724 213 2013) (b) CMS pPb |5, = 5.02 TeV] 220< N;T,',{““%zen
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= Ridge structure in pPb was also R

found by other LHC experiments W
ALICE, PLB 719, 29 (2013)
ATLAS, PLB 725, 60 (2013)
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Elliptic Flow: PbPb vs. pPb &

CMS, PLB 724, 213 (2013)

" (a) PbPb\s,,=276TeV | (b)pPby\s,=5.02TeV |
o0.10F 0.3 < P; < 3 Gezlc —....._. | _
- @ TLLELM
~N I @ m BE 1
S [ mn ™ T J'... 0.0 0000g, |
0.05- T AlgE m § EmE B 7
- ® v,{2, lani>2) . -
i -=v,{2, 1AnI>2}, N°"™°<20 sub. | w
L W v, {4} i
0.00 [T T T I ; PR A ST [T ST R AT SN RSN NN NN N . .
o v2{2]-v2{4} E ] Relative f.Iu.ctuatlon
& 060 il T ¢ ve® ® %0 § - N: Borghini, P M.
= ot + e®0 ¢ 0 0e0000- °*° i Dinh, J.-Y. Ollitrault,
oot A S 1 arXiv:nucl-ex/0110016
<0 100 200 300 0 100 200 300
Nofﬂlne Nofﬂine

trk trk

= Fourier expansion also works well for the long-range
correlations in pPb.
» 1,{2} contains some non-flow components.
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= 6- & 8-particle cumulants: Insensitive to non-flow contributions

PAS HIN-14-006

= Lee-Yang Zeros (LYZ): All particle correlations

| T T T T | T T T T | T T T T | T | I I I I | I I I I | I I I I I I
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0_05-() 9] 1‘4'2{2, Iﬁﬂl}Q} —1 o d 0
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+ v,{6} q]
¢ Vy{8}
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[ . ol oo v b byl e e b b by
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il in
rkInE M:[\;n e

= v,{4}, v,{6}, v,{8} and v,{LYZ} are in good agreement within +£10%

= True collectivity observed in pPb!
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Elliptic Flow: PbPb vs. pPb

PAS HIN-14-006

= Fluctuation-driven initial-state eccentricity in hydrodynamics in pPb
- A. Bzdak, P. Bozek, and L. McLerran, arXiv: 1311.7325
- L. Yan and J.-Y. Ollitrault, PRL 112, 082301 (2014)

| ] ! ! ] ! ] ! ] ! ] ! !
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CMS, PLB 724, 213 (2013)

o m 'vs{'z, An>2) | i
[ e —— v,{2, IAn>2}, fo;"”e<2o sub. Z
0.03F r —
C 0.3< P, < 3 GeV/c L
- CMS ]
o 0.02— —
N ]
0.01- PbPb\'s, =276 TeV -
: pPb|s,, =5.02TeV -

0.00 TR N TR NN AN NN N SR SR SN SR S SR SR R

0 100 200 300
N::Tme

= Remarkable similarity in the v5 signal as a function of
multiplicity in pPb and PbPb
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n-Dependence of v, in pPb

2.0 < N¢rig < 2.4 (p-going trigger)

—2.4 < N¢rig< 2.0 (Pb-going trigger)
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trigger trigger
CMS Preliminary pPb {s,,=5.02 TeV CMS Preliminary  pPb ys,,=5.02 TeV

offline + .0 220<N°fne 260

0.8F iﬁ%ﬁgtgéu <260 - Jet region 0.8 Nfrz""e-t:r% ) 7

3 L e Pb-side 0.0<An<0.2] £ r p-side -0.2<An<0.0

F 0.6j 0.3<p <3 GeVic ] (0 < | An | < ().2) & 0.6; .. 0.3<p_<3 GeV/c ]

E =3 i . L] — T L __

: ‘gmw . S ;

‘_2202_ T e P N ‘_2202_— .... -

Of* ., teelececese,iy 06T “teaslesecsalind

0 2 4 0 2 4
Ad Ad
CMS Preliminary pPb \'s,=5.02 TeV CMS Preliminary  pPb |/s,=5.02 TeV

= 220SN;:::"“E<260 4 . . L 220SN3T'"3<260 ]
s odgeregion o M s
£ I -side 2.8<An<3.0 1 3 I -side -3. -2. 1
o 0.2 0.3<p_<3 GeV/c « T, 7 (28 < |AT] | < 30) o 0.2 0.3<p_<3 GeV/e 7
Aél_e_ E Ve ) . * E ‘E_I_e_ E . L] E
S %90-1? ’ * * B S %90-1? .’ .o .. B
~— 2:, i . L . veen * 4 - zb L . . vee. L] 4
. :Ooo e ® =.'. ...t :=:00000'==:'.. ..i

