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CMS , ,
o Interactions in the Standard Model Ww
Leptons Quarks
e) //t) (4 Ll, C, t
Vo, Vi, Vi ' d,s, b
Does this
coupling

exist?

g

Gluons

-

Higgs Boson

Interaction of EWK bosons exactly

predicted by SU(2)xU(l) symmetry.

Can be used as a test of
Standard Model (SM).

e
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CMS,
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hp% Production of Dibosons
/ \\\\ \\ \\ .
(® Produced by boson radiation or 2 1w
‘Ia; M . - 1 05_5 Z : —— 7 TeV Theory prediction 3
annihilation off quarks, triple gauge & "] | :
couplings where allowec g 10y —, . 3
—_ .§ 103—3 _>3 = Wy -
® Triple gauge couplings (TGC) are @ = Ty — 7
between three vector bosons S 104 = —>4]§ w i
° — — wz
S | o _i 1> e E 2z i i
® WY,WZ,and WW final states have £ 1% pitotou Bt S S S B
Triple Gauge Couplings g ' | i
o ]

® /vy and ZZTGCs forbidden in SM

® Goal: Study the ZY final state

® Measure cross section and test for
anomalous gauge couplings (aTGC)

o E tic QCD tat LHC
nergetic QCD ever present a NLO Zy:

= NLO calculations necessary to model data ‘
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C ° °
— Neutral Anomalous Triple Gauge Couplings

/
L—f
|

@® An on-shell neutral vector cannot decay into two on-shell neutral
vectors

® Yang’s Theorem

O Furthermore, Z is not charged

® SMY does not couple

® EWK symmetries not fundamental and Lorentz invariance allows

, 2 2
more couplings P —q Z
PTng Pogan e P) = ——+ | hi(dhe™ —a59")
Z
® Neutral aTGCs allowed in this case and their structure is well defined hZ
| +WPQ{(P'92)9”5—Q§LP5}
e All dimension 6 or 8 operators 8 couplings allowed at tree z
level in Lorentz structure + hgz)gﬂaﬁpqu
=  Produce different final state boson transverse moment (pt) distributions hZ
4+ 4 pagubpo p (o0
2 p
=  Search for deviation from SM distributions to test for aTGC Z
=  ZY advantage: direct access to boson (Y) pP? — C]2 p?
Y g€: Y 5 1 — ) and h%_4 — hfly_4
m m
. . . Z Z
® Form factor sometimes used to enforce unitarity
=  Unitarity only need be enforced where there are data . 1

= f(5) =
Form Factor = /f(3) 1+ 3/A0)"
No form factor used in this thesis
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~~| Monte Carlo Generators: Matrix Element

® Matrix Element (ME) calculations and event generators

® Use monte carlo methods to integrate phase space

® Describe hard scatter, where perturbative methods accurate
® Event generators unweight events from calculation

® Generates final state distributed as shape of ME

® First stage of simulation input

® Implementations Used

e MCFM (MonteCarlo for Femtobarn Measurement)

=  Cross section calculator, accurate at NLO «; for Zy
® MadGraph 5

=  Multipurpose event generator, accurate at fixed orders in ;s

=  Contains important bugfix relevant to signal generation

® Sherpa
=  Multipurpose fixed order generator, accurate at fixed orders in ;s

=  Includes aTGC signal and is used to generate aTGC samples for limit setting
Lindsey Gray, UW Madison




(® Parton Showers

® Describe splitting of partons into jets

® Evolve partons down to Aqcp=217+24 MeV | ‘\

= Creates ‘showers’ of partons

® Limit phase space of produced jets

=  Poor description of multijet systems

= Solve with inclusive matching

Matched sum, new showers

(® Hadronization %wz?
® Phenomenologically driven models 10_ I;C)Dogata
=  Create color singlet hadrons from shower 1_ LTy
® Reproduction of EM-rich showers known issue 10_ s
1027 " iy .
(® Use Pythia for parton shower and hadronization R SR ] b

=1 | I l Lol J B L 1 J: 5 i-uh"i Eu
0 20 40 60 80 100 120 140 160 180G 200
) ) P;(W), GeV/c
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RETURN YOKE

The Compact Muon Solenoid O
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Y Right handed coordinate system: y (Radially outwards from ground)
In tan —
2

(Anti-Clockwise beam direction) z

x (Towards LHC Center)

TRACKER
CRYSTAL FCAL  Total Mass : 12500T

Diameter 146 m

Length ;0 21.6m
Magnetic Field :  3.8Tesla

PRESHOWER

SUPERCONDUCTING
MAGNET

W FORWARD
- CALORIMETER

HCAL
MUON CHAMBERS
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— Particle Detect CMS 0
_\_\\\ \\ a r I C e e eC I O n I n THE Uqu/YERSlTY
A WISCONSIN
Key; Muon
Electron
= Charged Hadron (e.g.Pion)
’ )}N'l — — — - Neutral Hadron (e.g. Neutron)
s 'wrD 0  aaesea.e
Transverse slice R
through CMS e
0= -O-Ju:
a.-_ﬂ_-_";.:w_'_
r..',jJLOL
Silicon TTITIT
Tracker ool HoH
Electromagnetic.b UL
Calorimeter
Hadron oHeH [ HeH
Calorimeter Superconducting ninilming
Solenoid oL o ot o
Iron return yoke interspersed
with Muon chambers T
Om Tm 2m 3m 4m 5m 6m 7m
l I ] | | I | |
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(® Luminosity improvement = pileup

® Smaller bunch size

® Higher bunch population

(® Hard scatters overlaid with
random events

® Random events mainly soft QCD

= Increase in calorimeter activity

® Particle ID must account for pileup
effects to maintain performance

(® Even other hard scatter events

® bottom display is 2 Zs

Lindsey Gray, UW Madison
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ZY Cross Section Measurement
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C ° °
e Muon ldentification

(® Require muons in detector and consistent with EWK boson

@® High track quality by number of hits

Isolation cone

® Pixels, strip and muons

@® Good track fit

' Inner veto cone

@ Consistent with most energetic vertex in event A
. . . . — . . Tracker
(® Relative combined isolation AR=0.3 rejects jets
® Rel. Comb. Iso. = (ISO.ECAL + Iso. HOAL 4 Ig0. 1M — WAR2,0) /DT
® Subtract pileup using average energy density p
—_ Description criterion
o =
Veto cone about muon, AR =0.1 Kinematics pr > 20 GeV and |n| < 2.4
Number of pixel hits > 0
Number of tracker hits > 10
. x?/n.d.f of the global muon fit <10
CUt Su m maFY° Number of muon hits > 0
Number of chambers with matched segments > 1
Vertex dy < 0.1 cm
Vertex d, < 0.02 cm
Relative Combined Isolation < 0.1
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C ° °
— Electron ldentification

