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The Large Hadron Collider 

The rate of events Ri of the physic process i defined by a cross section �i can be expressed

as number of event over a time unit:

Ri =
�Ni

�t
= �iL

where the luminosity L is a measurement of the number of the collisions that can be produced

in a detector per square centimetre and per second depends on the parameters of the machine

and can be expressed as:

L = f
nbN1N2

4⇡�x�y

where f is the frequency revolution of the nb bunches crossing (BX). N1 and N2 are the

protons in the bunches, while �x and �y are the profile of the beams over the two axes in

the interaction points.

Circumference 26.7 kmp
S 14 TeV
L 1034 cm�2 s�1

Protons for bunch 1.151011

bunch length 56 mm
bunch radio 16 µm

bunches number 2808
time between bunches 25 ns
Relativistic factor � 7461

Injection energy 450 GeV
Dipoles magnetic field 8.4 T

Crossing points 4
Number of dipoles 1232

Number of quadrupoles 520
Number of esapoles 2464
Number of octopoles 1232
Beam crossing rate 40 MHz

Beam current 2 · 0.536 A
Beam section at interaction 15 µ2

Beam lifetime 13 h

Table 2.1: LHC parameter in 2012

The start-up luminosity in 2010 was 1032cm�2s�1 end reached 5 · 1033cm�2s�1 at the

end of the 2011 data taking period. In 2012 the luminosity kept increasing reaching about

8 · 1033cm�2s�1. The goal is to reach the full design luminosity of 1034cm�2s�1 in 2014 after

the Long Shut-down 1 (LS1) and, after major upgrades during other shut-down periods, pass
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The Compact Muon Solenoid

Missing energy in transverse plan (ETmiss):
from energy conservation

3.8T Solenoid

ECAL
76k scintillating 
PbWO4 crystals

HCAL

• Pixels (100x150 μm2) 
    ~ 1 m2 ~66M ch
•Si Strips (80-180 μm)
   ~200 m2 ~9.6M ch

Pixels & Tracker

MUON BARREL
250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC)

473 Cathode Strip Chambers (CSC)
432 Resistive Plate Chambers (RPC)MUON 

ENDCAPS

Total weight   14000 t
Diameter        15 m
Length            28.7 m

IRON YOKE Preshower
(Si Strips)

10
η=-ln(tg(θ/2))

Z-axis (beam)

Y-axis

X-axis (LHC center)

φ
(trans. plane)
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❖ Different Feynman diagrams

❖ Common backgrounds (H→ZZ...)

❖ Most rare di-boson process

3

pairs are expected to be produced through gluon-gluon fusion through a quark-box as depicted70

in Figure 2 (right).71
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Figure 2: Diagrams representing the generation of ZZ final states in proton-proton collisions.
From left to right: t�channel, u�channel and gluon-gluon fusion.

In the presence of anomalous triple gauge couplings the ZZ final state is also expected to be72

produced through the diagrams shown in Figure 3.73
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Figure 3: Diagrams representing the generation of ZZ final states in the presence of anomalous
triple gauge couplings in proton-proton collisions. Left: s�channel; right: gluon-gluon fusion.

CMS has recently set stringent limits on anomalous triple gauge couplings (aTGCs) by studying74

ZZ production in final states containing four charged leptons [5]. The limits on aTGCs (at 95%75

C.L.) were found to be:76

�0.012 < f Z
4 < 0.013 � 0.012 < f Z

5 < 0.013 � 0.014 < f g
4 < 0.014 � 0.015 < f g

5 < 0.015

improving greatly the previous existing limits 1 The ZZ production cross section was measured77

to be:78

s(pp ! ZZ) = 6.35 ± 0.88stat ± 0.42syst ± 0.14lumi pb

ZZ production studied in the 4` final state was therefore found to be in good agreement with79

the standard model.80

1 The limits at LEP-II where found to be: �0.17 < f Z
4 < 0.19, �0.30 < f Z

5 < 0.28, �0.34 < f g
4 < 0.38 and

�0.036 < f g
5 < 0.38 at 95% CL.

