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CMS.-
The CMS Detector

EM and HCAL Total weight 12500 t

calgrimeters Muon detectors
/ Overall diameter 15 m
magnet
= Overall length 21.6 m

yoke

“Inclusive”
(MinBias) Trigger:
Scintillators around
Beam Pipe (BSC)

inner
tracker

\

BSC

CMS n coverage:

Tracker (Pixel + Strip) In| <2.4
Calorimeters (EM+HCAL) |[n]| <3.0
"| HF Calorimeter 3<|n|<5

Muon Detectors |n| < 2.4

24m
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Event Selection

@ MinBias trigger events
(or High Multiplicity trigger, see later)

@ At least 1 HF tower > 3 GeV on each side
— Non Single Diffractive (NSD) selection

@ At least one primary vertex with:
|Zvix| <4.5cm & pyy(BS) <0.15 cm

— 168k events @ 900 GeV (3.3 ub™)
— 10k events @ 2.36 TeV (0.2 ub™)
— 150k events @ 7 TeV (3.0 ub™)

Event Selection Efficiency
N (Vo)

true) — gen

trk ] evtSel true
N (N trk )

gen

— " = 50% (100%) at N™ =6 (15)

trk

— Data (each track pair) weigthed by:

eviSel corrected
1/ & (N trk )

€ evtSel (

Data Selection and Efficiencies

Track Selection

@01<pr<5GeVic and |n| <24
@ Primary particle (primary vertex link):

— d,(vtx)/o(d,) < 3
— dyy(Vtx)/o(dyy) < 3
@ Good quality tracks:

Matching tracks to
primary vertex with a

resolution O(100 pm)

— o(pt)/pT< 0.1
— CMS “High Purity” tracks only

Tracking Efficiency

NZ’Z.,,Mc(TI 9pT’zvtx)
NZSn,MC(n 9pT’zvtx)
o £ =50% for pt = 0.1 GeV/c

e £™ > 90% for [n|<1 and pt > 0.6 GeV/c
e Fake rate below 2% for pt> 0.2 GeV/c

ftrk(n ’pT’zvtx)=

— Data (each track) weigthed by:

llftrk(rl ’pT’zvtx)
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Algorithmic efficiency

Fake Reconstruction Fraction

Data Selection and Efficiencies

Track Selection

@01<pr<5GeVic and |n| <24
@ Primary particle (primary vertex link):

— dyy(Vtx)/o(dyy) < 3
@ Good quality tracks:

Matching tracks to
primary vertex with a

resolution O(100 pm)

— o(pt)/pT< 0.1
— CMS “High Purity” tracks only

-
%
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0.4 - 20<N<35 E’}
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0050
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0.04-
- -8 90<N<I110

0.03- ]

0.02 ]

Fake Reconstruction Fraction

Efficiencies and Fake rate similar for
low and high multiplicities

Tracking Efficiency
NZzIZo,MC(n s Pr> zvtx)
Nan,Mc(n sPr> zvtx)
o £ =50% for pt = 0.1 GeV/c

e £™ > 90% for [n|<1 and pt > 0.6 GeV/c
e Fake rate below 2% for pt> 0.2 GeV/c

gt"k(n ’pT’zvtx)=

— Data (each track) weigthed by:

" ’pT’zvtx
1/e™(n )
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Analysis Technique
Signal distribution Background distribution
= Correlated and uncorrelated pairs = Uncorrelated pairs
from same event from mixing 2 events
1 d’ N 2
S(An, Ag)= B(An,Ag)=—— 9N

N(N—-1)dAnAdg

N dAnA¢

Two-particle
correlation

R(An, Ap)=(N—1) 1

BN<An:A(l))

N

N.B.: — S & B constructed in bins of multiplicity N and of vertex position prior to average
— |An|<0.06 and |Ag<0.06 region excluded both in S and B (avoid residual secondary effects)
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MinBias Results: 2D Two-particle Correlations

Vs = 900 GeV Vs = 2.36 TeV Vs =7 TeV

DATA

R(AnA0)

Vs

R(An,AQ)

PYTHIA D6T

DATA: @ Gaussianridge” @ |An|<2 — clusters fragmentation (short range correlations)
@ Near-side peak @ An,Ap=0 — Near-side “jet’/ higher pT clusters (+Bose-Einstein)
@ Broad ridge @ Ap=Tt — Away-side “jet” / lower pt clusters
@ Cos (Ag) modulation — Momentum conservation