(® Require pr > 20 GeV and |n| < 1.4442 or 1.560 < |n| < 2.5

(® Require ECAL deposit and track consistent

® Rejects combinatorial background
(® Reject conversions using distance and angle to conversion track candidate
o cot AQ, |dist|

(® Use shower 1 width, Oinin and isolation to reject jets

\2
i wi  _ Wi
Ufmn _ 2. (772 wn) , = %nw , w; = max (0,4.7 + log(E;/ Esxs))

(® Selection criteria organized as 85% and 80% efficiency ‘working points’

WPS85 WPS80 , .
Barrel | Endcap | Barrel | Endcap 85% Worklng Point (WP85)
Aois 0.039 | 0.028 | 0.027 | 0.021 main analysis selection
Anyix 0.005 | 0.007 | 0.005 | 0.006
F 020D 0% 80 Working Poine (WPSO)
G inin 0.01 | 0031 | 001 | 0.031 used to compare EM shower behavior
Combined relative isolation | 0.053 0.042 0.04 0.033
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C ° °
S Photon Identification

(® Photon pt > 15 GeV, |n| < 1.4442 and 1.560 < |n| < 2.5
(® Require little HCAL activity behind SuperCluster (H/E)

(® Use Oinin to reject/estimate jet-fakes
® Electron rejection (pixel seed veto)

@ Isolation pileup corrected with effective areas

® Complex veto regions around photon SC,

= Remove conversion tracks, remove extended conversion deposit

® Different for each subdetector

Description criterion
Kinematics Er > 15 GeV Effective Areas:
1.4442 < |n| < 1.566 and |n| < 2.5 Toolati Darrel d
Ratio of HCAL to ECAL energy (H/E) < 0.05 SOlAtION | batTel | ehdeap
Shower width, o, < 0.011 in EB and < 0.030 in EE Tracker | 0.0167 | 0.032
Photon has pixel seed False for both EB and EE photons ECAL 0.183 | 0.090
Tracker Isolation I —0.001 - Ep — p - Ag%g < 2.0 HCAL 0.062 | 0.180
ECAL Isolation Igcar, —0.006 - B4 — p - AeEffAL < 4.2
HCAL Isolation Incar — 0.0025 - Ex — p- AJFAY < 2.2
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— Event Selection: Trigger & Clean Crossing

| _[—

(® Double Object Triggers: (use DoubleMu/E)
® |solated electrons |7 GeV leading, 8 GeV trailing thresholds

® Non-isolated muons |3 GeV leading, 8 GeV trailing
® 50 fb! recorded

(® Require a well measured vertex to be present
® |do|] <2cm,|dz| <24 cm ,ndof >4
(® Remove events with beam scraping

® 25% of all tracks present point towards interaction region

|4 Lindsey Gray, UW Madison



gs ZY Event Selection Summary
S Before Cuts: 58582068 evts. Before Cuts: 56945443 evts.
® Z(ee)y (two good electrons) @® Z(pp)y (two good muons)
® Apply run-dependent energy scale ® pr>20GeV,|n| <24
correction

® Well-reconstructed track
® pr>20GeV

® |n ECAL fiducial region

® PU corrected rel.comb.iso <.|

® Require HLT match to both legs of trigger
® Use WP85 selection criteria

® Require HLT match to both legs of trigger

After Z Selection: 84045 evts. After Z Selection: 130961 evts.

@® Dilepton Mass > 50 GeV

® Select the highest pt photon passing selection
®  Apply run dependent energy scale correction
® pr> 15 GeV,ECAL fiducial cuts
® Passes photon isolation and ID criteria
e AR(y)>07

After Full Zy Selection: 4108 evts. After Full Zy Selection: 6463 evts.

|5 Lindsey Gray, UW Madison
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e Event Selection: Muon Efficiency 0

WISCONSIN

~\\ \\ \ | A MADISON

102 CMS Preliminary ~ Run 2011 A
(® Tag and Probe to measure >
. . o
efficiencies =
o 0.98
c
: S 0.96
® Exploit Z(MM) resonance =
0.94
® Tag fully identified muon S — 0.92
+0.009 +0.009 +0.009
0971 0.990 0.980 0.986
+0.009 =+=0.009 =+0.009 =+0.009
® Probe passes or fails selection
+0.009 +0.009 +0.009
M M | 11 1 1 | 1 1 1 | | I I | |
criteria 2 15 -1 05 0 05
® Fit Z peak to extract efficiency 102 CMS Preliminary  Run 2011 B
> 1.02
Q
(5 0.985 0.992 0.994 0.992 0.974 0.987
. . . . S +0.009 +£0.009 +0.009 +0.009 +0.009 = 0.009 1
@ In this analysis use efficiency ratios
. . = 0.98
to scale MC to data efficiencies S
= 0974 1.001 0.989 0.995 0.994 0974 0.972 0.980
= s0000 SOOI oo SETIOE cooo) o0 RERMSE. 0007 M () 96
+0.009 +0.009 =+=0009 =+0009 =+=0010 + 0.009 +0.009 =+ 0.009
5 0974 0.999 0.997 0.993 0.992 0.980 0.968 0.975
® Maps of ‘scale factors’ adjust oo b em bl o B
L 0.009 = 0.009 +0.009 £0009 0009 =0009 = 0009 £ 0.009 £0.009 = 0.009
efﬁC|enC|eS d |ffe re ntlal IY Z'?)f.;(())w 2%%09 2%7(?09 i'%(.)ozlo 2'?)?(309 2'?)?(?09 2'3?509 2'37309 2%?309 2'3?809 0.92
;968 0.973 0.974 0.968 0.984 0.978 0.985 0.975 0.983 0978
=0.009 =0.009 +0.009 +0.009 =0.009 ==0.009 =0.009 +0.009 +0.009 = 0.009 09
e Realistic modification of MC muon _ om, o . 089
| L1 1 1 | | I I | | L1 1 1 |
distributions 2 -15 -1 05 0 05 1 15 2
Muon n
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(® Two Tag & Probe Steps

