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= Introduction

= There are several unique and non-trivial features found
in AA collisions at RHIC

= Near side ridge
» Broadened away side
» Disappearance of back-to-back correlations
= Explanations include:
= Connections to jet quenching
» Higher order components of hydrodynamic flow (v, | n>2)

= LHC and CMS provide:

= Expanded pseudorapidity and p; reach
» Higher density system than before

@ We see a long-range correlation (ridge) in PbPb, and
for the first time (high multiplicity) pp
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%S The Technique

* Correlate “associate” particles in ¢ and n
with respect to other “trigger” particles in
each event

* Measurement made on a statistical basis

* Compare heavy-ion, dAu and pp collisions

Terminology (for this talk)
* Correlations can be “triggered” (p; cuts) or “untriggered”
* Triggered correlations can be “leading hadron” or “inclusive”
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A Feature of the An—A¢ Correlation

“The Ridge” as seen at RHIC in Heavy Ions
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SILICON TRACKER
CMS Detector -
~Im?>  ~66M channels

Microstrips (80-180um)
~200m? ~9.6M channels

~13000 tonnes

Total weight
Overall diameter
Overall length
Magnetic field

SUPERCONDUCTING

SOLENOID

Niobium-titanium coil

carrying ~18000 A

: 14000 tonnes
:15.0 m
:28.7m

: 38T

HADRON CALORIMETER (HCAL)
Brass + plastic scintillator
~7k channels

Compact Muon Solenoid

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)
~76k scintillating PbWO, crystals

PRESHOWER

" & siicon stips
I £ ~16m? ~137k channels

FORWARD
CALORIMETER
Steel + quartz fibres
~2k channels

MUON CHAMBERS
Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers
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'MS All Silicon Tracking System

—_ Cables and services
n=0

03 04 05 06 07 0B 0% 10 1.2 L3 14 L2
! ' ! ! h B - ’ . e -7 . £
' . . . . -

» Beam axis (z)

The largest Silicon Tracker ever built:

*  Strips: 9.3M channels; Pixels: 66M channels. >98% of channels operational
*  Extremely high granularity

. Coverage over |n| <24
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AStart of the LHC: First Coll smms

Monday 2374 November 2009

P CMS Experiment at the LHC, CER
@8 Date Recorded: 2009-11-23 19:21 CET

Run/Event: 122314/1514552
Candidate Collision Event

Events recorded: All CMS ON
900 GeV: ~400k
2.36 TeV: ~20k
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First Collisions at
Tuesda 30th March 200

"o 4"* ®® REIEN Tue 1ar 30 12,5648 2010 CEST

I 72 events are selecied from 119 Lumi block id: 124

Add Collection

FIE ECal

O HCal

= Jets

[#)M Tracks

[#[E Muons
[#® Electrons
[#m ‘ertices
O DT-segments
FO CsC-segments
[#I® Photons
FE MET

CMS Experiment at LHC, CERN

Data recorded: Tue Mar 30 12:58:48 2010 CEST
Run/Event: 132440/ 2737921

\| Lumi section: 124

| Orbit/Crossing: 32323764 / 1
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First Collisions at y ev““‘"’“

File Edit Wiew Window Help

e "‘ ®® ! @ Tue Mar 30 1255848 2010 CEST

I 72 events are selecied from 119 Lumi block id: 124

ECal . _
HCal + o CMS Experiment at LHC, CERN

Jets Data recorded: Tue Mar 30 12:58:48 2010 CEST
Run/Event: 132440 / 2737924

Electrons g )2 \| Lumi section: 124

Verices = B | Orbit/Crossing: 32323764 / 1

DT-segments
CSC-segments =)+ @
Photong 4+ ®
MET 40

Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Nov 09 01:46 UTC)
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~A  First Collisions at %

Tuesday 30*" March 2010

File Edit Wiew Window Help

e "‘ ®® 132440 Z Tue Mar 30 12:55:48 2010 CEST

I 72 events are selecied from 119 Lumi block id: 124

ECal _
HCal + o CMS Experiment at LHC, CERN

Jets Data recorded: Tue Mar 30 12:58:48 2010 CEST
Run/Event: 132440 / 2737924

Electrons g )2 \| Lumi section: 124

Verices s B | Orbit/Crossing: 32323764 / 1

DT-segments
CSC-segments =
Photons

MET

Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Nov 09 01:46 UTC)
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Inclusive Correlation Technigue -weiwi

