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ElettroWeak WZ 

diboson production at LHC
 look for in the electron channels at CMS
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• WZ in the Standard Model of Particle Physics

 SM and EWK gauge group

 TGC measurements 

o see backup:  TGC at LEP and Tevatron

• WZ search at CMS

 LHC and CMS detector:

o see backup: the CMS tracker and ECAL

o electron reconstruction principles

 WZ channel:

o production

o signal topology

o analysis strategy  

o First results

o Plans for the future
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• WZ diboson associated production: allows for a wide physics research program

• SM test through precision measurements (TGC):

 to compete with previous measurements at LEP and Tevatron

• On the road towards the Higgs search in a multi-lepton final state:

 background to WW and (H->WW as well)

 WZ+jets is background to ZZ

 Z+jets is common background to ZZ->4l  (H->ZZ)  

• Benchmark for BSM senarios:

 3l + MET is a typical and clear signature

 i.e. W’->WZ->3l+ MET early exclusion at 95% C.L. at D0 with 4.1fb-1

• In the following: focus on electro-weak measurements
3



Arabella Martelli 
JJC Nov 2010WZ in the Standard Model

• Gauge symmetries are the “natural” requirement to build a theory:

• WZ associated production is predicted by the SM SUL(2) x UY(1) gauge group:

                                         +                         +

 c

 assuming both C, P conservation -> 6 parameters describe the effective Lagrangian

 with gγ1 = 1 imposed by electromagnetic gauge invariance  

 deviation from SM described by ∆g1Z ≡ (g1Z −1), ∆κγ ≡ (κγ −1), ∆κZ ≡ (κZ −1), λγ, λZ 

o SM expectation ∆κγ = ∆κZ = ∆g1Z = λγ = λZ = 0 4
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where V = γ, Z gWWγ = e, gWWZ = e cotθW

with

Ω ≡ exp [−i T aαa(x)] ,

where T a is a convenient representation (i.e. according to the fields ψ)
of the generators ta.

Introducing one gauge field for each generator, and defining the co-
variant derivative by

Dµ ≡ ∂µ − igT aAa
µ ,

Since the covariant derivative transforms just like the matter field,
i.e. Dµψ → Ω (Dµψ), this will ensure the invariance under the local
non–Abelian gauge transformation for the terms containing the fields
and its gradients as long as the gauge field transformation is

T aAa
µ → Ω

(

T aAa
µ +

i

g
∂µ

)

Ω−1 ,

or, in infinitesimal form, i.e. for Ω $ 1 − i T aαa(x),

Aa ′
µ = Aa

µ −
1

g
∂µαa + Cabc αbAc

µ .

Finally, we should generalize the strength tensor (1.17) for a non–
abelian Lie group,

F a
µν ≡ ∂µA

a
ν − ∂νA

a
µ + g Cabc Ab

µAc
ν , (1.19)

which transforms like F a ′
µν → F a

µν + CabcαbF c
µν . Therefore, the invariant

kinetic term for the gauge bosons, can be written as

LA = −
1

4
F a
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a µν , (1.20)

and is invariant under the local gauge transformation. However, a
mass term for the gauge bosons like
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The electromagnetic current can be written as

Jem
µ = − !̄ γµ ! = −

(

!̄Lγµ!L + !̄Rγµ!R

)

= J3
µ +

1

2
JY

µ .

We should notice that neither T3 nor Q commute with T1,2. However,
the ‘charges’ associated to the currents J i and JY ,

T i =

∫

d3x J i
0 and Y =

∫

d3x JY
0 ,

satisfy the algebra of the SU(2) ⊗ U(1) group:

[T i, T j] = i εijkT k , and [T i, Y ] = 0 ,

and the Gell-Mann–Nishijima relation between Q and T3 emerges in a
natural way,

Q = T3 +
1

2
Y . (2.8)

With the aid of (2.8) we can define the weak hypercharge of the doublet
(YL = −1) and of the fermion singlet (YR = −2).

Let us follow our previous recipe for building a general gauge theory.
We have just chosen the candidate for the gauge group,

SU(2)L ⊗ U(1)Y .

The next step is to introduce gauge fields corresponding to each gener-
ator, that is,

SU(2)L −→ W 1
µ , W 2

µ , W 3
µ ,

U(1)Y −→ Bµ .