Why double Z boson? (1/2)

2 1 Introduction

1 Introduction48

Di-boson production at the LHC is of particular interest for two different reasons: it probes the49

electroweak boson self-interactions; di-bosons constitute background for many new physics50

searches such as the searches for the Higgs boson or supersymmetry. Precise knowledge of51

these processes is therefore of great importance in the quest to discover or rule out these mod-52

els, among others [1].53

Vector bosons are expected to couple in triplets (e.g. WWZ) and in quartets (e.g. WWZZ)54

as a consequence of the non-abelian structure of the electroweak gauge theory. All couplings55

involving the bosons with neutral electric charge are expected to vanish at tree level leading56

to the absence triple couplings for Zgg, ZZg and ZZZ. An observation of these anomalous57

couplings would therefore be an indication of new physics. Processes in which longitudinally58

polarized W bosons scatter with a quartic-coupling type of interaction are expected to diverge59

at high
p

s in the absence of a physics mechanism capable of interfering destructively with60

the diagrams which lead to diverging amplitudes. This destructive interference is supplied by61

diagrams with propagators containing Higgs bosons. Given the recent observation of a new62

resonance decaying into the gg [2] and ZZ [3] final states with a mass close to 125 GeV, the63

study of the boson vector scattering gains also great importance to establish if the new state64

contributes to the normalization of this process. In the case of quartic couplings, given the low65

cross section, high integrated luminosity is required to be sensitive to their effects.66

In this manuscript we focus on ZZ final states and we measure the production cross section67

of these states in proton-proton collisions at two different center-of-mass energies: 7 TeV and68

8 TeV. Among the different di-boson production, ZZ has the lowest cross section and is consid-69

ered a landmark with respect to a new energy frontier [4]. Figure 1 compares the evolution of70

the cross section of different EWK processes and depicts the ZZ as the rarest of the processes.71

Figure 1: NLO boson production in pp-collisions. The decay branching ratios of the Ws and Zs
into one species of leptons are included. Figure taken from [4].

The production cross section at NLO is expected to be 6.46+4.7%
�3.3% pb at

p
s =7 TeV and 7.92+4.7%

�3.0% pb72

at
p

s =8 TeV, where the uncertainty include the theoretical uncertainties and the one on the73

pd f . At tree level ZZ final states are primarily produced in the t� and u�channels after the74

!!

Ref: C. W. John M. Campbell, R. Keith Ellis, “Vector boson pair production at the LHC”, JHEP 1107 (2011) 018, doi:10.1007/JHEP07(2011)018, arXiv:1105.0020v

B.F.(ZZ→2l2ν) = 0.0404
B.F.(ZZ→2l2l’ ) = 0.0102

NLO, B.F. to one lept. included

J
H
E
P
0
7
(
2
0
1
1
)
0
1
8

√
s [TeV] σLO(ZZ) [pb] σNLO(ZZ) [pb]

7 4.17(0) 6.46(0)+4.7%
−3.3%

8 5.06(0) 7.92(0)+4.7%
−3.0%

9 5.98(0) 9.46(0)+4.3%
−3.0%

10 6.93(0) 11.03(0)+4.1%
−2.9%

11 7.90(0) 12.65(1)+3.9%
−2.8%

12 8.89(1) 14.31(1)+3.6%
−2.7%

13 9.89(1) 15.99(1)+3.7%
−2.6%

14 10.92(1) 17.72(1)+3.5%
−2.5%

Table 9. Total cross sections for ZZ production as a function of energy. The renormalisation scale
and factorisation scales are µR = µF = MZ . Vector bosons are produced exactly on-shell and no
decays are included.

The decay of a Higgs boson to two Z’s, which subsequently decay to leptons, is a

promising search channel at the LHC. This is due to the fact that the Higgs will decay

to Z’s (with a moderate branching ratio) over a large range of Higgs masses that are not

presently excluded. In addition, the four lepton signature associated with ZZ decay is

experimentally clean. With Higgs searches in mind we apply the following cuts,

p!1,!2
T > 20 GeV, p!3,!4

T > 5 GeV, |η!| < 2.5, m!!,m!′!′ > 5 GeV . (9.3)

In this definition of the cuts, #1 and #2 represent the two hardest leptons and #3 and

#4 represent the two sub-leading leptons. The relevant distribution for the Higgs search is

the invariant mass of the four-lepton system (m4!), for which we present our predictions

in figure 12. We show NLO predictions for both
√

s = 7 TeV and
√

s = 14 TeV, as well as

the contribution from the gluon-gluon diagrams alone.

From the figure we observe that, although the gluon initiated pieces are fairly important

at the level of the total cross section, their effect in the region m4! < 2MZ is rather smaller

(at the few percent level). As this threshold is crossed the percentage effect increases to

around 7% (7 TeV) or 10% (14 TeV). Our results at 14 TeV agree with the findings of a

previous study in a similar kinematic range [26]. It is clear that the gg initiated piece is

most important as a background to Higgs bosons searches in the region mH > 2MZ .