PYTHIA D6T: Simulation qualitatively similar to data (but not in magnitude for each component)
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MinBias Results: Independent Cluster Model

"
e s =900 GeV «| e Ns=T7TeV
Hadrons I ] 21 o ]
S 1l ]
) Clusters /4/1 / s / '\ 15 | :
Z o 1 = of
. g of - 1 o= | it ]
\ : T R— -'%M Fz"t--;‘- 42(7;ME4
An AN -
— — -1 @ K increase with Vs
s.0-@ -
: ., . +1 (morejets at high Vs ?)
25 i ™1 ' Jesconstant with \'s
% = 1 (isotropic cluster decay)
200 . ° 79 CMS results follow
Lk ° 1 trend from lower Vs
Independent Cluster Model (ICM) l: ] data
@ Clusters are produced independently [ &) |@ PYTHIA (D6T) shows
_ _ _ 08" . 1 similar energy
@ Each cluster decay isotropically into o ot f dependencies for
hadrons in its own c.m.s. =_ 06} LI ¢ 1 Ko and & as data
® CMS; extrapolated i
@ Short range correlations in An can be (o SPeas s -
J n 045 roms L 1@ PYTHIA (D6T) predicts
characterized by 2 parameters: et i ] 400 low K
— cluster size K — # correlated particles 10 10° 10* eff
— cluster width 8 — An correlation size \s (GeV)
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High Multiplicity Analysis at \'s =7 TeV

LTI

W ExPEfim\em -' thé LHC, CERN
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Large muItlpI|C|t|es observed in 7 TeV data
= — Detailed studles of the propert|es of these events
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High Multiplicity Analysis at \'s =7 TeV
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Large muItlpI|C|t|es observed In 7 TeV data |
g — Detailed studies of the propertles of these events
The particle densities in the high multiplicity events of proton proton coII|S|ons at 7TeV
begin to approach those in high-energy collisions of nuclei such as Copper

Benchmark/ reference for Heavy Ion run
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v | High Multiplicity Trigger

pecor J00L  — — HuI P s F High Multiplicity Trigger

Digitizers -~ i . . il

Front end pipelines % - ? L1 - Z ET(CaIO) > 60 Gev
2 1000 i — 100% efficient for N%4™ > 90
— [ ] i

Readout buffers E -' ? HLT : N;’Il‘lne > 70 (85)
=10 h Primary (vertex link) pixel tracks
-

Switching networks

for [n| <2 and pt> 0.4 GeV/c

N = iy | — Good efficiencies at high N/
S0 100, 150 200 | _, pairs weighted by 1/ (N 24™)
Ntrk
—— MinBias —— MinBias 3
10° M enane, 70 ¥ T i 5 Multiplicity Definition
105 - offline corrected
10 V. N = N
Z10° Primary tracks in full tracker
10 2 X for In| < 2.4 and pt > 0.4 GeV/c
10 L]

— 980 nb™" analyzed @ 7 TeV
— ~1000 more statistics from high

%o 5 1 ] multiplicity trigger thap MinBigs_ |
=l 1 ] one (pre-scaled) at high multiplicity
0.0~ L .

% 50 100 150 ) 50100 150 — Differential analysis in N and p
N (Mi<2.4,p_>0.4GeV/e) Ny (Inl<2.4,p_>0.4GeV/c)

th
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High Multiplicity Results

Inclusive pT1: p1> 0.1 GeV/c
MinBias High Multiplicity: N>110

(a) MinBias, prD.1GeWc (c) N>110, prD.1GeWc

R(AN,A¢)

— Jet peak/away-side correlations enhanced at high multiplicity
— Abundant jet production in high multiplicity sample
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High Multiplicity Results

Inclusive pT1: p1> 0.1 GeV/c
MinBias High Multiplicity: N>110

(a) MinBias, prD.1GeWc (c) N>110, prD.1GeWc

RN

T,

S o S o AT
Q2B <1 Ty
| R SIS TR S O
o 0 Bpes= oy ] .
] 7
§ g

— Jet peak/away-side correlations enhanced at high multiplicity
— Abundant jet production in high multiplicity sample

— Cut-off dominant peak at (An,A@) = (0,0) to better see details !
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High Multiplicity Results

Intermediate pT : 1 <p7<3 GeV/c
MinBias High Multiplicity: N>110

(b) MinBias, 1.0GeWc-=pT-¢3.DGeWc (d) N>110, 1.UGEWE<pT<3.UGeWc

f% U
TR
-

o ;;g{“%\ X

L
A LY

R(AN,A¢)
R(AN,A¢)