Defining the strength tensors for the gauge fields according to (1.17)
and (1.19),

W i
µν ≡ ∂µW

i
ν − ∂νW

i
µ + g εijk W j

µW k
ν ,

Bµν ≡ ∂µBν − ∂νBµ ,
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• p-p collider (√s 7TeV):

 elucidate EWK symmetry breaking (Higgs)

o Higgs search up to 1TeV/c2

 Precision measurements on SM

 Search for new physics in the TeV energy scale

• Collision designed rate 40MHz:

 ~20collisions/event -> ~ 1000 charged particles/25ns

• Detectors designed:

 high granularity detectors with good time resolution

 radiation hard materials

5

CMS 

nevents = L•σ
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• CMS reference frame (r,η,φ):

 pseudorapidity η = - ln(tan(θ/2)) , with  θ polar angle

 (x,y) transverse plane wrt beam and B  (pT, ET)

• At hadron colliders:

 physics in the transverse plane is “under control” 

• in the transverse plane

  event pT = 0 (maximum event boost O(1GeV) = proton rest mass) 6

ECAL 

Superconductive Solenoid 

4Tesla IRON YOKE 

Tracker  

(SPD-SSD) ! 

HCAL 

y 

(x, r)! 

z  ! 

Muon chambers 

" 
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• It’s a Compact muon solenoid since it’s “small” with respect to its weight

• Choice of the magnet field drives the detector design

• Detector requirements to meet 

the LHC physics goals:

 good µ identification 

 excellent energy resolution

 charge measurement

 ... 7

• Object reconstruction 

 response from different subdetectors:

 quality cuts applied to select objects

o isolation,

• def. MET = Missing transverse energy

 MET = - [ ∑(E+H)  - Muons ]T

• neutrinos leave undetected
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• Electron = track + superCluster in ECAL

 Energy is clusterized in a large φ window to account for

o unconverted energy containment:                                                                                                  
~97% into a matrix of 5x5  around the impact crystal

o material budget in front of the ECAL:                                                                                   
electron bremsstrahlung and photon conversions are enhanced                                                                            
(70% electron energy radiated by brehm. + 50% probability γ->e)

o B field further spreads along φ the energy deposited in ECAL

 Seed finding (see next slide)

 Electron tracking relies on the Gaussian Sum Filter algorithm:                                                
to deal with high material budget in a high magnetic field contest 

o Allows for a tracker estimate of the energy lost by bremsstrahlung                                           
fbrem = (pin-pout)/pin   

o Accounts for non gaussian energy loss due to bremsstrahlung

o Allows for an unbiased estimate of the track at each point

 Electron preselection (association Tk-Scl)
8
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• 2 different algorithms for electron reconstruction in CMS 

• The starting point for the “ECAL driven” electron reconstruction is the seeding

 Seed finding: matching strategy -> ECAL driven electrons

o from SCluster, for both charge hypothesis

o seeds are selected, if both the hits are found within                                                       
reasonable windows around the expected position

o the beam spot position is the constraint for the 1st hit search

o vertex z is computed wrt 1st hit to look for the 2nd one

• “TRACKER driven” electrons completely rely on high quality tracks extrapolation 

 particularly efficient for low pT and converted photons 
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regions (1.442 < |ηSC | < 1.56). Electrons are from Z→ee decays for the signal and from QCD di-jet events
and phat

T within 15-170 GeV/c for the background. A cut value of 0.15 is used. After applying the preselection
cuts described in 4, it corresponds to an electron (resp. jet) efficiency of 98.8% (resp. 54.5%) overall, and of
99.3% (resp. 58.8%) in the ECAL barrel, 99.2% (resp. 48.6%) in the ECAL endcaps and 85% (resp. 53%) in
the transition region between the barrel and endcap parts. The efficiency of this cut as a function of the generated
electron pe

T is also shown on Fig. 1.
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Figure 1: Performance of the H/E observable for the ecal driven seeding: (a) efficiency/rejection curves for all
electrons (solid line, black), for electrons in the ECAL barrel (dashed, red), in the ECAL endcaps (dashed-dotted-
dotted, blue) and in the transition region between barrel and endcaps (dashed-dotted, magenta); (b) efficiency as
a function of the generated electron pe

T . Electrons are from a sample of Z→ee decays for the signal and from a
sample of QCD di-jet events with phat

T = 15-170 GeV/c for the background. The preselection cuts described in
Sec. 4 have been applied.

