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“Ridge” in pp collisions

Opportunity of studying novel QCD
phenomena opened up by the LHC Two-particle An-A¢ correlation
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Observation of long-range, near-side angular
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correlations in proton-proton collisions at the LHC
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The CMS collaboration 2

ABSTRACT: Results on two-particle angular correlations for charged particles emitted in
proton-proton collisions at center-of-mass energies of 0.9, 2.36, and 7TeV are presented,
using data collected with the CMS detector over a broad range of pseudorapidity () and - 4

azimuthal angle (¢). Short-range correlations in A7, which are studied in minimum bias . . .
Planar particle emission

Unexpected ridge-like correlations in high multiplicity pp!

Not in minimum bias pp or pp MC models 5



High multiplicity in pp and AA

|| CMS Experiment at LHC, CERN

| Data recorded: Mon Nov 8 11:30:53 2010 CEST
| Run/Event: 150431 / 630470

| Lumi section: 173

Quark Gluon Plasma (QGP)

High particle density achieved in both pp and PbPb
Is there any similarity between them?



“Ridge” in pp and AA collisions
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“Ridge” in pp and AA collisions
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Physical origin of pp ridge Initial-state geometry
is not completely clear + ( «

collective expansion ‘.
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“Smoking gun” of a strongly
interacting QGP liquid! 5



“Ridge” in pA collisions?
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What if colliding a proton and a nucleus?
Is there a ridge”? how big is it and what makes it?






CMS experiment at the LHC

EM Calorimeter (ECAL) Hadron Calorimeter (HCAL)

Beam Scintillator Counters (BSC)

Forward
Calorimeter
(HF)

Tracker
(Pixels and Strips)

ECAL Inl< 3.0
Tracker Ini< 2.5 Muon System

Unprecedented kinematic range and acceptance



Proton-nucleus collisions at the LHC

Pb: 1.58 TeV/nucleon

Proton: 4 TeV
_______ c )---

—> vy =0.46

Center-of-mass energy: Vs, = 5.02 TeV

ms | Event @ 80348024
i : 124

Ul Lumi
Run 211256

:\‘V"‘»ﬁ\ \ Ngﬁ[{iine . 4418

<N >~40 for MB pPb

2012 pilot run (8 hours): 1 ub-*

2013 nominal run (3 weeks): 31 nb-’
(18 nb™" for pPb and 13 nb-" for Pbp)
60 billion collisions

High-multiplicity pPb event 9



2012 pPb pilot run at the LHC

Interaction rate of 200 Hz, all two million MB pPb events collected
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Much easier to reach high multiplicity in pPb, as expected
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2012 pPb pilot run at the LHC

Physics Letters B 718 (2013) 795-814

Contents lists available at SciVerse ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Observation of long-range, near-side angular correlations in pPb collisions at the

LHC* . .
VS Cotlaborar Submitted in October, 2012
HTF ollaboration * .
2 million MB events total R (one month after data taking)
ARTICLE INFO ABSTRACT
Article history: Results on two-particle angular correlations for charged particles emitted in pPb collisions at a nucleon-
Received 19 October 2012 nucleon center-of-mass energy of 5.02 TeV are presented. The analysis uses two million collisions
Received in revised form 7 November 2012 collected with the CMS detector at the LHC. The correlations are studied over a broad range of
. offline 0
CMS pPb \[S, = 5.02 TeV, N°/"™ < 35 CMS pPb \/s\=5.02Te{, N " = 110 top 3% central
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“Expectedly”, a ridge also in pPb!
But somewhat surprisingly strong! 11



A complete picture of ridge correlations
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Is there a common origin of the ridge in all systems?
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“Perfect Liquid” or Gluon Condensate?