Signal distribution: Event 1

1 dZNsignal
N(N —1) dAndAg

S,y (AnAp) =

same event pairs

AnN=n;-N,
AP =1 - 0,

CMS 7 TeV pp
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Inclusive Correlation Technigue -weiwi

Event 1 Background distribution:

1 d’N"™
B, (An,Ap)=—;
N~ dAndAe

Signal distribution:

1 dZNsignal
Sv(AnAp) =
N(N —1) dAndAg

Event 2
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CMS7 TeV pp
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CMS
% Inclusive Correlation Technigue -weiwi

Signal distribution: S | Background distribution:
1 dZNsignal 1 dZkag
Sy(AnAp)= B, (An,AQ) =—
N(N —1) dAndAg N~ dAndAe

Event 2
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5.

An =1, -ny € )

Ad = b - O, A ",’Illll/{,!','"::::“ pr-inclusive two-particle
o ¢/’ 4| angular correlations in
CMS 7 TeV pp Y 0D 2 Minimum Bias collisions
4 2 N
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orrelations in Minimum Bias pp

CMS pp DATA
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~ oA High Multiplicity pp collisions

hi

HC, CERN 1

 Datecorded: 201&%&-0 0 555%@911 GMT(04:25:58 CEST)

3 N N . 1\ \ ke 0 o,
N\ ‘“.!'EV '\..._ .,w"".‘i‘aa‘_ . f?& -'::r"

- = AT i gy
(c) Copyright CERN, 2010. For the CMS Collaboration. ’/,'/:j___ b :’f
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g

collisions

LI | LI LI LI LI LI

a
. CMS NSD o CMS Data ) =
g Py 7 TeV (K1 ouuo} PYTHIA D6T 7
--PYTHIA 8
--PHOJET

E Il <2.4
= p,.>0

-IIII Ll |III L1l Ll III-| Ll Ll L1l
20 40 60 BD/(DU 120 140 160 180

Very high particle density regime
= Is there anything peculiar happening there?

ollaboration.
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o aCorrela‘tions in High Multiplicity pp

Non-Triggered

pr > 0.1 GeV

Inclusive Correlation
High multiplicity pp
(N>110)

jeremz@cern.ch

Dominated by jet-like
correlation
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i aCorrelations in High Multiplicity pp

Non-Triggered
pr > 0.1 GeV

Inclusive Correlation
High multiplicity pp
(N>110)

No ridge, but what if we
zoom 1n...

jeremz@cern.ch 18
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Correlations in High Multiplicity pp

Inclusive Correlation
High multiplicity pp
(N>110)

pr > 0.1 GeV

/,‘.;,‘;A‘.‘ e
“:“\‘\\\\‘é\

structure underneath

_— Z
< " 'f’.’*”ﬁ:“‘“\“‘\t\‘{%ﬁ‘\\gg

e £SO IR - . |

< g Zoomed in to see the finer
j—

=7
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Correlations in High Multiplicity pp

Non-Triggered

Inclusive Correlation

pr > 0.1 GeV High multiplicity pp
(N>110)
=
3 _(2): Zoomed in to see the finer
& -4 structure underneath
4
42 0 2
- # 4 -2 DN Still no ridge, but what if

trigger on a little

higher pr...
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Correlations in High Multiplicity pp
Non-Triggered '4 Triggered

Inclusive Triggered

Striking “ridge-like” structure extending over An at A ~ 0

jeremz@cern.ch 21



% 1-D projected R(A9) a

Increasing multiplicity

R(A9) R(A9) R(A9)

R(A)

| L B L L B R B
0.1GeVie<p <1.0GeV/e -
[ N<35 . cmspp

—PYTHIAS

Increasing pr

LOGeV/e<p <2.0GeV/e

A 4

1 2.0GeVie<p <3.0GeVie

1 3-0GeVie<p <4.0GeV/

1 1 2.0<|An|<4.8

UIC ite™

t large An

—

[ 35<N<90

R(AN,A0)

[ 90=<N<110

A

jeremz@cern.ch
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Quantifying the pp Ridg

Zero Yield At Minimum (ZYAM)

N>110 Associated yield:
2.0<|An|<4.8 correlated multiplicity
1GeV/c<p<2GeV/c per particle

| L L R LR LR A B LA L R LA LR LI NNLANL AL LA L R L LN [N R L L L L L B
L 0.1GeVie<p <1.0GeVie 1 LDGeViesp <2.0GeVie I 1 2.0GeVie<p <3.0GeVie | 3.0GeVie<p <4.0GeVie .
004l T T T — + 2.0<|An|<4.8 -