The seeding algorithm combines pixel and TEC layers so to gain in efficiency in the forward region where the
coverage by the forward pixel layers is limited. The selection is made by matching the superclusters with trajectory
seeds build from hit pairs or triplets. Windows in φ and z (or transverse radius rT in the forward region) are used
to match the 2 hits of each trajectory seeds, taking into account both charge hypotheses. In case of triplets, at
least two out of the three hits are required to be matched. This procedure takes advantage of the fact that the
supercluster position is on the helix of the initial electron trajectory, so that one can predict the position of the
hits backpropagating the helix parameters through the magnetic field toward the innermost part of the measured
trajectory, before which radiation is unlikely to have occured. This strategy, developed for HLT, allows for an
efficient filtering of background from jets faking electrons. The first layer windows are made loose in both φ and
z (or rT ) in order to account for residual material effects and for the beam spot position uncertainty σz along the z
axis. Once a hit is matched on the first layer, this information is used to refine the helix parameters and a second
hit is looked for in the second layer using smaller windows. In order to further reduce the contamination from fake
electrons from jets, the first φ window is made ET dependent, where ET is the measured transverse energy from
the supercluster. The matching windows have been recently reoptimised [15] and their definitions are presented in
Table. 1.

1st windows 2nd windows
δz or δrT δφ δz δrT (PXF) δrT (TEC) δφ

10 GeV/c ±5σz [-0.14;0.08] rad ±0.09 cm ±0.15 cm ±0.2 cm ±4 mrad
35 GeV/c ±5σz [-0.05;0.03] rad ±0.09 cm ±0.15 cm ±0.2 cm ±4 mrad

Table 1: Definition of the seed matching windows. The ET -dependent first φ window extension is given for 10 and
35 GeV/c. σz is the beam spot width along the z axis.
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• s-channel                           t-channel                                      and interference

 (q, q’ required) at LHC: σ(W+Z) > σ(W-Z), at Tevatron (p-p) σ(W+Z) = σ(W-Z)  

• Inclusive NLO cross-sections:

• Fully leptonic final state:

 clear signature in hadronic environment

 reduced BR (1.5% if lepton = e,µ)

 (here: focuse on leptonic channel, l = e, µ)

Arabella Martelli 
JJC Nov 2010WZ at hadron collider
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1. Introduction

Boson pair production is one of the few pro-
cesses that have significant effects from triple
boson vertices at tree level. These couplings
are predicted in the standard model and are
directly related to its gauge group struc-
ture. One of the goals of diboson measure-
ments is to limit deviations from the stan-
dard model values of these triple gauge cou-
plings (TGCs). Such deviations could be
observed in either the cross-sections or in
the kinematic distributions of the observed
events. Possible causes of anomalous TGCs
include new particles in loop diagrams.1 It
is also possible for diboson final states to re-
ceive contributions from the s-channel pro-
duction of an as yet unobserved particle,
most notably the standard model Higgs de-
caying to a pair of W bosons.

This report summarizes recent measure-
ments by the CDF and DØ collaborations
of WW and WZ production at the Teva-
tron. The Tevatron produces pp collision at
1.96 TeV center of mass energy. The dom-
inant contributions to the cross-sections for
WW and WZ production are the t-channel
(and similar u-channel) process involving two
instances of the well measured boson-quark
couplings and the s-channel process involv-
ing triple gauge couplings, shown in Figure 1.
The TGCs can in general be functions of the
invariant mass of the final state bosons

√
ŝ,

so measurements at the Tevatron compli-
ment previous measurements at LEP because
they probe larger values of

√
ŝ. Furthermore,

the WZ final state, which is not accessible in
e+e− collisions, isolates the WWZ coupling
from WWγ.

(a)

(b)

Fig. 1. Dominant diagrams in the production of bo-
son pairs: (a) t-channel (b) s-channel.