4 ““
%“"‘#

— Observation of a Long-Range, Near-Side angular correlations
at high multiplicity in pp events at intermediate pt (Ridge at Ap ~ 0)
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= High Multiplicity Results

Intermediate pT : 1 <p7<3 GeV/c
High Multiplicity: N>110 High Multiplicity: N>110
(d) N>110, 1.0GeVic<p <3.0GeVic (d) N>110, 1.0GeV/c<p_<3.0GeVic
PYTHIAS .- ..
) 2/ )
5 9-
2 4

— Observation of a Long-Range, Near-Side angular correlations
at high multiplicity in pp events at intermediate pt (Ridge at A¢p ~ 0)

... hot reproduced in PYTHIA 8 (and PYTHIA 6, HERWIG++, madgraph)
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Multiplicity and pt dependences

(d) N>110, 1.0Gewc<p_r<3.0GeWc

R(An,A0)

| — Study dependence on pt and

multiplicity for 2 < |An| < 4.8
for R(Ag) :

N

“Ridge” maximal for high
multiplicity and intermediate
pr: 1<pr<3eVic

“Ridge” not reproduced
by PYTHIA 8

| e
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Quantifying the “Ridge”: Associated Yield

_ - CN>1100
Associated yield: - 2.0<|An|<4.8
Extra correlated multiplicity Integral ~~ 1-1GeV/c<p;<2GeVic 7> -
per particle between <]E : :
A@=0 and = o
_, Zero Yield At Minimum (ZYAM) :  minimum__ & .
T  Data ]
Offset ............................ s ] |
—» ZYAM = 0 if no “Ridge” - 4 CTYTHIAS
Minimum 0 / 1 A d)z 3
_| T T T T | T T T T | T T _.I T T T T | T T T T | I'_I| _.I T T T T | T T T T | T T _.I T T T T | T T T T | T T
L 0.1GeV/e<p <1.0GeV/c 4+ L0GeV/e<p <2.0GeV/c 1 2.0GeV/ie<p <3.0GeV/c 4 3.0GeVie<p <4.0GeVic
| ® CMSpp TTeV 1 + 1 | 1
0.04 | 4 — 4 + 2.0<|An|<4.8 -
% i O PYTHIAS TTeV 1 + 1 |
= _ | _
E | :
S 0.02 -+ 4 T — 4 -
< ) | | ] ﬁ
i 1 . | . 1 ]
0.00 —®— 9 = Ti = = —t= % — i 4 § i
o 1 |_I T BT | |_| I R [ I R . | I [ T B | LA [ '
0 50 100 0 50 100 0 50 100 0 50 100
N N N N

— Associated yield grows with increasing multiplicity
- MaXimum for 1< pT < 2 GeV/C X. Janssen — 11/30/2010
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Like- and Unlike-charge pair / “Photons”

77 [ rr T [ g T T [ T T T T [ T T T T T T [ T T T T [ T T f T T T T [ T T T T [ T T ]
L 0.1GeVies p,< L0GeV /e L LOGeV/ c{pTcz.ll{;rc\"f c L 2.0GeV Icﬂ:p,rﬁj.l}('}e‘t"fr L 3.0GeV/ -:ﬁpﬁ*l]l(?ﬂ"f c
CMS pp 7TeV
=004 @ wLikesign T T T .
I!E [0 Unilike sign
= —
Z0.021 + % E T .
7 |
o[BS ily © s & r S
Ho o oo o o o by o o oo o by o o o o o o o b o b e Ao o o e e o
0 50 100 0 S50 100 0 50 100 0 50 1)
N N N N

— Same effect for like- and unlike-charge pairs (factor 2 = normalisation)

Use ECAL Object (Particle-flow “photons”) = m’ dominated

Track-"Photons”

“Photons” ”Photons”

— CMS preliminary I .. 1.0 CP‘IS '_' iminar v

< b sl ol N>110 .

q 0 0. 5. 1<p <3GeV/c ' 0.5 :.A<[T—<23GEVIC .

=027 7R | |an]>2 L AN > .