Hydrodynamics

Initial-state asymmetry
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Intrinsic gluon collimation
from glasma diagram (CGC)
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> Initial-state geometry related or not?
» Final-state interaction or quantum interference? 13



2013 pPb nominal run at the LHC

High-multiplicity trigger in pPb at CMS

CMS Prellmlnary

F T T T 1
10k ® MinBias o HLT Ng’[;"“e 160

= o HLT N™>100 o HLT Nj;'"™*>190
1 ® HLT NI"™>130

Interaction rate of 200 kHz

4 different trigger thresholds,

by
108 T each collecting ~20 million
Z107°¢ -| events
Q- 10—32 _ » Powerful high-level trigger
4§ farm: 16K CPU cores
107 S » Online tracking and
10™¢ " vertexing to avoid pileup

10‘6_| AT R A T S SR SR R .* T
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offline
rk

Sampled full 31 nb-" luminosity (60 billion collisions)
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First direct comparison of PbPb and pPb

Overall tracking efficiency:
Multiplicity distribution ~ 83% (N O™ne/N Sorrected)

PbPb data pPb data
In pr and PbPb Nefine bin || <Centrality> | (Nofine) T (Neorected) 1l Fraction | (NoMine) T (Negrrected)
+ RMS (%)
R P A — 3 [0,0) 1.00 40 50+2
4l CMS Preliminary . [0,20) 9244 10 13+1 0.31 10 1241
10 P ® pPb5.02TeV, MinBias - [20,30) 86+4 24 30+1 0.14 25 30+1
12N 1 [30,40) 83+4 34 43+2 0.12 35 4242
- O  PbPb2.76 TeV,50-100% -  [40,50) 80+4 44 5542 0.10 45 5442
10°F  Wmmmmmm, I [50,60) 7843 54 68+3 0.09 54 66+3
Y T, 1  [60,80) 7543 69 87+4 0.12 69 84+4
3l 1  [80,100) 7243 89 11245 0.07 89 108+5
__107F T [100,120) | 70+3 109 13746 0.03 109 13246
Z - 1 [120,150) || 6743 134 168+7 0.02 132 159+7
O <4l 1 [150,185) | 64+3 167 210+9 4x1073 | 162 195+9
10 S 2, 3 [185,220) | 622 202 253+11 5x107* | 196 236+10
- 1 [220,260) || 59+2 239 299+13 6x 1075 | 232 280+12
10 5 L \ [0) | [')m 300) 57-+2 279 350-+15 3 % 10-6 | 271 328-+14
g Y % 3 [300,350) || 55+2 324 405418 1x 1077 | 311 374+16
10°F " % . L .
s f % 1 > Highest multiplicity of ~ 370 explored in pPb
1 0'7 1 1 1 | 1 1 1 | 1 1 1 | & 1 . - -
0 200 400 600 » QOccurs once in every 10 million events

i (~ 6000 events recorded)
same reconstruction in pPb and PbPb  » Comparable up to 55% mid-central PbPb

15



2D correlation structures in PbPb vs pPb

arXiv:1305.0609, submitted to PLB

~ 60% centrality 220 =N <260

CMS PbPb szN =2.76 TeV, 220 < N < 260 CMS pPb |s, = 5.02 TeV, 220 < N < 260

1<p;®<3GeVic

1<p;°<3GeVic
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Remarkably similar, who is who's reference?
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Quantify the short- and long-range correlations
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1D A¢ correlation functions
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pr dependence of associated yield

Long-range region (|An|>2) Short-range region (|An|<1)
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Long-range yield goes in the opposite direction as the jet
yield at high p, not related to hard processes

Very similar trend for pPb and PbPb
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Multiplicity dependence of associated yield

Long range reglon (|Ar]|>2) Short-range reglon (|Ar]|<1)

I p— I p— T T I | I . E— — T T T [
S (a) IAnI>2 M PbPb F 276 TeV - (b) IAnI<1 minus IAnI>2 ]
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PoPb :pPb:pp=8:4:1

Long-range yield is strongly correlated with global multiplicity,
behaving differently from the jet yield. Collective phenomena?

Very similar trend for pPb and PbPb!
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Hydrodynamics in pp and pA?

With sufficient initial energy density
and fluctuating geometry, anisotropic

. , '
flow in pp and pA could be possible Data described by just v,, v, and v!