10 Conclusions

In this paper we have provided NLO predictions for all diboson processes at the LHC, both

at the current operating energy of
√

s = 7 TeV and at higher energies appropriate for future

running. The calculations are contained in the parton level code MCFM, which includes

the implementation of pp → γγ for the first time. In addition, where appropriate we have

– 25 –

where l=e,μ,τ
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❖ probe of the electro-weak boson self-
interactions

❖ neutral anomalous Triple Gauge Couplings:

→ γZZ and ZZZ: zero at tree level

❖ New physics: could be parametrized by aTGC

Why double Z boson? (2/2)

PT(Z), Mll’l’ distribution: sensitive to aTGC

Z∗/γ∗

g

g

Z

Z

aTGC

1

Z∗/γ∗

q

q̄

Z

Z

aTGC

1

→ Tail is sensitive to aTGC

→ ZZ → 2l2ν: high branching ratio
2 leptons + Missing Energy
Other processes can fake signal

→ ZZ → 2l2l’: clean signature
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Cross section

𝖨 part

Mostly: 
data-driven

Integrated 
Luminosity

Acceptance
times efficiency!

� =
Ndata �Nbkg

L ·A · ✏
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-1 = 8 TeV, L = 19.6 fbsCMS Preliminary   

ZZ→2l2l’ Signal:

2l2l’:

2l2τ:

FSR correction to closest lepton
Z1: with closer mass to nominal value
Z2: the other [if more: higher pT]

Z1→l-l+: is defined as before
Z2→τ-τ+ (τe, τμ, τh): PT(τe)>10 GeV,  PT(τh)>20 GeV
No FSR correction
Mmin<m(Z2)<90 GeV. Mmin is 20 (30) GeV for eμ (others) final state

7

l-l+l’-l’+ where l = e, μ and:
    Mll ϵ [60,120] GeV and Mll’ > 4 GeV
    Well identified and isolated, vertex information
    At least one PT(l)>20 GeV and one PT(l)>10 GeV

SMP-13-005
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ZZ→2l2l’ backgrounds:

❖ Drell Yan 

❖ Top Bkg (B-veto)

❖  WZ (Etmiss< 25 GeV)

Final shape: signal-dominated!

Good signal MC description

Data-driven technique of estimation
            (more important for 2l2τ).

→ Control region Z + X (bb, cc, gluons or light quark):
Z1: standard selection with relaxed identification and isolation criteria
Z2: ll with same charge/flavour in [60, 120] GeV, M4l>100 GeV.
Expected number taken from the lept. misidentification probability 

from Z1 + l sample with no id.+iso. on the 3rd lept.

Ex: DY 
estimation for 
2l2τ final state
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ZZ→2l2l’: Cross section
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❖ Final shapes signal-dominated

❖ Data-driven estimation (see backup)

❖ Combination of all final states:
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simultaneous fit on the observed 
distribution of the ZZ invariant mass
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ZZ→2l2l’: Cross section

❖ Acceptance from simulation. Monte Carlo efficiency corrected with Tag&Probe.

❖ Likelihood: written as a combination of individual channel likelihoods for the signal and 
background hypotheses with the statistical and systematic uncertainties in the form of 
scaling nuisance parameters.

❖ Each tau decay mode is treated as a separate channel.

8 6 ZZ cross section measurement

Decay Nexp
ZZ Background Total Observed

channel expected
µµµµ 77.32 ± 0.29 ± 10.08 1.19 ± 0.36 ± 0.48 78.51 ± 0.49 ± 10.09 75
eeee 55.28 ± 0.25 ± 7.64 2.16 ± 0.26 ± 0.88 57.44 ± 0.37 ± 7.69 54
µµee 136.09 ± 0.59 ± 17.50 2.35 ± 0.34 ± 0.93 138.44 ± 0.70 ± 17.52 148