< 'ﬁ% 2_ . Uncorrected ! g Uncorrected |

= Y- — * ~1.0- . ]

o~ &7 0.0 . & .
:.....-... _0.57 . b

-4 0.5 1 2 3 0 1 2 3

Ad

Ad

— Same effect seen for neutrals from Particle Flow (ECAL driven)
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Cross-Checks — Systematic Uncertainties

“The new feature has appeared in our analysis around middle of July
in the hottest days of the preparation for ICHEP. We have immediately
set-up an independent analysis (control group) and organized a full
set of tests and cross-checks to kill the effect.” G. Tonelli

R(An,A9)

— Many data driven cross-checks performed

Analysis Code No indication of effect that would fake ridge signal

T — Estimate Systematic Uncertainties:
Reconstruction Sources Syst. on ridge yield
Pileup 15%
Trigger :
HLT efficiency 4-5%
Detector Tracking 1-2%
T ZYAM 0.0025
CMS Event
Collision
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CMS

CONCLUSIONS

Study of short-range and long-range angular correlations in pp
collisions with CMS at LHC @ Vs = 0.9, 2.36 and 7 TeV

» Short-range: cluster size and width compatible with previous
experiments but not reproduced by PYTHIA

» Observation of long-range, near-side correlations in high
multiplicity events
— Signal grows with event multiplicity
— Effect is maximal in the 1 < p7t <3 GeV/c range
— Seen in like- and unlike-sign pairs
— Seen for neutral (y as proxy for 1°)

> Not seen at low multiplicity and generators (PYTHIA, HERWIG,MadGraph)

» This is a subtle effect in a complex environment careful work is
needed to establish physical origin. The Heavy lon run will be an
additional important test bench.
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First Heavy Ion (Pb-Pb) Collisions at LHC

CMS Experiment at LHC, CERN
Data recorded: Mon Nov 8 11:30:53 2010 CEST

 *-. Run/Event: 150431 / 630470
| Lumi section: 173
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This is the first observation of such along-range, near-side feature
In two-particle correlation functions in pp or pp collisions.

It is a small effect, however, very interesting. Although there are also differences, it
resembles a similar feature observed at RHIC that was interpreted as being due to the
hot and dense matter formed in relativistic heavy ion collisions

(d) N>110, 1.UGEWc<pT*’:3.ﬂGeWI: S
AuAu-200GeV

AutAu 0%10% N\
- " :
p— .
! =6
| = —l
<] < o
S S
& - X st
200 g

Similar “ridge” in high multiplicity pp
(even similar p; dependence)
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BACKUP SLIDES
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Tracker Performance are well und:
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§ 10° ;Ey:hlas J— E D.‘l- 1 E
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A (MinBias) Angular Correlation Function

_\:uﬁﬂevmninﬁas

. Bose-Einstein correlations:
‘ (A ,An) ~ (0,0)

"Away-side” (A¢ ~ n) jet correlations:
Correlation of particles between back-

Short-range correlations (An < 2):
Resonances, string fragmentation,
“clusters”

CERN Seminar September 21 2010 B

“"Near-side” (A¢ ~ 0) jet peak:
Correlation of particles
within a single jet
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Cross-Checks

“The new feature has appeared in our analysis around middle of July
in the hottest days of the preparation for ICHEP. We have immediately
set-up an independent analysis (control group) and organized a full
set of tests and cross-checks to kill the effect.” G. Tonelli

R(An,A9)

7= — Many data driven cross-checks performed
T <¢—— Bugs ?
Analysis Code
T <€¢— Reconstruction Algorithm + Efficiency + Fakes

Reconstruction

<¢— Trigger Efficiency + Bias
Trigger

-¢——— Detector Noise + Acceptance + Efficiency
Detector

T -4¢—— Pile-Up + Beam Backgrounds
CMS Event

-¢—— Physics
Collision
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R(An,A9)

Analysis Code

Detector

f

CMS Event

Collision

Cross Checks (1)

x

3 Independent Analysis (2 shown) High Multlpllclty Vs MlnBlas Trlgger
_l LI B | | [ | | T T 1T | | | | I |I [ | I'l I'IE : . ‘>7" | | | :

15 —*— Standard analysis . - T Now, [ Minbias trigger ]
C ] 2 L« N>90, Trigger70 B
C . Control analysis I 8 ] r |

s - [ 1<p,<2GeV/ B 4|'

L . T eV/c
i . i -2- 1r |Anp|>2 | # ‘o *
- | r ! .