- 1 T T T T T T T H
- CMS pPb \(s,, = 5.02 TeV i
 Long-range (|An|>2)

L V2

1 dN™"

" 1<p?<2GeVic :
o4 1<P; " <2CeVie
0 2 4
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P. Bozek, PRC85 (2012) 014911, Of course, Fourier is designed to do this ...

arXiv: 1304.3044
A. Bzdak. et al., arXiv: 1304.3403 21



Multi-particle correlations (cumulant)

Is the Ridge just a two-particle effect, or it involves more particles?
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average over particles and events 29



Multi-particle correlations (cumulant)
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Analysis should be done in small N bins first to avoid

multiplicity fluctuations
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p+ dependence of elliptic flow (v,)

Dash-dotted curves: peripheral 70-100% subtracted
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Multiplicity dependence of elliptic flow (v,)

Pb Pb

rr>—r T 7Ty rrrerperrt I
 (a) PbPb \s,, =2.76 TeV | (b) pPb \s,, =5.02 TeV
0.10 0.3<p,<3 Gex/c.“.‘..._.__ |
; . g mEE mE N
o i 00 9. 9_0 000044
> i i ) 1
0.05 T ,ANEE B B ggE B
B () V2{2, |AT]|>2} . ,Q/' i
I -= V{2, IAnI>2}, N°/"™°<20 sub. ] ]
_ H v.{4} il
OOO A AR (N S WA SR S IS S S W RS T T R S Y SN TN ST SR T ST SR ST S N N'
0 100 200 300 0 100 200 300
Noffline Nofﬂine

trk trk

Peripheral subtraction makes no difference at high multiplicity!
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Multiplicity dependence of elliptic flow (v,)

Pb Pb
— S —

| (a) PbPb \s,, =2.76 TeV |
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v,{4} turns on at N ~ 40: onset of collective phenomena?

Peripheral subtraction makes no difference at high multiplicity!
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Multiplicity dependence of elliptic flow (v,)

Pb Pb
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Multiplicity dependence of elliptic flow (v,)

Vv, in PbPb increases as eccentricity decreases?
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Multiplicity dependence of elliptic flow (v,)

PbPb 2.76 TeV
PbPb 2.76 TeV, 50-100% CMSL =39 ub™  EPJC 72 (2012) 2012
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Multiplicity dependence of elliptic flow (v,)

PbPb 2.76 TeV, 50-100%

(a) PbPb {5 \[_ . 276 TeV
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Smaller system size (L ~ A)
=» larger viscous correction

PbPb 2.76 TeV
CMSL =39 ub  EPJC 72 (2012) 2012

1<p’®<15GeVic
oV, mY,

AV x5

N

@)

Nearly ideal hydro,
geometry driven

Crucial to understand the full centrality range! ;g



Triangular flow (v5)

Vv Is special as “nonflow” dijets on the away side can only
give rise to negative V,;, component
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Triangular flow (v5)

Vv Is special as “nonflow” dijets on the away side can only
give rise to negative V,;, component
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Positive long-range V;, must indicate “new physics”
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pr dependence of triangular flow (v;)

Dash-dotted curves: peripheral 70-100% subtracted
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Multiplicity dependence of triangular flow (v,)

- ‘ | . Iv3{|2, IIAnII>I2} o | :
[ e —— v,{2, 1An>2}, Njﬁ"”%zo sub. i
0.03— r ]
- 0.3<p_<3GeVic e N
o 0.021 |
> - :
001 PbPb s, =276 TeV -
- pPb\s,, =5.02TeV -

0.00 | T

0 100 1200 300
N;T:Ime

Striking similarity of v, for PbPb and pPb systems with
drastically different collision geometry and its fluctuations

Can this be understood in hydrodynamics?

(uncertainties are much larger for smaller systems) 24



Multiplicity dependence of triangular flow (v,)
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Striking similarity of v, for PbPb and pPb systems with
drastically different collision geometry and its fluctuations

Can this be understood in hydrodynamics?

(uncertainties are much larger for smaller systems) 35



Any other evidence of hydro flow?

T I dN m
Inverse slope of m; distributions, Ty, P exp(- p. —)
T T slope

“Nu Xu’s plot” in pPb

CMS preliminary
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CMS PAS HIN-12-016 ™Vl PrGeVid
» Tqope liN€ar with particle mass; proportionality increasing with N
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Any other evidence of hydro flow?

L 1 dN m
Inverse slope of my distributions, Tgope: —————~ exp(- = —)
T T slope

“Nu Xu’s plot” in pPb

CMS preliminary CMS preliminary
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» Tqope liN€ar with particle mass; proportionality increasing with N

» No such trend observed in MC models (AMPT, HIJING)
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Any other evidence of hydro flow?