µµthth 2.80 ± 0.03 ± 0.34 3.89 ± 0.37 ± 1.17 6.69 ± 0.39 ± 1.30 10
eethth 2.46 ± 0.03 ± 0.32 3.46 ± 0.34 ± 1.04 5.92 ± 0.36 ± 1.15 10
eeteth 2.79 ± 0.03 ± 0.36 3.87 ± 1.26 ± 1.16 6.66 ± 1.34 ± 1.29 9
µµteth 2.87 ± 0.03 ± 0.37 1.49 ± 0.67 ± 0.60 4.36 ± 0.71 ± 0.73 2
µµtµth 3.81 ± 0.03 ± 0.50 1.55 ± 0.43 ± 0.46 5.36 ± 0.46 ± 0.70 5
eetµth 3.27 ± 0.03 ± 0.42 1.47 ± 0.41 ± 0.44 4.74 ± 0.43 ± 0.63 2
eetetµ 2.23 ± 0.03 ± 0.29 3.04 ± 1.32 ± 1.50 5.27 ± 1.40 ± 1.61 4
µµtµte 2.41 ± 0.03 ± 0.32 0.74 ± 0.51 ± 0.37 3.15 ± 0.54 ± 0.51 5

Total ``tt 22.65 ± 0.05 ± 2.94 19.51 ± 2.15 ± 5.85 42.16 ± 2.28 ± 6.87 47

Table 1: The observed and expected yield of ZZ events, and estimated yield of background
events obtained from data are shown for each decay channel and are summed in the total
expected yield (“Total expected.”).

tance is evaluated from simulation and corrected for each individual lepton flavor in bins of pT
and h using factors obtained with the “tag-and-probe” technique. The requirements on pT and
h for the particles in the final state reduces the full possible phase space of the ZZ ! 4l mea-
surement by factor of 0.56–0.59 for the 4e, 4µ and 2e2µ and by factor of 0.18–0.21 for the ``tt
final states. The branching fraction for Z ! `` is 3.3658 ± 0.0023% for each lepton flavor [21].

To include all final states in the cross section calculation a simultaneous fit on the number of
observed events in all decay channels is performed. The likelihood is written as a combination
of individual channel likelihoods for the signal and background hypotheses with the statistical
and systematic uncertainties in the form of scaling nuisance parameters. Each tau decay mode
is treated as a separate channel.

The cross sections are calculated for each decay mode separately and also for all decay modes
combined and presented in Table 2.

Decay Cross sections
µµµµ s(pp ! ZZ) = 7.3+0.8

�0.8 (stat.)+0.6
�0.5 (syst.) ± 0.4 (theo.)± 0.3 (lum.)pb

eeee s(pp ! ZZ) = 7.2+1.0
�0.9 (stat.)+0.6

�0.5 (syst.) ± 0.4 (theo.)± 0.3 (lum.)pb
µµee s(pp ! ZZ) = 8.1+0.7

�0.6 (stat.)+0.6
�0.5 (syst.) ± 0.4 (theo.)± 0.4 (lum.)pb

``tt s(pp ! ZZ) = 7.7+2.1
�1.9 (stat.)+2.0

�1.8 (syst.) ± 0.4 (theo.)± 0.3 (lum.)pb
Total s(pp ! ZZ) = 7.7+0.5

�0.5 (stat.)+0.5
�0.4 (syst.) ± 0.4 (theo.)± 0.3 (lum.)pb

Table 2: The production ZZ cross sections measured in each decay channel and for combination
of all channels.

The measured cross sections can be compared to the theoretical value of 7.7 ± 0.6 pb calculated
with MCFM 6.0 [12] at NLO qqZZ and LO gg ! ZZ with MSTW2008 PDF and renormalization
and factorization scales set to µR = µF = mZ.

To measure the differential cross section the observed yields are unfolded with the method
described in Ref. [22, 23]. The truth-level distributions from simulation are corrected for final-

Theoretical cross section with MCFM: 7.7 ± 0.6 pb at NLO
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ZZ→2l2l’: Differential cross section
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❖ Good agreement on 
all variables

SMP-13-005
SMP-13-005

SMP-13-005SMP-13-005

Ref: Measurement of the ZZ production cross section and anomalous trilinear gauge couplings in lll’l’ decays at sqrt(s) = 8 TeV at the LHC (SMP-13-005)

❖ Needs more statistics 
to see small variations

Pt-related 
observable
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ZZ→2l2l’: Differential cross section

❖ Good agreement on 
all variables

SMP-13-005 SMP-13-005

SMP-13-005SMP-13-005

Ref: Measurement of the ZZ production cross section and anomalous trilinear gauge couplings in lll’l’ decays at sqrt(s) = 8 TeV at the LHC (SMP-13-005)

❖ Needs more statistics 
to see small variations

❖ Further constrains 
Standard Model

Angular 
observable
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aTGC
And now...