Ui 6. R PAS HIN-14-008 Op=le T T

A ISMD2014 Ao

-Dependence of v,, in pP

b &




n-Dependence of v, in pPb

AL

= Comparison of the near-side ridge yields for both direction triggers

7 trig

Pb-going

i®

CMS Preliminary ys,, =5.02TeV

220<N;T"™ <260, 0.3<p_<3 GeV/
i Pb-side |Ad|<n/3 i
0.4

* Near-side data N
—Jet + ZYAM * (C-+kAn) fit
o ZYAM * (C+kAn)

— Jet fit component i

¥2=18.262/17=1.074

0.2

After jet subtraction

2
1 d Nridge
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e
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p-going
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CMS Preliminary s, =5.02TeV

F220<N(y"™ <260, 0.3<p_<3 GeVic f
p-side |A0|<nt/3
r ® Near-side data

—Jet + ZYAM * (C+kAn) fit

T o ZYAM * (C+kAn)
[ —Jet fit component

[ 42=7.864/17=0.463

PAS HIN-14-008

Near-side ridge yields show different n dependences for both triggers.
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CMS Prellmlnary pr VSN -5 02 TeV

n-Dependence of v, in pPb &

Pb-going

Pe

eﬂ:

CMS Prellmlnary pr \/SN _5 02 TeV

p-going

PAS HIN-14-008

— Red symbols:

p S|de
0.3<p_<3 GeV/c

* No low mult subtraction

« N, <20 subtraction

Low-
multiplicity

- subtraction to
. 1 minimize jet
contribution
[CMS, PLB 724,

0.015) Pb-side ]

i 03<p <3 GeV/c
* *No low mult subtraction -
0.01 . «N,, <20 subtraction
: : * e 44 . \_
0.0051 ¢ e eeoved®itstssyyy, .
i "
0 1T 2

N

assoc

213 (2013)]

Long range data used for single v,,(Mgssoc)/vn(0)

= Extract V, and V3 from the Fourier decomposition

. Assuming factorization, Vn(ntrig:rlassoc) = vn(ntrig)vn(nassoc)
= Self-normalized single particle flow parameter v,,(Mgssoc)/vn(0)

u Practically, Un(nassoc)/ Un(O) = Vn(ntrigr nassoc)/vn(ntrig'o)
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=0)

V(v (n

1.5

0.5

n-Dependence of v, in pPb &

v,(1)/v2(0)

CMS Prellmlnary pr SN —5 02 TeV

PAS HIN-14-008 17, (1) /15 (0)

CMS Prellmmary pr SN —5 02 TeV

220 B R T m
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000 ARty 1E ‘g .
G, emmmme - = 1:—. é e * {?_:
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Nassoc 1 /ap frame

mid-rapidity /\m
v, Is n dependent: Larger v, with higher particle density T oW B

v, from low-multiplicity subtraction: asymmetric about mid-rapidity
With large errors, we cannot draw any conclusion yet for v;.
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Elliptic Flow of Identified Particles

PAS HIN-14-002
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Elliptic Flow of Identified Particles

PAS HIN-14-002
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= Two-particle correlation functions are constructed for
- K9 — h* : K9 as trigger, the charged hadrons as associated
- A— h* : A as trigger, the charged hadrons as associated
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Elliptic Flow of Identified Particles

= Two-particle long-range correlation functions projected
= Fitted by the Fourier series function to extract 1,
= Extracted single particle v,, assuming factorization:
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Elliptic Flow of Identified Particles

(Minbias events)
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Elliptic Flow of Identified Particles

PAS HIN-14-002
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Mass ordering in pr < 2 GeV/c and crossover in pr > 2 GeV/c
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v,{2PC, sub}
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NCQ Scaling in High-Mult. Events
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= Constituent quark scaling works better in pPb.
= Azimuthal anisotropy develops at the partonic level in pPb?
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v3; of KY and A

PAS HIN-14-002
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Mass ordering and crossover also exist for v; at pr ~ 2 GeV/c.
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Summary

1. Long-range correlation

— Near-side ridge structures exist in high-multiplicity pp,
pPb and PbP% at LHC.

- Ridges can be caused by the initial-state geometry
fluctuations in pPb as well as PbPb.

- What about pp?

2. Flow
— Strong elliptic and triangular flows exist in pPb and PbPb

— Elliptic flow depends on pseudo-rapidity n in pPb:
- No conclusion yet on the triangular flow due to large errors.
— Mass ordering and crossover were observed in v, and v;
for identified hadrons.

3. High-multiplicity pPb events show collectivity!

— Are these results in pPb related to hydrodynamic flow as
in PbPb?

8-12 September 2014 ISMD2014 35