= I O PYTHIAS TTeV 1 + 1 1 .
= o |
Eﬂ 0z 1 'i

. ) I - R ] ¢

b L 1 s o A e 1 | i 1 I 1 1

1] 50 50
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Heavy lons at the LHC

CMS | CMS Experiment at LHC, CERN

—___%| Data recorded: Mon Nov 8 11:30:53 2010 CEST
—«~_/"| Run/Event: 150431 / 630470
™ | Lumi section: 173

jeremz@cern.ch 24



U I UNIVERSITY OF ILLINOIS
AT CHICAGO

Heavy lons at the LHC

CMS | CMS Experiment at LHC, CERN
)r, Eata‘;'ecord?‘d_: Mo_n ‘NOV 8= 11:30:53 2010 CEST R Total Integrated Luminosity 2010 (Nov 08 07:00 UTC - Dec 08 00:00 UTC)
v , . — Delivered‘ 959 b’ l r I
N 2 g|| — Recorded 872 ;b |...... e SRR SUROUIN woosd ol

In November and
December of 2010, the LHC
delivered over 9 pb! of
2.76 TeV PbPb data

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

19 Zn.

/

Vil

N

CMS recorded over 90% of
these collisions

__________________________________________________________________________________________

NN

i I i
19/11 25/11 01/12 07/12

We used 0.44 ub? in this
analysis

Date
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4 Centrality in Hl

-

CMS PbPb \5,,,=2.76 TeV

Focus on 0-5% most central
events in this analysis

—e
<

—
Q
3%

Fraction of minimum bias events

Trigger efficiency 100%for 08 508 8
these events 10%% £ g g g
Flow not taken into account 10% £ N
in this analysis @BEQ
sloao v b b b b Pl 1
10°0""20 40 60 80 100 120 140 160
177K events after cuts Sum HF Energy (TeV)
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Analysis Technigque

Background

S(AN,A9)

pr8:4 -6 GeV/c
proc:2-4GeV/c

Pair acceptance
correction for the
triangular shape in An

il N
i
it
A
e
i

B(An,A0)

v
1 d2N B(O,O)XE(AT]’A@

Novy ding 22 By R )

This is a different way of
normalizing the correlation
than that used in the pp

analysis J
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Analysis Technigue

Background

l

1 &N _ B(0,0) x SAn:A9)

S(AN,A9)
B(An,A0)

Nerg dA7dAG B(An, Ad)

CMS Preliminary

pr8:4 -6 GeV/c
proc:2-4GeV/c

| There’s a ridge i—

Elliptic flow not subtracted
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Final Results - 2D

PYTHIAS 2.76 TeV ' PbPb 2.76 TeV, 0-5%
CMS Preliminary

p’i:‘\“\'. N

pr*e:4-6GeV/c | v’ Prominent long-range, near side ridge '
pre%ec:2-4GeV/c
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Final Results - 1D A¢ project

Short—range (0<|An|<1): ]et reglon

T I L I N I I " L L | i 1 i L L ML
ob e ﬁar.ewc 1 4aescevie fep, <8 GeVie f<p, <10 GeVie
g. i  PhPh LI6TeV, 0-5%
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e al ]
Ees o
N
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FA [ ] 'ﬂ"""!"“.
-:..!j'_'!!!‘“" T
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| 1 1 3] 1 i L 11 M T IR |
1 2 3o 2 30 1 2 3
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Elliptic flow not subtracted

\__Li)ng-range (2<|An | <4): ridge region h

L I N I I I i 1 1 i I L 1
| 3ep. <t GeVic dep, <6 GeVie [ ﬁq}"“qa Ge‘lu'c Bep, <l GeVie
1 & PHPb LI6TeV, 0-5% 2<lAml<4
= b2l —— PYTHIAR pp LT6TeV T ]
= “ r* L
2 P - i . ‘s o e’
.ol . 2ep ol GeVie 1 ™ -'.iill'
£ o -.“““._‘.L__,-—F'—* ¢
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SIB-l § i Il --I [l 1 1 --I | i 1 --I P .[;?.jh.ljr'.,]u:m:“fr{
0 1 2 30 2 3o 2 30 1 2 3
Ad Ad Ag Ad
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Elliptic flow not subtracted
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Final Results - 1D A¢ projections