1 dN m;

Inverse slope of m+ distributions, T, " exp(- - )
mT mT slope
“Nu Xu’s plot” in pPb
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» Similar trend as observed in AA collisions
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» Onset of radial flow effect: Tq,pe = TeezeouttM<U>?

radial flow velocity 38



Outlook and Summary

S SO Pb
5 > :—»291'::::?(—:':::: \ ﬂ?% §<—Pb

CMS PbPb s, =2.76 TeV, 220 <N < 260

New dimension of probing high-density QCD medium

¢
’f

1< p‘T"“ <3 GeVic
1< p:““ <3 GeVic

1< p‘T"“ <3 GeVic
1< p;““ <3 GeVic

i3 5|3 2
e e
‘ch 32 ‘ch 26
g 31 -2
Z Z

R(An,A¢)

Common origin or coincidence? We are closing in to the answer
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Outlook and Summary

New dimension of probing high- denS|ty QCD medium

/ Pb \
, p p p__ & Pb Pb Pb
| —>0 (€& > \ —_— p
|
: (d) N>110, 1.0GeVie<p_<3.0GeVle CMS pPb {5, = 5.02 TeV, 220 < N < 260 | CMSPbPb s, = 2.76 TeV, 220 < N < 260
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Common origin or coincidence? We are closing in to the answer

A comprehensive investigation of AA observables in pA will
provide us the definitive answer in the next few years:

» HBT radii, as big as in AA?

» |dentified particles spectra and correlations, hadron chemistry

» Jet-medium interaction (where does v, pr ~ 6 GeV/c come from?)
» Quarkonia melting

None of these could be imagined a couple of years ago 40



Outlook and Summary

Future pA program at the LHC beyond 2015:
» Higher energy

y " L] ,
> Higher luminosity —>  Higher multiplicity reach!
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Outlook and Summary

Future pA program at the LHC beyond 2015:
» Higher energy

y " L] ,
> ngherlum|nos|ty —>  Higher multiplicity reach!
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Nefire Longer lifetime,
smaller viscous correction
finally more sensitive to €,?
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Outlook and Summary

Future pA program at the LHC beyond 2015:
» Higher energy

y " L] ,
> ngherlum|nos|ty —>  Higher multiplicity reach!
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C 4 ] trk
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0 100~ 200 300 Turnover of the yield is possible

NG Longer lifetime, for hydro but not CGC?
smaller viscous correction

finally more sensitive to ,? PP needs to catch up.
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Outlook and Summary

Future pA program at the LHC beyond 2015:

» Higher energy ——>  Higher multiplicity reach!

L 'I """ ST T T I L L s
oo PPb\sy, =5.02 TeV VA < | (a) 1AnI>2 mPbPb (s, =2.76 Tev
- 27 S 0.6F @ pPb s, = 5.02 TeV, 2013
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T A® ] npffine
ook '"+ ] trk
0 100 m?OOL 300 ot Turnover of the yield is possible
ofrline
Nuc ~ =ONgeriiretime, for hydro but not CGC?

smaller viscous correction

finally more sensitive to ,? PP needs to catch up.

If many features of high multiplicity pp
and pA appear to be consistent with AA,

QGP liquid also in pp and pA?!
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‘DA is like a litmus test. Until we understand pA from our
understanding of pp and AA, we cannot claim to have a
deep understanding of pp and AA.”

— Wit Busza

Stay tuned!
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dN/dp+ [normalized to fit integral]
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Peripheral subtraction
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Correlations from AMPT pPb

pPb AMPT MC, generator-only, N" = 100

1<p_ <3 GeV/c

1

dngalr
N, dAn dAG
ololeole

z,’/l"m\\ ‘\

/] “O"A“:‘}‘

No ridge in high multiplicity AMPT pPb

Reason to be understood as AMPT can describe the ridge in AA:

 Transport model not applicable for small system?