® Measure ID eff. using
Triggered Electron + HLT
SuperCluster

® Measure trigger eff. using

Triggered Electron + non-
isolated trigger electron

(® Apply to MC statistically

® Scale factors evolve with time

= changing beam conditions

® Ensure MC approximates
composition of data

Electron P (GeV)

Electron P (GeV)

Event Selection: Electron Efficiency 0

AAAAAA

CMS Preliminary ~ Run 2011 A, ECAL Barrel

60

55 1.01

50

45 0.99

40 0.98

35 0.97

30 0.96

25 0.95

20 0.94

2 4 6 8 10 12 14
Vertex Multiplicity

CMS Preliminary  Run 2011 A, ECAL Endcap

60 1.08

55
1.06
50
1.04
45

40 1.02

35

[Em—

30
0.98

25
0.96

| 1 1 1 |
20 2 4 6 8 10 12 14

Vertex Multiplicity
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(® Photons not triggered

® but hard to find pure source of

photons

® Use Z electrons to measure

efficiency except pixel seed veto

(® Measure pixel seed veto

efficiency with high-purity FSR

Z(MHY) events

® Tag and probe using offshell Z

as tag and photon as probe

Pixel Seed Veto Efficiencies:

Data (%) | MC (%) | Data/MC (%)
Run 2011 A
EB [ 972+03 | 97.8+0.2 99.4 +0.3
EE | 90.0+0.9 | 91.0£ 0.5 98.9 £ 0.9
Run 2011 B
EB [ 96.1+£04 |97.1+0.2 99.0 + 0.4
18 | EE | 87.3+£1.3 | 89.34+0.5 97.8 £1.6

§ ’ Event Selection: Photon Efficiency 0

Photon P (GeV)

Photon P (GeV)

AAAAAA

CMS Preliminary ~ Run 2011 B, ECAL Barrel

60
55
50
45
40
35
30
25

0 2 4 6 8 10 12 14 16

Vertex Multiplicity
Run 2011 B, ECAL Endcap

1.1
1.051 1.08
55 +0.019
1.06
1.04
1.02

50
45

40
0.98
0.96
0.94
0.92
0.9

35
30
25

0 2 4 6 8 10 12 14 16
Vertex Multiplicity
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Photon Energy Corrections From PHOSPHOR

(® Data-driven fit of PHOton Scale
and Resolution

(® Uses FSR MUY invariant mass
® Energy Scale from Z peak position

® Energy Resolution from Z width

® Pileup dependence of energy scale
is averaged over by run period

(® Scale in data is different from MC
due to

® Material budget mis-modeling
® GEANT4 shower mis-modeling

® ECAL calibration

Lindsey Gray, UW Madison

Events / (0.5 GeV)

Photon Energy Scale (%)

900
800
700
600
500
400
300
200
100

CMS Preliminary 2011, \/'s =7 TeV

Data, L=4.89 fb™!
ECAL Barrel
Photon E €[15, 20) GeV

Fit Parameters:
M(EY) =-122+0.19%
O(Ey) =515+£023%

----------------- [sm=g=p=p=frm=gmg=poprmmnmy= T

90 75 80 85 90 95 100 105 110

m,,, (GeV)
CMS Preliminary 2011, Ns =7 TeV

3_| T | T TT | T TT | T TT | T 1T | T TT | T T TT | T TT | T TT | T I_
- L-489b" —¢— MC Truth .
2C —=- MC Fit E
L —— |
1~ % —— Data Fit ]
e 3 -:
R : E
2F d}“ =
_3:I 1 1 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | IIIIIII :

l
35 40 45 50
Photon E,. (GeV)
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: LY Cross Section: Backgrounds

(® There are three main sources of background for Zy

® Photons from jet-fakes

= Determine amount using Template Method (next slide)

® T Tbar:Real leptons + fake photon (Taken from MC)
® /Z(TT)Y:T decays to e/d + Vv (Taken from MC)

20 Lindsey Gray, UW Madison
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Fake Yy Bkg: Template Method

@ Use two component fit:

w100~
S [ Ldt=501fb"
f(aimln) = Ng - S(U’inin) + Np - B(Uinin) S I f t
. . S g0
@ Signal templates are obtained from Madgraph W/Zy samples = 1260 <l <2500
° Use Zee candidates to determine Data/MC shift T‘;; 0
a8
° Templates from FSR ZYy used as a cross check to validate MC signal template
@ Background templates are data-driven 40
° Taken from inverted track isolation sideband in Jet dataset
. 2GeV < Isorrx —0.001E) — 0.0167p < 5 GeV for EB 20
2 GeV < Isorrx — 0.001E) — 0.0320p < 3 GeV for EE
° Shape difference between MC and data-driven templates used as systematic

® The fitis performed using an unbinned extended maximum log likelihood fit
w“w“‘?ﬁ‘_j‘T?V
- Signal Template

|

500

400

300

Number of photons / 0.0005

(\o]
S
S

L
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CMS Prehmlnary 2011

+

2011A dataset
Ml < 1.4442

15 GeV < E;. < 20 Ge

—e— Data FSR photon
Mean = 0.00934
MC FSR photons

Mean = 0.00943

—— MC Wy (ISR+FSR)

Mean = 0.00944

[ Lot

\\\\‘\\\\‘\\\\‘\\\\<\ 11 1 | 1|

0.006 0.008

001

0012 0.014 O 016

O.
inin

0000

0000

umboer of glectrons /
S
S
S

20000

10000

CMS Prehmmary 2011 \s=7TeV
| T T T T | T T T _I_

~EM Shower Modelin :
: 2011 A dataset .
- Ml < 1.4442 E
__ —— Data electrons ]
- Mean = 0.00884 ]
- N RMS=000080 1
B MC electrons ]
B o) Mean = 0.00893 ]
- N RMS=000077 -
- o E
C a ]
- . 7
- o o .
L .‘U ® .
M I | OMA lealaal | ||

0.006 0.008 0.01
(o}

inin
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CMS Preliminary 2011,\s =7 TeV

0.02 003 004 0.05 006

O.
inin

0
0 0.01
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[2 6000 j- L — |r\e \Ir\nl\n‘alw'y\ LI L B L (‘ T 7\ T e\\-/v':
= - |Ld=21724pb" M'l< 14442 )
S 5000 Background 15GeV<E;<20GeV
- - Tem plate —e— Data sideband ’
§ 40001 —— MCsideband
g - o MC W+Bkgy -
o B ]
5 3000 .
= - ]
" 2000 .
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Z. i i
10001~ ]
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CMS, .
5 Zy Template Method Yields 0