𝖨𝖨 part
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aTGC generation:

14

LVZZ = � e

M2
Z

n

⇥

f�
4 (@µF

µ↵) + fZ
4 (@µZ

µ↵)
⇤

Z�

�

@�Z↵

�

�
⇥

f�
5 (@µFµ↵) + fZ

5 (@µZµ↵)
⇤

Z̃↵�Z�

o

❖ MC signal sample: from SHERPA LO generator  JHEP 0902 (2009) 007, doi:10.1088/1126-6708/2009/02/007, arXiv:0811.4622

❖ 4 Parameters: f4Z, f4γ → violate CP

❖ aTGC simulation inside a grid: finer binning using the quadratic dependence of the cross 
section on f4/5z/γ

58 7 Anomalous couplings

7 Anomalous couplings813

The existence of neutral trilinear gauge couplings (TGC) – ZZZ, ZZg, Zgg, ggg – is forbidden814

at the tree level in the SM, while it is allowed in some of its extensions. The study of these815

self-interactions of the neutral gauge bosons can thus provide evidence of new phenomena,816

or exclude them. The ZZ production process provides a way to probe the existence of such817

anoumalous couplings at the ZZZ and gZZ vertices.818

Neutral couplings V(?)ZZ (V = Z, g) can be described using the following effective Lagrangian [5]:

LVZZ = � e
M2

Z

nh

f g
4
�

∂µFµa
�

+ f Z
4
�

∂µZµa
�

i

Zb

⇣

∂bZa

⌘

�
h

f g
5
�

∂µFµa
�

+ f Z
5
�

∂µZµa
�

i

Z̃abZb

o

(10)
Coefficients f g

i and f Z
i correspond to couplings g(?)ZZ and Z(?)ZZ, respectively. All the opera-819

tors in Equation 10 are Lorentz-invariant and U(1)EM gauge-invariant, but not invariant under820

SU(2)L ⇥ U(1)Y gauge symmetry. The terms corresponding to f V
4 parameters violate the CP821

symmetry, while the terms corresponding to f V
5 parameters conserve CP.822

Since energy-independent anomalous couplings violate partial wave unitarity at high energies,
form factors were used at Tevatron to introduce an energy dependence of the ATGCs so to
preserve unitarity at high energies. They are defined as:

f V
i =

f V
i,0

�

1 + ŝ
L2

�n (11)

where ŝ is the square of the invariant mass of the di-boson system, L is the scale at which new823

physics beyond the SM shows up and cancels the high energy divergences in the ATGC vertex,824

fi,0 are the low-energy approximation of the couplings, and n is the form-factor power. In this825

analysis we measure ATGC without form-factor scaling, following the prescription set by the826

CMS collaboration. This allows us to provide results without any particular bias that can arise827

due to a particular choice of the form-factor energy dependency.828

Previous studies on neutral anomalous triple gauge couplings were performed at LEP2 [51],829

Tevatron [52, 53], and at the LHC [6][54]. No deviation from the SM expectation has been830

observed so far, and the best limits were set by the LHC measurements with integrated lumi-831

nosities of about 5 fb�1 at 7 TeV, and about 5 fb�1 at 8 TeV. Published existing measurements832

are summarized in Table 26.833

Table 26: Summary of existing 95% C.L. intervals for the neutral ATGC coefficients.
Experiment f Z

4 f g
4 f Z

5 f g
5 Ref. Comments

LEP [-0.30; 0.30] [-0.17; 0.19] [-0.34; 0.38] [-0.32; 0.36] [51] LEP combination
No form factors, 1D

CDF [-0.12; 0.12] [-0.10; 0.10] [-0.13; 0.12] [-0.11; 0.11] [52] L = 1.2 TeV
D∆ [-0.28; 0.28] [-0.26; 0.26] [-0.31; 0.29] [-0.20; 0.28] [53] 1 fb�1, L = 1.2 TeV

CMS [-0.011; 0.012] [-0.013; 0.015] [-0.012; 0.012] [-0.014; 0.014] [6] No form factors
ATLAS [-0.013; 0.013] [-0.015; 0.015] [-0.013; 0.013] [-0.016; 0.015] [54] No form factors
ATLAS [-0.019; 0.019] [-0.022; 0.023] [-0.020; 0.019] [-0.023; 0.023] [54] L = 3 TeV

In the following, we present a measurement of the neutral triple gauge couplings V(⇤)ZZ, using834

the same datasets at 7 and 8 TeV described in Section 2, collected by CMS during 2011 and 2012.835

Limits on the four f V
i parameters were set, by comparing the data with theoretical predictions.836

For this purpose, we produced several MC samples of process pp ! ZZ ! 2`2n (` = e, µ),837

including V(⇤)ZZ couplings with different values of the four parameters. Considering the ex-838

−0.004 < f4Z < 0.004       −0.005 < f5Z < 0.005
−0.004 < f4γ < 0.004       −0.005 < f5γ < 0.005

(at 95% CL.)