Short—range (0<|An|<1): ]et reglon i

UNIVERSITY OF ILLINOIS

AT CHICAGO

TO0F

qu et i.".e"r’.l'c

® PhPh L76TeV, 0-5%
——— FYTHIAS pp L76TeY

2ap el GeVie

—
1 4aescevie

fep, <8 GeVie

f<p, <10 GeVie

Dl l=1

CMS Preliminary
/P T |

(2< |An | <4): ridge region h

\_Eng—range

jeremz@c

ern.c

T LA I L 1 T T LA LR L T
- 3ep. <t GeVic dep, <6 GeVie 5«:.1"“4 Ge‘lu'c Bep, <l GeVie
1 & PhPb LI6TeV, 0-5% 2<lAml<4
= b2l —— PYTHIAR pp LT6TeV T ]
% = [ ] |
2 P . -"- o e’
- Z‘&“ﬂ 2ep ™l GeVie 1 @ ‘-'-iilli "
™
ssesene %o —T
L .o
54k : Ly A iy
0 1 2 3
Ad Ag

v Enhancement seems to disappear at high p;
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a Integrated Associated Yield

Elliptic flow not subtracted

Associatgd Yield
(")

&
EN

=
W

— PYTHIAS pp 2.76TeV

e An dependence of the
CMS Preliminary . .
- : near-side yield
- ® PbPb276TeV,0-5% (measured in An slices of 0.6)

0.1- 4<p, <6 GeV/c
i 2<p;**<4 GeV/c
0.0 —
0o 1 2 3 4
IAn|

Elliptic flow not subtracted

v’ Flat near-side ridge structure in PbPb for |An| >1
v/ Similar jet peak between PYTHIAS8 and PbPb
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Integrated Associated Yield
Associated Yield (Y) vs trigger pr in jet and ridge region '

= Y(|An|<1)-YQ2<|An |<4) E=——————"7 y(3<|An|<4)
03[ Jet Region " Ridge Region  CMS Preliminary |
o _ kau.wuL' <4 GeVe - 1 #® PbPb2.76TeV,0-5%
2 D2+ : —  ——— PYTHIAS pp 2.76TeV .
- - # 1
: | - I .
E 0.1F D T
< | D I ()
[Ll]_ o T ——-_.—---'j—-.— =
: | L | R
mﬂs 10 5 10
p, (GeVic) P, “(GeV/c)
Elliptic flow not subtracted
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Fourier Decompeosition

UNIVERSITY OF ILLINOIS
AT CHICAGO

T AL N T T R N T T
Vv, \/2 3 \l4 'Vs
& .
o 0.5F e © e © CMS Preliminary
;'C ° L O o © o
s 00__. Z—ﬂ _‘ 4 . !—._.# m
5 @ o
oo
4 ¥
h‘-l.ﬂ
= -0.5¢ T T 2<0™%<4 GeVic - @ PbPb2.76TeV,0-5%
2<|An|<4 —— PYTHIA8 pp 2.76TeV
_1 1 1 1 1 | RIS I BT B BT T ST B S B BT T ST ErErare P R R R
) 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8

p" (GeVic) P} (GeVic) py® (GeVic) Py (GeV/c)

pl™ (GeV/c)

An alternative way to quantify the results

jeremz@cern.ch

Relevant to the ridge-as-hydrodynamic-flow perspective
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= Conclusions

= Ridge-like structure now found in both pp and
heavy ion collisions

= It appears constant out to large relative
pseudorapidity in 2.76 TeV central PbPb
collisions (out to 4)

= Measured ridge-like enhancement disappears
at higher p; trigger ~8 - 10 GeV/c
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= Trigger on High Multiplicity pp

Total integrated luminosity: 980nb!

] T T T L

6| —— MinBias ) ——minBias - Iwo0 HLT thresholds:
107 —— HLT N0 2 —=— HLT NJ}3"™>85 : « Nonline > 70

5
10 E  N\online > 85
1 04 y _g

<10’ W

10? % < Nonline > 85 trigger

.

f.:-'_':-"“-"“ ') :'J.L‘FI_:,':; u-ii,-j:“
| M i M i
TS S N S ST S S N RS I | 1 + N T T AN |I i |I | -
1.0 T :
i J’fﬁ" I f [L

%50 100 150 )50 100 150
No(<2.4,p_>0.4GeV/e)  Nyi™(in[<2.4,p >0.4GeV/c)

s un-prescaled for
. full 980nb™! data set

——

HLT efficiency

~350K top multiplicity events (N>110) out of 50 Billion collisions!
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Tracking in CMgl‘ﬁ