AN WISCONSIN
. . reliminary, Vs = 7 Te
(® Underestimation 74 B
o m se S <)
+|ets background a g g
| £ 5 10 5
<NOowNn efrrect
1
® Data-driven method 10"
described jet-fakes better . i
by construction 10
Photon P (GeV) Photon P (GeV)
® Reweigh M C Z + J e ts % 10° CMS Preliminary, Vs = 7 TeV % CMS Preliminary, Vs = 7 TeV
T 1 . Y ld % . fL=5.0 fb n”;c<1-4442 % 107 fL=5.0 b 1,566 <n.  <2.5
. d_" e d_, . Fitted Background
s — emplate Yie - £, i
! MC Yleldz i ° * e
1 Ea
1 i Eiibiiiit;»iibii 1
® Reweighed in photon pt L 10" T
107!
102
- Projected into other " 10° 2
quantities Photon p_(GeV) I}’?\oton p, (GeV)
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o ZY Distributions: Photon Et W

AAAAAA

CMS Preliminary, \'s = 7 TeV

-1 —+— Data
L= 5 0 fb I (t + Dibosons

I Z(uw)+ets
B Z(uw)y

u

(@ Photon Et distribution
agrees with MadGraph5

entries/GeV

. 1
® Normalized to MCFM
10"
® Agreement over nearly 10?
. Photon P (GeV)
two orders of magnitude CMS Preliminary. is = 7 TeV
> —+— Data
S 0 [L=son’ —okd
7 B Z(ee)y
(@ Z+Jets Background 2
c
Qo

distribution normalized e

to template method
yield and shape

10

107!

10°
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C \S\ ° ° °
o ZY Distributions: Mz W

CMS Preliminary, \s = 7 TeV

c
P i 1 —t+ Data

= I T + Dibosons
5 1200 f L=501b Zisnriiot
ﬂ:) - B Z(uwy
'E 1000 ~
Q i

800+

(@EM I/FSR turned off in
MG5 samples

600F

400+

200F

® Causes poor modeling of
. 0 60 70 80 90 100 110 120 130 140 150
Z peak FSR talil M, (GeV)

CMS Preliminary, \'s = 7 TeV
700F

C -1 —+— Data
B L=501fb I (t + Dibosons

600 Z(ee)+lets
- B Z(ce)y

® |nitially to avoid double
counting

entries/bin

5002—
400;— e
® Effect < |% on acceptance 300}

200F

100F

% 60 70 80 90 100 110 120 130 120 150
24 Lindsey Gray, UW Madison M, (GeV)
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o LY Distributions: Mzy W

AAAAAA

CMS Preliminary, \'s = 7 TeV

= M —t— Data
% 10 E f L=50fb" = g(+ Dibosons
e I -y
@ISR spectrum is well
m Od e I ed by M C SE) 100 150 200 250 300 350 400
M,, (GeV)
c CMS Preliminary, Vs = 7 TeV
@ GOOd agreement tO é ; j~L=50fb_1 :giﬁ)ibosons
. . . n i . I Z(ee)+lets
high invariant mass 2 =
c
o

50 100 150 200 250 300 350 400
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CMS, . . . . . .
LY Distributions: £y pt Distributions 0

— WISCONSIN
c CMS Preliminary, s = 7 TeV
%1800;_ fL = 50 fb_l :E::a]))ibfstons
21600} =P
£
Qo
(@ Distributions in both
channels agree 20 40 60 50100 10 140
Iy P GeV
c CMS Preliminary, \s = 7 TeV
® |nclusively matched Zy S0 [Loson =
* Q Z(ee
sample describes data £ 10000 e
& [
800+ e
600
400
200
0 L . |
0 80 100 120 140
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LY Cross Section: Systematics

(® Luminosity uncertainty
® Luminosity measured by pixel cluster counting
® Driven by uncertainty in luminous region, activation
(® Photon/Electron energy scale uncertainty
® Absolute photon energy scale measured from data

® Uncertainties on scale drive bin migrations

® Photon & Electron scales correlated and varied simultaneously
in eey channel

(® Photon/Electron energy resolution

® Resolution of electrons and photons in MC not same as data

® Smear MC to match data resolution

® Change in selected events used to estimate error

Lindsey Gray, UW Madison
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LY Cross Section: Systematics

@ Pileup estimation
® MC pileup distribution is reweighed to match data
® Measured proton-proton cross section used
= 683%+34mb
® Vary to determine effect on MC acceptance
(® PDF uncertainties
® PDFs experimentally measured

® Vary associated error eigenvectors to created weights

=  Measure reweighting effect on acceptance

® Data / MC scale factor uncertainties
® Data/MC scale factors have statistical uncertainties
® Also uncertainty on bkg model choice

® Vary individual scale factors, assess change in data-averaged scale factor

Lindsey Gray, UW Madison




Template Method Systematics

® Shift of the MC signal template

e Known GEANT4 ‘feature’: EM showers are not properly simulated, resulting in
larger showers

® Extract background with and without shift, assign difference as systematic

@® Sideband Bias & Signal Contamination

® Tracking Isolation sideband is chosen to be minimally correlated with Ginin

Some bias remains

® Tracking isolation sideband is not completely free of real photons, makes
template more ‘signal-like’

® Estimate both using MC by vetoing or enhancing the real photon contribution
® Statistical Sampling of the Underlying Distribution

® Statistical sampling of background template is finite and for low statistics can
under-sample tails, causing a bias.

® [Estimate bias using a bootstrapping procedure, estimating variance with ‘toy
templates’ that have the statistics of the data-driven templates

Lindsey Gray, UW Madison
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ZY Cross Section: Systematics Summary

TTTTTTTTTTTTT

eey

ppy

Source Systematic uncertainty Effect on Ngg
Electron and photon energy scale ele: 0.5%; pho: 1% (EB) 3% (EE) 3.0 % n/a

Photon energy scale 1% (EB) 3% (EE) n/a 4.19%
Muon pr scale 0.2% n/a 0.60%
Total uncertainty on N, 3.0 % 4.23%

Source Systematic uncertainty Effect on F = A - €y
Electron and photon energy resolution 1% (EB), 3% (EE) 0.2 % n/a
Photon energy resolution 1% (EB), 3% (EE) n/a 0.06%
Muon pr resolution 0.6% n/a 0.08%
Pileup Vary estimated PU using 68.3 +£3.4 mb | 0.6 % 0.44%
PDF CTEQ6L reweighting 1.1% 1.10%
Signal Modeling 0.6 % 1.10%
Total uncertainty on F = A - €5/¢ 1.4 % 1.22%