 Process turned off?
« Not enough high multiplicity? 50



Hydrodynamics in small systems

Large uncertainty of initial condition Larger corrections due to smaller
. system size/shorter lifetime
1t IP-Glasma | a : : : : , , :
MC-Glauber 1 (smeared 0.4 fm) +& 8 11 Pb+Pb n/s=0.08 — |-
0.8 r MC-Glauber 2 (smeared 0.4 fm) o Pb+Pb 1/s=0.2
MC-Glauber (participant centers) & i p +Pb T]/S=0.08 — ||
06 | ] z 08 p+Pbn/s=02  —
p+Pb 5.02 TeV o
04 . "} 06 only cells within
2 the freeze-out surface
0.2 r c 04} Navier-Stokes initially
=
0r | | | | | 8 02°F 50% correction
0 5 10 15 20 25 S 0
8

Npart 0O 05 1 15 2 25 3 35 4
only 20% difference for AA t [fm/c]

_ _ A. Bzdak. et al., arXiv: 1304.3403
£, Is not the only predictor of v,

If we are confident with hydro + viscosity for central AA, we must
test it in the regime where viscous correction is more significant

If IP-glasma model is the right description of initial condition, pp/pA
provides an ideal testing ground of it
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The Ridge in dA at RHIC

g, from MC Glauber

o _ CMS version
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CTTTT] T T T TTT] T T T T TTT] LI — - prV?:SOZTeV PHEN'X,V?:ZOOGGV =
- 0.9- NN NN ~
0. 9_ III PHENIX d+Au (s=200 GeV) — - OCMS, v {2, IAn>2}/e {2} (70-100% sub.) ¢ dAu v {2}/e {2} (50-88% sub.)
0.8 = ¢ PHENIX Au+Au v,{EP}/e}™" (V5=200 GeV) E 0.8  jeatLas, V{2, 1AnI>2)/e,{2} (50-100% sub.) b AUAU, v {EP)/e,{2} =
"OE © CMS Pb+Pb v,{EP}/e}™ ?_§=2'76 TeV) = 0.7 —  3KALICE, v {2)/e{2) (60-100% sub.) 3
0.75 O CMS Pb+Pb v,(2}/c,{2} (1$=2.76 TeV) = T -
0.60. ® ATLAS p+Pb (is=5 TeV) &° g E 0.6 PbPb sy, =276 TeV 5 =
c.uN -OF A ALICE p+Pb ( {s=5 TeV) B = N - BWCMS, v,{2, 1AnI>2}/e,{2} (70-100% sub.), reanalyzed @ @ Eﬁ o .
- 0_5;_ Q’ U& _; ;N 0.5:— OCMS, v,{2, IAnI>2}/e,{2}, published %E@E@ﬂj =
>N 0 41_ R .8‘ = 0_4?_ [ICMS, v {EPYe {2} %'ﬂj _f
= O - C 3
0.3 % e E 0.3F + e éﬁ E
028 %}: by =1.4GeVic - 0.2F- Jo S un" p,~14GeVic ]
0.1 = 01 e >.l$. " CMS Preliminary
0.0 : — I L L L S I L I 3 L L : E 1 11 1 1 1 1 | .| | 1 1 1 1 1111 | 1 EI
10 | 10 10 10° 10°
chh /dn| _ dN,,/dn |n=0

CMS does not seem to see the scaling
between pPb and peripheral PbPb ...

Given the large uncertainty, we should be careful when dividing by ¢!
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Peripheral subtraction
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Two-particle correlations at CMS

Pair of two primary reconstructed tracks within |n|<2.4
« Trigger particle from a p;9 interval
« Associated particle from a p;#s°¢ interval

Signal-pair distribution Background-pair distribution

1 d>Nsme 1 d°N™
B(ANn,A@) =
N dAndAg (An,A@)

S(An,Ap) =

trig

Triangular shape in An
due to limited acceptance
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. . /]
Mixed-event pairs
(similar z,)

An = nassoc — ntrig
Aq) = q)assoc — (I)trig

Event 1: Event 2:
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Signal-pair distribution

S(AnA¢)

Two-particle correlations at CMS

Pair of two primary reconstructed tracks within |n|<2.4

« Trigger particle from a p;"9 interval

« Associated particle from a p;#s°¢ interval

1 dZNsame
S(An,Ag) = B(An,Aq) =
(An,Ap) =— IAndne (An.Ap)

trig
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d 2N mix
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Pair yield per trigger particle:

N,, dAndAg

1 d°N =B(0,0)XS(A17,A¢)

B(An,A¢)

Background-pair distribution

Triangular shape in An
due to limited acceptance

An = nassoc — ntrig
Aq) = q)assoc — (I)trig
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