Of the heavy diboson processes, WW
production is the largest with a standard
model next-to-leading order (NLO) predic-
tion of σ(WW )NLO = 12.4 ± 0.8 pb , fol-
lowed by WZ production with an NLO pre-
diction of σ(WZ)NLO = 3.7 ± 0.1 pb.2 Sec-
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1.Introduction

Bosonpairproductionisoneofthefewpro-
cessesthathavesignificanteffectsfromtriple
bosonverticesattreelevel.Thesecouplings
arepredictedinthestandardmodelandare
directlyrelatedtoitsgaugegroupstruc-
ture.Oneofthegoalsofdibosonmeasure-
mentsistolimitdeviationsfromthestan-
dardmodelvaluesofthesetriplegaugecou-
plings(TGCs).Suchdeviationscouldbe
observedineitherthecross-sectionsorin
thekinematicdistributionsoftheobserved
events.PossiblecausesofanomalousTGCs
includenewparticlesinloopdiagrams.1It
isalsopossiblefordibosonfinalstatestore-
ceivecontributionsfromthes-channelpro-
ductionofanasyetunobservedparticle,
mostnotablythestandardmodelHiggsde-
cayingtoapairofWbosons.

Thisreportsummarizesrecentmeasure-
mentsbytheCDFandDØcollaborations
ofWWandWZproductionattheTeva-
tron.TheTevatronproducesppcollisionat
1.96TeVcenterofmassenergy.Thedom-
inantcontributionstothecross-sectionsfor
WWandWZproductionarethet-channel
(andsimilaru-channel)processinvolvingtwo
instancesofthewellmeasuredboson-quark
couplingsandthes-channelprocessinvolv-
ingtriplegaugecouplings,showninFigure1.
TheTGCscaningeneralbefunctionsofthe
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√
ŝ,

someasurementsattheTevatroncompli-
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theyprobelargervaluesof

√
ŝ.Furthermore,

theWZfinalstate,whichisnotaccessiblein
e+e−collisions,isolatestheWWZcoupling
fromWWγ.

(a)

(b)

Fig.1.Dominantdiagramsintheproductionofbo-
sonpairs:(a)t-channel(b)s-channel.

Oftheheavydibosonprocesses,WW
productionisthelargestwithastandard
modelnext-to-leadingorder(NLO)predic-
tionofσ(WW)NLO=12.4±0.8pb,fol-
lowedbyWZproductionwithanNLOpre-
dictionofσ(WZ)NLO=3.7±0.1pb.2Sec-
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are predicted in the standard model and are
directly related to its gauge group struc-
ture. One of the goals of diboson measure-
ments is to limit deviations from the stan-
dard model values of these triple gauge cou-
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the kinematic distributions of the observed
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duction of an as yet unobserved particle,
most notably the standard model Higgs de-
caying to a pair of W bosons.

This report summarizes recent measure-
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Fig. 1. Dominant diagrams in the production of bo-
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production is the largest with a standard
model next-to-leading order (NLO) predic-
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Of the heavy diboson processes, WW
production is the largest with a standard
model next-to-leading order (NLO) predic-
tion of σ(WW )NLO = 12.4 ± 0.8 pb , fol-
lowed by WZ production with an NLO pre-
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1

Tevatron:      1.96TeV      3.7±0.3 pbTevatron:      1.96TeV      3.7±0.3 pbTevatron:      1.96TeV      3.7±0.3 pb

LHC: LHC: LHC: 

14 TeV (pb) 10TeV (pb) 7TeV (pb)

51.05±0.09 31.40±0.05 18.27±0.03

higher c.m.s energy            
σLHC ~ 5 σTevatron 
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• Signal topology: 

 3 isolated, high energy leptons

 neutrino -> large MET  

• What to look for/ benchmark kinematic variables

• Z (M = 91.1876±0.0021 GeV/c2 )

 M: l+l- pair with reasonable invariant mass (60GeV/c2 < MZ < 120GeV/c2, pT >15GeV/c)

• W (M = 80.398±0.023 GeV/c2)

 neutrino being undetected, large MET (MET > 25GeV)

 3rd high pT (>20GeV) lepton (e, µ) looked for to have the final state topologies (eee, eeµ, µµe)

 M estimated in the transverse plane:

o El = energy of the 3rd lepton

o ∆ϕ(MET,l) = azimuthal separation between MET direction and 3rd lepton  

o pυ = (MET, METx, METy, pυz)
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Z0 → ee decays, electron candidates have to fulfill only “loose” requirements while for the
muons both of them should satisfy tight requirements as defined in Section 2.