Source Systematic uncertainty Effect on peysy
Electron reconstruction 0.4% 0.8 % n/a
Electron trigger 0.1% 0.1 % n/a
Electron ID and isolation 2.5% 5.0 % n/a
Muon trigger 1.5% n/a 1.0 %
Muon reconstruction 0.9% n/a 1.0 %
Muon ID and isolation 0.9% n/a 2.30%
Photon ID and isolation 0.5% (EB), 1.0% (EE) 0.5 % 1.00%
Total uncertainty on p,yy 5.1 % 2.51%

Source Systematic uncertainty Effect on background yield
Template method 4.4% (EB), 5.6% (EE) 5.1 % n/a

4.9% (EB), 5.8% (EE) n/a 5.5%
Total uncertainty on background 5.1 % 5.5%

Source

Systematic uncertainty

Effect on luminosity

Luminosity

2.2%

2.2%

2.2%

Lindsey Gray, UW Madison
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. ZY Cross Section: Measurement

(® Theoretical Cross Section: 5.45 +/- 0.27 pb (scale + PDF)

(@ Cross Section from data:

o(pp — Z~v — eevy) = 5.20 £ 0.13 (stat.) + 0.30 (syst.) £ 0.11 (lumi.)
o(pp = Zv — ppy) = 5.43 £0.10 (stat.) = 0.29 (syst.) £ 0.12 (lumi.)

o(pp — Z~ — ) = 5.33 £ 0.08 (stat.) £ 0.25 (syst.) = 0.12 (lumi.) pb.

. Nobs — kag
o

Input parameters for: o= 7= ——
Parameters 1y — eey 1y — [ty
Nopeerved 4108 =+ 64.1 (stat.) 6463 + 80.4 (stat.)
Nypoapaorive | 905.9 4 49.8 (stat.) = 31.5 (syst.) | 1404.3 & 56.4 (stat.) & 77.0 (syst.)
N ound 21.2 + 1.8 (stat.) 23.7 + 2.2 (stat.)
Nsig 3154.2 4 81.0 (stat.)= 95.1 (syst.) | 5034.9 & 98.2 (stat.) + 213.2 (syst.)
A-epc 0.132 £ 0.0018 (syst.) 0.196 4+ 0.001 (stat.)
Deff 0.929 + 0.0466 (syst.) 0.945 + 0.016 (syst.)
[L at 4961.1 + 109.1 (syst.) 4998.9 + 110.0 (syst.)
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LY Cross Section: Theory Comparison

CMS Preliminary 2011 Ns =7 TeV

(@ ZY cross section

consistent with MCFM

at higher pr

® Error is half systematic

at > 60, 90 GeV

o(pp — lly) (pb)
TTTT LR LR I

Data

MCFM

10

TTTTTTTTTTTTT

AAAAAA

ZfLalt:S.Ofb'1

- MCFM (Inclusive)
—e— Z(ee)y (Inclusive)
—a— Z(uu)y (Inclusive)

—a4— Combined (Inclusive)

f

> 15 > 60 > 90
7 E! (GeV)
eey pupry
ET > 60 GeV | 0.142 £ 0.019(stat.) & 0.019(syst.) = 0.003(lumi.) | 0.139 & 0.013(stat.) = 0.015(syst.) = 0.003(Tumi.)
Combination 0.140 4+ 0.011(stat.) 4+ 0.013(syst.) + 0.003(lumi.) pb

NLO Prediction

0.124 £ 0.009 pb

ET > 90 GeV

0.047 £ 0.013(stat.) £ 0.010(syst.) = 0.001 (lumi.)

0.046 4+ 0.008(stat.) + 0.010(syst.) £ 0.001 (lumi.)

Combination

0.046 4+ 0.007(stat.) & 0.009(syst.) £ 0.001(lumi.) pb

NLO Prediction

0.040 + 0.004 pb
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Limits on Anomalous
Triple Gauge Couplings
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al GC Limits

34

® Non-Abelian SU(2).xU(1) symmetry of SM exactly predicts
couplings of gauge bosons

® |east well-measured portion of the SM

® Anomalous gauge couplings are a clear sign of BSM physics
® ZY has no natural triple gauge couplings in the SM

® CMS sets limits on h3%Y and h4%Y

!
q ?q I NY
V v
4 @y

Y o

q y TGC
ISR FSR (ZZy and Zyy are not allowed in SM!)

(® Form factor not applied

® ‘Raw’ coupling limits presented F) = (1 F5MA2)"

® Limits set using modified frequentist CLs methodology,

Lindsey Gray, UW Madison




(@ No observed excess

(@ Observed limit is |0
under-fluctuated

® Comes from electron
channel

(® Most stringent limits
on al GCs thus far

35

0.3

0.2

0.1

al GC Limits: Zy, ee + U

x10~ x107
K TTT | T T TT | T T TT | T T TT | T T TT | T T TT | T T TT | T TT ’ N q_ 0.3 -_'—l T T T 1 | T T T 1 | T T T 1 | T | LI | L |—_"
— CMS Preliminary  95% CLs Limit on h} and h; — - - CMS Preliminary  95% CLs Limit on h% and h% 1
[ — Observed ! : 0.25 F —— Observed E
S E);I;ected f Ld=500"\s=7TeV - ) Exlpected f Ldt=501fb"' Ns=7TeV E
L + : — - + 1o . 3
- P Z(ee,uu)y Combined ] 0.15F 90 Z(eeuu)y Combined E
d 1 0df s
¥ 1 005F :
- ] 0F 3
: 1 -005F :
i A2 E
:_ I | I I I I _: -0.15 ;_ aTGC values outside contour excluded _;
"""""""""""""""" ol b v b b by v Ly gy Ll
-0.0150.0+0.005 0 0.0050.010.015 -0.015-0.01-0.005 0 0.005 001 0.015
h, hZ
3 3
hy hy hy hi
Zvy — eey | [-0.013,0.013] | [-1.1e-4, 1.1e-4] | [-0.011,0.011] | [-9.9e-5, 9.5e-5]
Zy — uuy | [-0.013,0.013] | [-1.1e-4, 1.2e-4] | [-0.011,0.011] | [-1.0e-4, 1.1e-4]
Zy — £y | [:0.010,0.010] | [-8.8e-5, 8.8¢-5] | [-8.6e-3, 8.4¢-3] | [-8.0e-5, 7.9¢-5]
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% 5 CMS aTGC Limits Comparlson LEP

OPAL 189 GeV

T T ] T TJ]MADISON
i h
'

(@ LEP limits set with no form
factor using pt and decay angles

5 h%
® Used neutrino and quark decays I T 2 T ,:
of Z iy’ i |
® Can differentiate h''2 from h3+# ) N
0.5 h% -0.5 0.5 h%
® Access to sign of h3* L _OPALISSGeY
@ All limits from LEP beat by CMS s 8
® More than 2 orders of 0 ol
hj h;
magnitude sax N -
— 212 - .