❖ Effective Lagrangian:

❖ Actual limits (L8TeV ~19 fb-1):

At 5fb-1

Ref: Measurement of the ZZ production cross section and anomalous trilinear gauge couplings in lll’l’ decays at sqrt(s) = 8 TeV at the LHC (SMP-13-005)

f5Z, f5γ → conserve CP

❖ Previous limits:
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aTGC limits:
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❖ 2l2l’ final state has mlll’l’ as most sensitive variable

❖ Signal: aTGC - Standard Model contribution
❖ Fit on the shape to derive limits

❖ Same selection that for cross section
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2l2ν: backgrounds:

16

❖ DY: Z+jets. High rate. Etmiss helps us to discriminate it.

❖ Top Bkg: since t→Wb, a B-veto avoid the top contribution.

❖ WZ: (Z→ll, W→qq,lν). 3rd Lep Veto and Etmiss avoid part of that.

❖ WW: Request of Mz can remove part of that contribution.

tt: σ8TeV = 225 pbDY: σ8TeV = 35041 pb







 



Signal:
σ8TeV = 7.7 pb

WW: σ8TeV = 69.9 pb

❖ Competitive and independent channel for aTGC limits.

Where l=e,μ
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2l2ν: Reduced Met:

17

❖ Need to master ETmiss

❖ We need: efficiency, stability under Pile Up, jet resolution

❖ Define a reference frame in the transverse plane:

❖ On each axis we define:

d=l1+l2 as reference

Recoil term: Min( | ETmiss + qT(l1l2) | , | ∑iPT(Jetsi) | )

On each direction (i = Long., Perp.) define:

redMETi = qT i + recoilTermi

redMET = sqrt(redMETL2 +redMETT2)

→ → →

→
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2l2ν: boosted Z region

Selection:

1) |Mll-Mz| < 7.5 GeV
2) Pt(ll) > 45 GeV
3) B-veto & JetVeto
4) RedMet > 65 GeV
5) 0.4 < Met/qt < 1.8
6) ΔΦ (Jet-Met) > 0.5
7) 3leptVeto

DY

Data-driven estimation done for DY!!

Pre-selection:
→ At least 2 leptons
→ Loose selection on:  pT, η, lept. identification and isolation

CMS PAS HIG-13-014
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❖ Drell Yan estimated from γ+Jets data

❖ Non resonant background estimated from 
sidebands

❖ After whole selection large ZZ contribution

❖ Selection efficiency shows cuts efficiency

❖ Same sensitivity to aTGC of 2l2l’ final state

2l2ν: Cross section

Fit to the reduced ETmiss

in this bin

σ extraction through maximum 
likelihood fit to the reduced ETmiss

CMS PAS HIG-13-014
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Conclusions:

20

❖ pp→ZZ cross section at 7 and 8 TeV of center of mass energy has been presented

❖ Two very different final states have been investigated

❖ Background estimation needed

❖ Differential cross section verifies Standard Model

❖ Strongest limits on aTGCs parameters
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Backup
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2l2ν: Dataset:

2201/29/13 D. Trocino – ZZ → 2ℓ2ν Pre-Approval Meeting 4

Datasets
Signal samples

Background control samples

DoubleElectron

DoubleMu  

SingleMu

PD:

2012 D data already available 
(not in PAS yet)  →  + 7.4 fb–1

Triggers
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2l2ν: Dataset:

23
01/29/13 D. Trocino – ZZ → 2ℓ2ν Pre-Approval Meeting 5

Monte Carlo Samples

https://twiki.cern.ch/twiki/bin/viewauth/CMS/StandardModelCrossSections
https://twiki.cern.ch/twiki/bin/viewauth/CMS/StandardModelCrossSectionsat8TeV

Most cross sections from 

● All cross sections at NLO or 
NNLO when available

● ZZ, WZ  cross sections
from MCFM

● NLO + gg contribution

● WW from CMS analyses

● Diboson, DY, tt: MADGRAPH

● W+jets: PYTHIA/MADGRAPH

● Single top: POWHEG



Luca Perniè ZZ cross section and aTGC limits, 27-Aug-2013

2l2ν: Object definition:

24

Muons:

❖ |η| < 2.4

❖ PT > 20 GeV

❖ Iso. < 0.2

❖ Global & tracker

❖ Plus: IP, Hits, χ2, σ(pT)/pT

Electrons:

❖ |η| < 2.5

❖ PT > 20 GeV

❖ Iso. < 0.15

❖ Track-ECAL: φ,η, |1/E -1/P|

❖ Plus: IP, Hits, H/E 

Jets:

❖ PF jets, PU subtraction

❖ Anti-KT, ΔR=0.5

❖ |η| < 5.0

❖ PT > 15 GeV

❖ ΔR(lept,jet)=0.4
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2l2ν: Preliminary corrections:

25

❖ Cross section from MCFM (generator cut Mll>40 GeV)

12/07/12 D. Trocino – SMP-VV Meeting 5

ZZ Cross Section

● ZZ cross sections computed with MCFM

● Zero-width approximation:  σincl (7TeV) = 6.49 pb (✴)         σincl (8TeV) = 7.97 pb (✴)

                                           (✴) compatible with Campbell, Ellis, Williams: arXiv:1105.0020[hep-ph]

● Dropping this approximation, applying a cut  M(Z) > 40 GeV/c

● σincl (7TeV) = (6.829 ± 0.025) pb               σincl (8TeV) = (8.384 ± 0.030) pb

● σexcl (7TeV) = (87.98 ± 0.32) fb                 σexcl (8TeV) = (108.16 ± 0.39) fb

➔ BR(ZZ → 2ℓ2ν) = 0.0387      (vs 0.0404 for on-shell Z's)

12/07/12 D. Trocino – SMP-VV Meeting 5

ZZ Cross Section

● ZZ cross sections computed with MCFM

● Zero-width approximation:  σincl (7TeV) = 6.49 pb (✴)         σincl (8TeV) = 7.97 pb (✴)

                                           (✴) compatible with Campbell, Ellis, Williams: arXiv:1105.0020[hep-ph]

● Dropping this approximation, applying a cut  M(Z) > 40 GeV/c

● σincl (7TeV) = (6.829 ± 0.025) pb               σincl (8TeV) = (8.384 ± 0.030) pb

● σexcl (7TeV) = (87.98 ± 0.32) fb                 σexcl (8TeV) = (108.16 ± 0.39) fb

➔ BR(ZZ → 2ℓ2ν) = 0.0387      (vs 0.0404 for on-shell Z's)

❖ Standard PU re-weighting

❖ Events re-weighted for Trigger efficiency (only 2011)

❖ Events re-weighted for Data/MC scale factor for ID+iso

❖ Jet pt: correction according JER measured in Data
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2l2ν: Non res. bkg. estimation:

01/29/13 D. Trocino – ZZ → 2ℓ2ν Pre-Approval Meeting 20

Background Control
Non-Resonant: Top, WW

● tt,  single t,  WW   –   no Z peak

● Estimated collectively by using events in 
the eμ final state

● Scaling factors between eμ and ee/μμ final states 
are obtained from the side-bands of the Z peak

   7 TeV:    αee = 0.43 ± 0.05             αµµ = 0.63 ± 0.06
   8 TeV:    αee = 0.42 ± 0.03             αµµ = 0.66 ± 0.04

● Statistical error on α is used as systematic uncertainty 
on the background estimation

● To improve statistical precision, we compute α scale 
factors from samples with looser selection:

● only Z p
T 
,  reduced-MET

● to further reduce residual DY (and enrich top 
samples), we request at least 1 b-tagged jet

Nee

sign = αee⋅Neμ
sign

, αee = Nee

SB /Neμ
SB

Nμμ
sign = αμμ⋅Neμ

sign
, αμμ = Nμμ

SB /Neμ
SB

peak SBSB

ℓℓ

peak SBSB

eμ

❖ tt, single t, WW: no Z peak

❖ Estimated from emu final state

❖ Scaling factor between ee/μμ and eμ for sideband

❖ Statistical error on α: systematic uncertainty

❖ Optimized errors trying different selection
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4.2 Control Sample For Top Backgrounds 29

between the different samples.417

)ρEnergy density (
0 2 4 6 8 10 12 14 16 18 20

>
m

is
s

T
<r

ed
-E

5

10

15

20

25

30

35

40

>10 GeV
T

Jet p
CMS preliminary

µµ ee +jetsγ

)ρEnergy density (
0 5 10 15 20 25

>
m

is
s

T
<r

ed
-E

0

10

20

30

40

50

60 >10 GeV
T

Jet  p
CMS preliminary

µµ ee +jetsγ

Figure 21: Profile of the reduced Emiss
T variable as function of r for 7 TeV (left) and 8 TeV (right)

data.