HI Tracking Performance from HYDJET MC

5. LOpr T A K e
£ 0.8 £ 0.8
£ o6 E o6
So i - p_>2.0GeV/c So i
= 04 2 1 2 04
0.2F . 0.2F .
_|||||||||||||||||||||||_ _|||||||||||||||||_
0.0 iy B | 1] 1 2 0.0 2 4 'S R 10
g Lo = 03-
£ € I
E “8_ __ E -
= Y ] = -:
s Y ‘
-E E -: 0.2_ ]
0.6 . S 1
£ - | HYDJET 0-5%
5 [ p. > 2.0 GeV/e E o hi=24 ] J I
=] | —=— P . | = L i
g M E ~~ (dN/dn ~ 1500)
2 0 1 2 _
0.0 25

P, [GeV/c]
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Algorithmic efficiency

Fake Reconstruction Fraction

l.0||||||||||||||||||

0.2

0.0

1-07"'||IIIIIII||||||

0.8

0.6

0.2

0.8:

0.4f

0.4:

Trackin

0.6[°°

Algorithmic efficiency

0.0 25

=P, > 2.0 GeV/e

Fake Reconstruction Fraction

UNIVERSITY OF ILLINOIS
AT CHICAGO

UIC

in HI

HI Tracking Performance from*fTYDJET MC

1.0 I
-
0.8
0.61£*E|
| o <2.4
0.4 | oM <1.0
0.2F :
0.0_-L|||I...I...|..,|
i 4 ' R 10
ST We use 2-10 GeV/c
N for this first analysis
0.2% |
°l  om<as  HYDJET0-5%
0.1} EI & < 1.0 (dN/dn ~ 1500)
MR Diancns tho
R 4 6 8 10
P, [GeV/c]
39
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Tracking in H

AT CHICAGO

Semi data-driven tracking efficiency

Pyquen dijet MC embedded into real data

10—

L i
S
S 0.8
B i
8 i
§ 0.6_—
M
> 0.4-
&) L
L L
8 I
0.2"
9

<

r—— =t= g
e

0-5%

——s—— Pyquen Pi80 + Data MB

—e— Pyquen Pi80 + HYDJET MB _

||
[ Y—
]

e [ e s ) ]

S
S .

P, (GeV/e)
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Good agreement!
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= Event Selection
= Online trigger: HLT_HIMinBiasHfOrBSC_Core

 BSC OR HF tower coincidence
* > 97% etficiency (<1Hz noise rate)

= Offline selections:
* Veto beam halo trigger bits
* 3 HF towers (E > 3 GeV) on each side
* Beam-scraping events removed with pixel cluster
vertex compatibility
* Reconstructed primary vertex with at least 2 tracks,
| <15cm, r<0.02cm

| thx

Total # of MinBias events selected: 3.4 Million

jeremz@cern.ch
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HI MC models

AMPT Organ 2.76TeV, 0-5% HYDJET Bass 2.76TeV, 0-5%

pre%ec:2-4GeV/c

pre:4-6GeV/c
* AMPT has ridge but misses hard processes

] * HYDJET shows no sign of ridge

jeremz@cern.ch 42



rCMS/

'
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UNIVERSITY OF ILLINOIS

U I c AT CHICAGO

2 Relativistic Heavy lon Collision

Initial

Pre-collision

state

:

CMS pp 7TeV, N>100

Ouark Gluon Plasma

PHOBOS CuCu 62.4GeV

° 25-35%
* 35-45%
* 45-55%

- 0-6%
° 6-15%
- 15-25%
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L] L
a auuamgmwuoawue L]
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Hadron Gas
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Detector
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4 .
The Ridge at RHIC

@ Seen in different correlation techniques by different experiments in
200 GeV AuAu data

@ There is not yet a consensus on its origin, however it is believed to
be a medium effect

@ The LHC can and CMS are uniquely
suited to study quantitative AuAu 0-12% ==,
features of the ridge like p; and e

[ et

pseudorapidity reach 2

| -

A
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Dijet Events in

Leading
Hadron

Hard Scattering

d
Jet .
T “Jet Quenching” in the

presence of a medium

* Dijets are a useful probe of the mec




u I UNIVERSITY OF ILLINOIS

AT CHICAGO
So how do you...
find this... in here?

_
/S =200 GeV

Beam into /
out-of screen

AU+AU 77

p+p 9chet,, _|_ “jet,,
(STAR@RHIC) (STAR@RHIC)

* The challenge: Jet reconstruction is difficult in heavy ions for low py
(First RHIC measurements had p; reach of ~7 GeV/c)
e A solution: Make a statistical measurement via correlations
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