® Due to extended kinematic 10

reach and statistics 10

. 0.5 hg
36 Lindsey Gray, UW Madison ~ 95% CL @ -A




% s CMS aTGC Limits Comparison: Tevatron

@ All Tevatron limits set using - g o
. . za20f D@, 3.6 fb “isTev
form factor and pr distribution® ™| ~ e ackerounds |
§ 1.5Fi = SM signal MC + backgrounds
° R ATGC signal MC + backgrounds| 9%

01 -005 0 0.05 0.1
Y
h30

® A <energies at LHC o

® |LHC would resolve particles 05 T

responsible for low energy 0% 50 200 g0 s U]
al GCs in this case ErlGevl T Tk
CDF:
= Not physically relevant scenario Parameter (A =12TeV) (A=15TeV)
hZ -0.024,0.027]  [-0.020,0.021]
h -0.0013,0.0013]  [-0.0009,0.0009]
_ , N T o e h] -0.026,0.026]  [-0.022,0.020]
Arbitrarily limits LHC sensitivity 10001200013 [0.00080.0008]
® Cannot directly compare o
&)= a37m
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CMS aTGC Limits Comparison: ATLAS

(® ATLAS limits set using fifth
of 201 | dataset

(® Compared to CDF, D0, and

CMS

® Used unphysical form factor

for comparison

Some comparison of

statistical power between
LHC, Tevatron

® No-form factor limits too

38

CMS combined limits better
by statistical factor of 1/+/5

_\\\ \\\\‘\ATLAQ‘\\\\‘\\\\‘\\\\‘\\\\ \\\_ B ‘A‘TL‘A‘S‘ T T ‘ T T T |
: 95% CL intervals from Zy . - 95% CL intervals from Zy .
-7 — ATLAS(1.02fb",A=15TeV) 4 | ATLAS(1.02 fo", A=1.5 TeV)
B — DO(7.2 o', A=1.5 TeV) } -4 DO(7.2fb", A=1.5TeV) -
- -  CDF(5.1fb" A=1.5 TeV) J L —_— CDF(5.1 b, A=1.5 TeV) ]|
- —t—  CMS(36 pb', A=) 1r e CMS(36 pb™, A=) :
[ Y —— - [ Y _— —
- hy - 1 rh -
_llllllllll llllllll lllllllllllllllllllllllll_ 1_1 I 1 1 1__11 1 1 1 1 l 1 1 1 I 1_
0.3 -0.2 -0.1 0 01 02 03 04 05 0.6 -0.002 0 0.002 0.004 0.006
Measured Measured Expected
A 1.5 TeV 00 00
hl  (-0.074,0.071)  (-0.028,0.027) (-0.027,0.027)
K (-0.051,0.068)  (-0.022,0.026) (-0.022,0.025)
h)  (-0.0028,0.0027) (-0.00021,0.00021) (-0.00021,0.00021)
hZ  (-0.0024,0.0023) (-0.00022,0.00021) (-0.00022,0.00021)
s hy hy A
Zvy — eey | [-0.013,0.013] | [-1.1e-4, 1.1e-4] | [-0.011,0.011] | [-9.9e-5, 9.5e-5]
Zy — upy | [-0.013,0.013] | [-1.1e-4, 1.2e-4] | [-0.011, 0.011] | [-1.0e-4, 1.1e-4]
Zvy — Ly | [-0.010,0.010] | [-8.8e-5, 8.8e-5] | [-8.6e-3, 8.4e-3] | [-8.0e-5, 7.9e-5]
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Conclusions

(® Presented an analysis of the Zy final state
® Cross Section measurements:
= photon pt > 15, 60,90 GeV
® Anomalous triple gauge coupling limits

=  Better than most recent ATLAS by statistics in charged lepton
channels

@ Outlook

® 2012 LHC data at 8 TeV improves kinematic reach
=  ZY cross section larger
® At least 4x more integrated lumi. than 2012
= Improve limits by at least 2x (not including kinematic factor!)

® New treatment of aTGCs from T. Stelzer et al. promising

= More theoretically consistent treatment of anomalous couplings

Lindsey Gray, UW Madison




40

Backup

Lindsey Gray, UW Madison

TTTTTTTTTTTTT

AAAAAA



@ Force Carriers

nee Generations of Matter

The Standard Model

mass —
charge -

6 quarks

spin —

name —

3 ‘up’ type, 3 ‘down’ type

6 leptons

3 charged (e,M,T)

Quarks

2.4 MeV/c? 1.27 GeVjc?
% ¥
+U |%C
up charm
4.8 MeV/fc? 104 Mew/c? 4.2 GeVic?
1A 32 Ya
down strange bottom

3 neutral (Ve,Vy, V1), ‘neutrinos’
=2.2 eVic?

AY

v ¥ e
electron
neutrino

=  Massless in SM, but recent experiments demonstrate small

Am? between generations!

=0.17 MeV/ c?

Y
AL
muon
neutring

=<15.5 MeV/c?

AR

tau
neutrino

91.2 GeWfc?
0 Z°
1

Z hoson

0.511 MeVjc?
., e
15

electron

=

Leptons

Massless Photon (Y): EM Force
Massive W%, Z:Weak Force

} unified under SU(2).xU(I)

80.4 GeV/c?

W
1

W boson

1.777 GeVc?

-1
v L
tau

105.7 MeV/c?

8 massless gluons: Strong Force

® Higgs Boson

®
41

In SM Provides mass to W, Z through spontaneous
symmetry breaking

125 GeV Higgs-like excess in 201 1+2012 LHC data
Lindsey Gray, UW Madison

Higgs Boson

Responsible for EVWWK
Symmetry breaking
Predicted JP¢ = 0**

Uses SU(3)xSU(2).xU(I)
symmetry to describe forces

auge Bosons

Ge



; The Structure of the Proton W

42

@ The proton has substructure

® |n collisions this substructure is probed
® One ‘parton’ from each colliding proton

@® Proton is a bound state of quarks

® Valence quarks (uud) are exchanging virtual gluons
=  may split into u,d,s,c,b quarks creating ‘sea’ of partons

=  Effect present at all times, ‘intrinsic sea’

=  splitting to gluons allowed as well

® Valence quarks carry roughly half of proton total momentum

@ Parton Distribution Functions describe structure

® Describe probability fi(x,Q?) to find parton type ‘', with momentum fraction ‘x’ at
momentum transfer Q2

® Measured from experiment and evolved to various Q?