To conclude this section we perform a closure test of the g+jets prediction using 8 TeV MC samples 3.418

In the closure test we exclude EWK vertex processes but we include the contamination from fakes from419

QCD. Figure 22 compares the reduced-Emiss
T spectrum for the DY and the g+jets sample for different420

selection categories. The plot shown in the bottom corresponds to the estimated bias, i.e. the difference421

between prediction and expected DY events surviving a given reduced-Emiss
T cut. We can conclude that,422

despite the low statistics in the tails, the closure test is fully successfull for all categories.423
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Figure 22: Closure test of the g+jets method in simulation. The top plots show the reduced-Emiss
T

spectrum for different categories as expected in the DY sample (lines) and as predicted from
the g+jets sample (points). The bottom plots show the expected bias, i.e. relative difference in
the number of predicted events with respect to the expected after requiring a given minimum
reduced-Emiss

T value.

4.2 Control Sample For Top Backgrounds424

In order to check if the simulation prediction is accurate enough for the top sample (tt and single top)425

we create a high-statistics control region defined as:426

• di-lepton pT > 30 GeV/c;427

• di-lepton mass in the side-bands of the Z-peak, i.e. 40-70 or 110-200 GeV/c2;428

3The result is independent of
p

s.

Similar ETmiss 
behavior

2l2ν: DY estimation:

Since DY is not well modeled: Data-driven estimation

DY contribution because of: fake ETmiss

Needs for data sample with same ETmiss 
topology: γ+Jets

(Noise, Pile Up, mis-measured jets....)

Reweighing the γ+Jets 
spectrum in PT:

γ+Jets captures the 
behavior of the instrumental 

background Higgs PAS
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2l2ν: γ+jets selection:

28

01/29/13 D. Trocino – ZZ → 2ℓ2ν Pre-Approval Meeting 18

Background Control
Drell-Yan (I)

● Z + jets modeled using γ + jets events

● exactly 1 γ in the barrel (|η| < 1.4442), p
T
 > 30 GeV

● no jets with p
T
 > 30 GeV/c, no leptons, conversion veto

● re-weight γ p
T
 to match Z spectrum in data

→ this also accounts for different photon trigger 
prescales vs p

T

● final normalization to Z yield in region red-MET < 40 GeV

● Processes with real MET from neutrinos 
contribute to the photon sample

● Wγ,  Zγ,  W+jets with fake photon

● therefore, the estimation from the γ template (N0
DY

)
is an upper limit on the actual DY contribution

– let the DY prediction float between 0 and N0
DY

 
→ 100% uncertainty

– the best normalization is found by the 
maximum-likelihood fit to the redMET spectrum
during the cross section measurement

before re-weighting

after re-weighting

Photon  p
T

Photon  p
T
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2l2l’ Backgrounds estimation: (1/2)

→ Control region Z + X (bb, cc, gluons or light quark):
Z1 selection but relaxed criteria for additional ll (same charge/flavour).
Z2 in [60, 120] GeV, M4l>100 GeV.
Expected number taken from the lept. misidentification probability 

from Z1 + l sample with no id.+iso. on the 3rd lept.

→ Prob. to misidentify a jet as a τh:

→ Misidentify rate for τe:

Using l-l+τhτh sample: Z1 all selection + no iso. for the τ (only Z+jets events)

Using μ-μ+τμτe sample: Z1 all selection + 1lepton and a τ not isolated

τh misidentification rate:
#τh passing loose or medium working point

#τh initial

τe misidentification rate:
#τe passing loose or medium working point

#τe initial
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2l2l’ Backgrounds estimation: (2/2)

→ Category 0: both object from Z2 do not pass isolation
Mostly Z+Jets NB0:

N0 F(l1)F(l2)

1-F(l1)F(l2)

→ Category 1: one object from Z2 do not pass isolation
Mostly Z+Jets, WZ+jets NB1:

N1 F(l1)

1-F(l1)

→ Category 2: 1st object pass isolation, 2nd fail
Mostly Z+Jets, WZ+jets NB2:

N2 F(l2)

1-F(l2)

NBi is the # background in the Signal region.
 Ni the events passing fill selection except isolation on 1-2 leptons.
F(li) misidentification rate 

At the end: Nestbkg = N1F1 + N2F2 - N0F1F2

(N.B. category 0 contribute to 1 and 2)
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