Events are retained if the invariant mass of the Z0 boson candidate is between 50 and 120 GeV.
The event is rejected if a second Z0 boson candidate is found with an invariant mass within
20 GeV around the nominal Z0 mass. This second Z0 boson candidate is formed using all
possible same-flavour, opposite-charge combinations of leptons in the event, excluding the two
already associated with the decay of the first Z0 boson candidate. If two Z0 boson candidates
are found which share one of the leptons, we select the candidate with the invariant mass
closest to the nominal Z0 mass.

After the Z0 boson candidate is identified, we search for a third lepton in the event to be asso-
ciated to the W boson decay. We require this lepton to satisfy “tight” requirements and to carry
a transverse momentum above 20 GeV. If more than one lepton candidate is available, the one
with the highest transverse momentum is chosen.

An additional requirement on the isolation between electron and muon candidates is applied
for the 2µ1e and 2e1µ channels, by requiring the spatial separation of ∆R =

�
∆φ2 + ∆η2 be-

tween electron and muon candidates to be greater than 0.1.

Further suppression of the background can be achieved by applying W identification require-
ments. We define a W boson candidate transverse mass as

MT(W) =
�

2 · MET · E�(1− cos∆φMET,�), (3)

where MET is the missing transverse energy, E� is the energy of the W lepton candidate, and
∆φMET,� is the azimuthal separation between the MET direction and the W lepton. The MT(W)
distributions for signal and background samples after applying all the previously described
selection criteria are given in Fig. 1. We require the transverse mass to be larger than 50 GeV.
We display the Z0 candidate invariant mass in Fig. 2 after the full selection criteria is applied
for each of the studied channel.

The event yield for the signal and background events after the full selection is summarized in
Table 2.

all 3e 2e1µ 2µ1e 3µ
WZ0 34.9±0.5 7.9±0.3 8.0±0.3 8.9±0.3 10.1±0.3
Z0 + jets 3.9±1.0 1.9±0.8 < 0.1 1.8±0.7 0.1±0.1
bbll 2.9±0.3 1.2±0.2 0.1±0.1 1.3±0.2 0.3±0.1
tt + jets 2.2±0.6 0.6±0.3 0.6±0.3 0.6±0.3 0.3±0.2
W + jets 0.4±0.4 0.4±0.4 < 0.1 < 0.1 < 0.1
Z0Z0 2.8±0.3 0.8±0.1 0.6±0.1 0.7±0.1 0.7±0.1
Z0 + γ 1.4±0.1 0.7±0.1 < 0.1 0.7±0.1 < 0.1
Total non genuine Z0 bkg 2.6±0.7 1.0 ±0.5 0.6±0.3 0.6±0.3 0.3±0.2
Total genuine Z0 instrumental bkg 6.8 ±1.0 3.1±0.8 0.1±0.1 3.1±0.5 0.4±0.1
Total genuine Z0 physics bkg 4.2 ± 0.3 1.5±0.1 0.6±0.1 1.4±0.1 0.7± 0.1

Table 2: Expected number of selected events for an integrated luminosity of 300 pb−1 for the
signal and background with 81 GeV < MZ < 101 GeV obtained using MC truth information.
The uncertainties are statistical.
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• In my analysis:  3l + MET (l = e, µ)  1 electron explicitly required => eee, eeµ, µµe

 MC reference:

o signal WZ->3l (l = e, µ, τ)

o Main backgrounds: Z+Jets, ZZ, TTBar, ZGamma, PhotonJet   (final state topology as the signal one)

 DATA: 35pb-1 collected so far

• Z->ee selection survived events
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• 2electron 1muon final state:

 M(e+ e-) vs MT                            DPhi(MET-µ) vs pT(e+e-)                MT  vs MET

13
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• Prospective results (√s 14TeV) 

 5σ significance on observation with < 350pb-1 at 95%CL:

• Preliminary results for √s 7TeV

 Significance Scl = √(2[(S + B) ln(1 + S/B)] − S)

 eee

 eeµ

 µµe

15
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Figure 4: Expected signal significance for WZ0 production as a function of integrated lumi-
nosity. We use a frequentist approach to estimate variation of expected signal and background
events. The corresponding 68% and 95% C.L. regions are displayed as red and green bands,
respectively.
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• Systematics understanding, to extrapolate a significance for observation

 Efficiencies of selection

 Background estimate from DATA:

o lack in statistic in the generated samples

o simulated conditions different from DATA or not reliable

Zgamma: measure gamma->electron conversion rate in DATA with a T&P selection of Zgamma(µµγ),               
use Z->µµγ MC sample for normalization

ZJets: measure jet->electron fake rate in a Di-jet triggerred sample, use a control region to estimate 
normalization

• About TGC measurements...

 approach the “physics aspect of the measurement” (TGC)

16
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• WZ production is a EWK process, consequence of the SU(2)xU(1) gauge group

 WWZ TG vertex measurement through WZ final state

• WZ search at the CMS:

 Leptonic final state (electron or muon) 

 At least 1 electron

• WZ analysis strategy was designed and a first look at 2010 DATA was given: first results

 ~2.5σ Scl significance estimated for 500pb-1 in eee channel

o Z+jets, TTBar most important backgrounds

 look at DATA -> first WZ event in µνee

17
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• Anomalous TGC effect the event kinematic: high pTBoson is particularly sensitive

• TGC first measurements at LEP2 ( √s = 198GeV, e+ e-):

 through 

o single W production, access to WWγ vertex

o WW production, access to WWZ and WWγ

 in agreement with SM expectation

 best sensitivity up to now

o clean environment: no pdf uncertainties

o better defined background
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Parameter 95% C.L.

∆gZ1 [-0.051, 0.034]
∆kγ [-0.105, 0.069]
λγ [-0.059, 0.026]
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• At Tevatron (√s = 1.96TeV, p-pbar) multiple diBoson topologies are exploited

• WZ for instance: first observation at CDF with 1.1fb-1  arXiv:hep-ex/0702027v1

 current results (ICHEP 2010)

• D0 TGC limits from WZ-> lnu ll:
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• Silicon tracker device:

 pixel around the beam line 

 strips all around 

 provides 10% resolution on 1TeV/c muon 

o Tracking efficiency: ε >99% (μ), ~90% hadrons

o Resolution: Δpt/pt ~ 1-2% (η<1.6)
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Strips all around:
~198 m2 of Si sensors, ~9.6 M channels, 15148 modules 
10 barrel layers,  9 End-Cap Wheels per side

D. Giordano (CERN) 14/03/2010

The CMS Tracker System

Silicon Pixel detector surrounded by Silicon Strip detectors

• Pixels: 
• ~ 1 m2 of Si sensors, 65 M channels, 1440 modules 
• r = 4, 7, 11 cm ;  L= 53 cm

• Strips 
• ~198 m2 of Si sensors, ~9.6 M channels, 15148 modules
• 10 barrel layers, 9 End-Cap Wheels per side

• Tracking efficiency: ! >99% (µ), ~90% hadrons

• Resolution: "pt/pt ~ 1-2% (#<1.6)
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Pixel barrel layers and forward disks:
~1 m2 of Si sensors, 65 M channels, 1440 modules 
r = 4, 7, 11cm;     L = 53cm 

D. Giordano (CERN) 14/03/2010

The CMS Tracker System

Silicon Pixel detector surrounded by Silicon Strip detectors

• Pixels: 
• ~ 1 m2 of Si sensors, 65 M channels, 1440 modules 
• r = 4, 7, 11 cm ;  L= 53 cm

• Strips 
• ~198 m2 of Si sensors, ~9.6 M channels, 15148 modules
• 10 barrel layers, 9 End-Cap Wheels per side

• Tracking efficiency: ! >99% (µ), ~90% hadrons

• Resolution: "pt/pt ~ 1-2% (#<1.6)

5

Pixels

Longitudinal Section

Monday, March 8, 2010



~ 3.2m 

~ 
1.3

m
 

Arabella Martelli 
JJC Nov 2010backup: the Electromagnetic CALorimeter

• The homogeneous PbWO4 crystals of the Electromagnetic CALorimeter:

 BARREL 61200 crystals in 36 super-modules                                                                                                     

 ENDCAP 3662 crystals x 4 D  
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Figure 1.3: ECAL energy resolution, σ(E)/E, as a function of electron energy as measured from
a beam test. The energy was measured in an array of 3× 3 crystals with an electron impacting
the central crystal. The points correspond to events taken restricting the incident beam to a narrow
(4×4 mm2) region. The stochastic (S), noise (N), and constant (C) terms are given.
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Figure 1.4: The jet transverse-energy resolution as a function of the jet transverse energy for barrel
jets (|η | < 1.4), endcap jets (1.4 < |η | < 3.0), and very forward jets (3.0 < |η | < 5.0). The jets are
reconstructed with an iterative cone algorithm (cone radius = 0.5).
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• ECAL global energy scale fixed with a 120GeV electron beam 
 confirmed with DATA within 1% (3%) forEB (EE)                                                                      

• inter-calibration precision ~0.6% for |eta| < 0.8
• time synchronizations better than 1ns                                                                                            
• excellent energy resolution
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Figure 1.2: The muon transverse-momentum resolution as a function of the transverse-momentum
(pT ) using the muon system only, the inner tracking only, and both. Left panel: |η | < 0.8, right
panel: 1.2 < |η | < 2.4.

of the ECAL, for incident electrons as measured in a beam test, is shown in figure 1.3; the stochas-
tic (S), noise (N), and constant (C) terms given in the figure are determined by fitting the measured
points to the function

�σ
E

�2
=

�
S√
E

�2

+
�

N
E

�2

+C2 . (1.1)

The ECAL is surrounded by a brass/scintillator sampling hadron calorimeter (HCAL) with cov-
erage up to |η | < 3.0. The scintillation light is converted by wavelength-shifting (WLS) fibres
embedded in the scintillator tiles and channeled to photodetectors via clear fibres. This light is
detected by photodetectors (hybrid photodiodes, or HPDs) that can provide gain and operate in
high axial magnetic fields. This central calorimetry is complemented by a tail-catcher in the bar-
rel region (HO) ensuring that hadronic showers are sampled with nearly 11 hadronic interaction
lengths. Coverage up to a pseudorapidity of 5.0 is provided by an iron/quartz-fibre calorime-
ter. The Cerenkov light emitted in the quartz fibres is detected by photomultipliers. The forward
calorimeters ensure full geometric coverage for the measurement of the transverse energy in the
event. An even higher forward coverage is obtained with additional dedicated calorimeters (CAS-
TOR, ZDC, not shown in figure 1.1) and with the TOTEM [2] tracking detectors. The expected jet
transverse-energy resolution in various pseudorapidity regions is shown in figure 1.4.

The CMS detector is 21.6-m long and has a diameter of 14.6 m. It has a total weight of 12500
t. The ECAL thickness, in radiation lengths, is larger than 25 X0, while the HCAL thickness, in
interaction lengths, varies in the range 7–11 λI (10–15 λI with the HO included), depending on η .
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• 3electron final state:

• 1electron 2muon final state:
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• Identify a Z candidate, than looking for a 3rd lepton 

• Z-> ee 

 electron selections: 

o ID + Iso + NoConversion:  VBTF with WP(95%)

o ele pT:   both ele pT  > 15GeV  

o |η| < 2.5  + crack region excluded

o electron opposite charge invariant mass: 60GeV < MZ < 120 GeV 

• Z-> mumu:

 muon selections:

o  globalMuons & trackerMuon, VBTF ID

o Iso: tkIsoR03 < 3

o pT: both muons pT > 20GeV

o |η| < 2.4 

 muon opposite charge invariant mass: 60GeV < MZ < 120GeV
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• MET > 25GeV

• 3rd lepton required: electron for Z-> ee || Z-> mumu, muon for Z->ee

• 3rd = electron 

 selections:

o ID + Iso + NoConversion:  VBTF with WP(80%)

o ele pT > 20GeV  

o |eta| < 2.5  + crack region excluded

• 3rd = muon

 selections:

o globalMuons & trackerMuon, VBTF ID

o Iso: (tkIsoR03 + emIsoR03 + hadIsoR03)/Pt < 0.15

o pT: both muons pT > 20GeV 

o |eta| < 2.1
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