® This means hadron colliders sample a wide range of energies

A

- S = ZEyS for momentum fractions X%,y in two partons and beam energy S
Lindsey Gray, UW Madison



(® Each SMC hard parton
considered alone

® |imits phase space

® Results in poor
modeling at high pt of
the matrix element part
of the event

10

-
o
N -

°| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| L

—r
°.
N

—r
<
w

% \ Limited Phase Space in Shower MC

Unmatched "new" Pythia

....... Unmatched "old" Pythia
—&— D0 data

t

1 -
Y
ll l‘
R
] [ 1y U vy

| | | | | | | | | | | | | | | 1
20 40 60 80 100 120 140

P.(W), GeV/c

43 Lindsey Gray, UW Madison



C o s
LY Distributions:Vertex Multiplicity

CMS Preliminary, s = 7 TeV

- -1 —+ Data
L L= 5 O fb I (7 + Dibosons

T Z(uw)+lets
B Z(uwy

entries/bin
=
o
(@»)

o0
S
)

T

600}
400}

200

T | I_I L1 1
0 5 10 15 20 25 30

@ PIIeuP Rewelghlng Vertex Multiplicity

C h eC I(S out ﬁ ne CMS Preliminary, (s = 7 TeV
.E 700 - —+— Data
% E fL = 5 O fb-l [ | th+ DilJ)osons
3 soo =
r— -
S 500 :

4001
300
200F

100

0 5 10 15 20 25 30
Vertex Multiplicity
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C .
o ATLAS Results: Cross Section

\ 74
S\ WISCONSIN
A\ \\ \ | A MADISON

[ ]
[ J
http://arxiv.org/abs/1205.253 |
a 2 ! . _] a = —@— Elettron channel (Inclusive) 3
8 10 o pmmemeles 2 & ¢ 6 hanchame (e z
= - —A— Combined (Inclusive) . = 102 —A— Combined (Inclusive) _
2 ] MCFM (Inclusive) -E g "1 MCFM (Inclusive) . 3
1 O = —@— Electron channel (Exclusive) 3 - +. Electron channel (EXCI.USIVG) a
1\ C_.@ A —l— Muon channel (Exclusive) = 1\ i Muon 'channel (Exgluswe) |
% B S [ \— Combined (Exclusive) 3 % 10 = —a&— Combined (Exclusive) =
— B |:|* MCFM (Exclusive) 7] g = 1 MCFM (Exclusive) 3
© 1E (s=7Tev 3 R 7
- ® O A ] 15777 o-—=t-m x =
N det=1.02 for! == - _ § = ATLAS =
10" E— A_j 10" | \s=7TeV fl.dt: 1.021b" PN ]
- ATLAS * _____ * _____ T E = — — ——
10 ' ' 102 '

1.8 S 15¢ ]
cl|= - I IR D A 4 ST - .
s b B o4 0 b : S Y T W N N S—
O O Ll a > 15 _
= - - - ]
0.2L . 05C ]
. s 1.5 s
s ] g5 | b |
SO 1------ ¢ A +** ----------- + ---------- + 02 1': """"" + """" * """" ko + S
= s + ] - ]

0.2 | : o 15 6

> >
>15 > 60 >1OYO EYT[GeV]
E! [GeV]
(a) (b)

FIG. 3. The measured cross section for (a) W+~ production, (b) Z~ production as a function of the photon transverse energy,
in the extended fiducial region as defined in Table III, together with the SM model prediction. The lower plots show the ratio
between the data and the prediction of the MCFM generator.
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— CMS Cross Section Theory Comparison

Ly
eey ppiy
E7 > 60 GeV | 0.142 £ 0.019(stat.) £ 0.019(syst.) =+ 0.003(lumi.) | 0.139 + 0.013(stat.) + 0.015(syst.) = 0.003(lumi.)
Combination 0.140 4+ 0.011(stat.) £ 0.013(syst.) £ 0.003(lumi.) pb
NLO Prediction 0.124 £+ 0.009 pb
E7 > 00 GeV | 0.047 £ 0.013(stat.) £ 0.010(syst.) =+ 0.001(lumi.) | 0.046 % 0.008(stat.) = 0.010(syst.) = 0.001(lurmi.)
Combination 0.046 & 0.007(stat.) = 0.009(syst.) % 0.001(Tumi.) pb

NLO Prediction

0.040 & 0.004 pb
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X
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N aTGC values outside contour excluded -
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Y
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x107
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Y
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95% CL limit on 0/ ;5

CMS aTGGCs: Zy Detalil

T T T

THE UNIVERSITY
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§ : alTGC Limits: ZY,ee + HJ + VV

x10°
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Data:

Datasets Used in the Vy Analyses

MC Signal:

Process (private MG5) | 0madGrapn, PP | OnLO, PP
W —ev+ 7y 50.7 56.3
W — uv+vy 50.7 56.3
Z — ee+ 10.6 12.3
Z — up+y 10.6 12.3

THE UNIVERSITY

WISCONSIN

MADISON

*aTGC samples produced with SHERPA

MC Background:

CMS Run Range | Dataset Name Used by
160404 - 163869 | /SingleElectron/Run2011A-Mayl0ReReco-v1/AOD | Wy — ev + v
165071 - 167913 | /SingleElectron/Run2011A-PromptReco-v4/AOD Wy —ev+y
170249 - 172619 | /SingleElectron/Run2011A-05Aug2011-v1/AOD Wy —ev+y
172620 - 173692 | /SingleElectron/Run2011A-030ct2011-v1/AOD Wy —ev+ v
175832 - 180252 | /SingleElectron/Run2011B-PromptReco-v1/AOD Wy —ev+y
160404 - 163869 | /SingleMuon/Run2011A-Mayl0ReReco-v1/AOD Wy — uv+v
165071 - 167913 | /SingleMuon/Run2011A-PromptReco-v4/AOD Wy = uv 4+
170249 - 172619 | /SingleMuon/Run2011A-05Aug2011-v1/AOD Wy — uv+v
172620 - 173692 | /SingleMuon/Run2011A-030ct2011-v1/AOD Wy — v+
175832 - 180252 | /SingleMuon/Run2011B-PromptReco-v1/AOD Wy — uv+v
160404 - 163869 | /DoubleElectron/Run2011A-Mayl0ReReco-v1/AOD | Zy — ee +
165071 - 167913 | /DoubleElectron/Run2011A-PromptReco-v4/AOD Zy — ee+y
170249 - 172619 | /DoubleElectron/Run2011A-05Aug2011-v1/AOD Zy —ee+y
172620 - 173692 | /DoubleElectron/Run2011A-030ct2011-v1/AOD Zy —ee+y
175832 - 180252 | /DoubleElectron/Run2011B-PromptReco-v1/AOD Zy — ee+y
160404 - 163869 | /DoubleMu/Run2011A-Mayl0ReReco-v1/AOD Zy — up+y
165088 - 167913 | /DoubleMu/Run2011A-PromptReco-v4/AOD Zy — up+y
170249 - 172619 | /DoubleMu/Run2011A-05Aug2011-v1/AOD Zy = up+y
172620 - 173692 | /DoubleMu/Run2011A-030ct2011-v1/AOD Zy — up+y
175832 - 180252 | /DoubleMu/Run2011B-PromptReco-v1l/AOD Zy = uu+y

Process (Fallll) o, pb Dataset Name (AODSIM data tier)

Wy — evy 137.3 (NLO) /WGToENuG_TuneZz2_7TeV-madgraph-tauola

Wy — pvy 137.3 (NLO) /WGToMuNuG_TuneZz2_7TeV-madgraph-tauola

Wy — vy 137.3 (NLO) /WGToTauNuG_TuneZ2_7TeV-madgraph-tauola

Zy — eey 45.2 (NLO) /ZGToEEG_TuneZ2_7TeV-madgraph-tauola

Zy — upy 45.2 (NLO) /ZGToMuMuG_TuneZz2_7TeV-madgraph-tauola

Zy = TTY 45.2 (NLO) /2GToTauTauG_TuneZ2_7TeV-madgraph-tauola

W — lv + jets 31314 (NNLO) | /WJetsToLNu_TuneZ2_7TeV-madgraph-tauola

Z — Il + jets 3048 (NNLO) /DYJetsToLL_TuneZ2_M-50_7TeV-madgraph-tauola
tf + jets 165 (NNLO) /TTJets_Tunez2_7TeV-madgraph-tauola

4y 0.444 (LO) privately produced

WW 5.7 (NLO) /WWJetsTo2L2Nu_TuneZ2_7TeV-madgraph-tauola
WZ 18.2 (NLO) /WZ_TuneZ2_7TeV_pythia6_tauola

77 5.9 (NLO) /77_TuneZ2_7TeV_pythia6_tauola

DiPhoton + jets 190.56 (NLO) /DiPhotonJets_7TeV-madgraph

v + jets(pr — 20) DoubleEMEnriched 651.5 (NLO) /GJet_Pt—-20_doubleEMEnriched_TuneZ2_7TeV-pythia6

QCD(pr — 30t040) DoubleEMEnriched | 9614 (LO)

/QCD_Pt-30to40_doubleEMEnriched_TuneZ2_7TeV-pythiab

160404 - 163869
165071 - 167913
170249 - 172619
172620 - 173692
175832 - 180252

/Jet/Run2011A-May10ReReco-v1/AOD
/Jet/Run2011A-PromptReco-v4/AOD
/Jet/Run2011A-05Aug2011-v1/AOD
/Jet/Run2011A-030ct2011-v1/AOD
/Jet/Run2011B-PromptReco-v1/AOD

Background estimation
Background estimation
Background estimation
Background estimation
Background estimation

51

QCD(pr — 40)DoubleEMEnriched 40392 (LO) /QCD_Pt—-40_doubleEMEnriched_TuneZ2_7TeV-pythia6
Process (Summer11) o, pb Dataset Name (AODSIM data tier)

v + jets(pr : 0 — 15) 8.420 x 107 /G_Pt_0tol5_TuneZ2_7TeV_pythiab

v + jets(pr : 15— 30) 1.717 x 10° /G_Pt_15t030_Tunez2_7TeV_pythia6

v + jets(pr : 30 — 50) 1.669 x 10* /G_Pt_30to50_TuneZz2_7TeV_pythiaé

v + jets(Pr : 50 — 80) 2.722 x 103 /G_Pt_50to80_Tunez2_7TeV_pythiaé

v + jets(Pr : 80 — 120) 4.472 x 10? /G_Pt_80tol120_TuneZ2_7TeV_pythiab

¥ +]ets(pT : 120 — 170) 8.417 x 10! /G_Pt_120tol70_Tunez2_7TeV_pythia6

v + jets(pr : 170 — 300) 2.264 x 10! /G_Pt_170t0300_Tunez2_7TeV_pythia6

v + jets(pr : 300 —470) 1.493 /G_Pt_300to470_Tunez2_7TeV_pythia6

QCD(pr :5—15) 3.675 x 100 /QCD_Pt_5tol5_TuneZ2_7TeV_pythia6

QCD(pr : 15— 30) 8.159 x 108 /QCD_Pt_15t030_TuneZz2_7TeV_pythiaé

QCD(pr : 30 — 50) 5.312 x 107 /QCD_Pt_30to50_TuneZ2_7TeV_pythiab

QCD(pr : 50 — 80) 6.359 x 10° /QCD_Pt_50t080_TuneZ2_7TeV_pythia6

QCD(pr : 80 —120) 7.843 x 10° /QCD_Pt_80tol20_TuneZ2_7TeV_pythiab

QCD(pr : 120 — 170) 1.151 x 10° /QCD_Pt_120tol170_Tunez2_7TeV_pythia6

QCD(pr : 170 — 300) 2.426 x 10* /QCD_Pt_170t0300_Tunez2_7TeV_pythia6

QCD(pr : 300 — 470) 1.168 x 103 /QCD_Pt_300to0470_TuneZ2_7TeV_pythiab

QCD(pr : 470 — 600) 7.022 x 101 /QCD_Pt-470t0600_Tunez2_7TeV_pythia6

QCD(pT > 20) 84679.3 /QCD_Pt-20_MuEnrichedPt-15_TuneZ2_7TeV_pythia
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This event removed
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