05 ] < | .
~ N>110 . . i " )
" 1<p;<3GeV/c i ad 01 | | * / ¥ ! 7

0- lan|>2 . ~ S NEEER RN ;

L - r I 7
- . : -1 ! B

—0.5:" - . ] B 7
L a . » . L L IR T R [
- * e 1 0 1 2 3

_1_| 1111 | 1111 | 111 1 | L1011 | L1 11 |I L1 1 | 17T

0 05 1 15 2 25 3 A(I)

Pixel (Vtx Detector) Tracking

R(AN,A0)

R(An,A)

@ON - Full CMS Tracklng

(Largely) independent reconstruction code
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Analysis Code

Reconstruction

Trigger

Cross Checks (2)

Ridge is Symmetric in @

EL % & & ool s & & & [ = [
[ = O0<o<mi4 i
L = <o <n/2 &
2r T2<0,<3mwid —
[+ 3mid<o<n i
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q -n<0,<-3n/4 & i
N’ i L ]
o2 oF ' -
8, 3 b ]
S N L T
-1F N>110 i
B 1<p;<2 GeV/c
:| 1 |IA"’|i>2 | ;

0 1 2 3

Pile-Up Effect Negligeable

90<M=<110,2. IJ<|AT-||<4 8.1 nGeWc<p <2.0GeV/c

T 1 1T T T QO
®  Run 135000-138000
Run 138000-139500
i ®  Run 139500-110400 |
.
1 1
— | 4 L] |
Q ; 1
L . ' _
Z o o
- ; -
‘= ) * A 4 n
L I i ¥ .
-1+ CMS preliminary -
| 1 1 1 1 1 1 1 1 1 1 1 1 I 1

0 1 2

AQ

3

Use ECAL Object (Particle-flow “photons”) = 1° dominated

+._Track-"Photons”

“Photons” ”Photons”

T ' 1.0
CMS preliminary | CHS r:rc imi rar\, ol
DeteCtOr 6_ 0.5 '1\':;:33&\”‘: : * 0.5 T:;Tlgsc;ewc . )

q\ = [ lan|>2 : ~ L lan|>2 -

4(: "“"}"“‘ i < | Uncorrected ! . [ = o Uncorrected ! » ]
ComsEvent > S (LI Too T &0
“ %" ‘\) k& - | -® .. .
0% "‘“ t "--o. 1 -0.5¢ * 1
B 1 2 3 0 1 2 3

Collision
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R(An,A9)

Analysis Code

Reconstruction
Trigger
Detictor

CMS Event

Collision

Cross Checks

Analysis Code-

[T "'.I'.'E
1,5:_ —+— Standard analysis . _
I: *— (Control analysisI & ]
05— N>110 . 7]
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i
; Efficiency Correction
3
80<N=<110, 0.9GeV c< quzl.o-mv,r:. 2.5.=|-_1q|-=lw ——— G0<N< 110, 0.9GaVIC< <2.0GRVIG, 254
i CMS preliminary 7 - : S
o PYTHIASCEN i CMS prefiminan
" o Uncorrected T
o PYTEHIAS REC O, uncorrecied 4 7] L i
I & PYTHIASRECC, corrected -g o ﬁ ) 0 Trk eff.correcied ooo
A_— 1- g g | — 1- o co o |
i i I o 1
{15 - PYTHIA 4 g -(15 | Data ; ¢
- | : ; a] L [  Ridge I
m - No ridge ] ] - . g
0- ] h‘-‘ﬂ O l . N
i . ] I
I3 " 1 i Y : }
. E l E % v E Ed A E| 0 H :
Trigger BECTITL I o~ "o
B Aalps . - -
-1_ 1 1 | 1 1 1 | I 1 1 [ '1_ ] | ] ] ] n
Detictor 0 A (ﬁ 4 A (D
CMS Event
Tracking efficiency correction has small effect on correlation function
Collision

X. Janssen — 11/30/2010
Two-particle correlations in pp at CMS - MPI@LHC




Cross Checks
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Cross Checks
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v Cross Checks
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Cross Checks
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== Cross Checks
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Cross Checks
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Cross Checks

Final Test: ECAL photons

Use ECAL "photon” signal
Mostly single photons from n%s
No efficiency, and p;, ¢ smearing corrections
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Cross Checks
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w No ridge effect in these models (with the tunes used)
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Cross Checks
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(Multi-) Jet Events
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More work needed to explore connection to jet correlations
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== Cross Checks

Like-Sign vs Unlike-Sign

Factor 2 lower — Associated yield normalized to all
particles in the event
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