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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Higgs production at the LHC
I gluon-gluon fusion
(gg)

I vector boson fusion
(VBF)

I associated production
(WH, ZH)
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

and bosonic decays

I H → WW (2`2ν)
I H → ZZ(∗) (4`)
I H → γγ

I H → Zγ
I Others:

• t̄tH → t̄tγγ (CMS)
• H → WW (`νqq̄),
(CMS - high mass)

• H → WW (eνµν),
(ATLAS - high mass)

• H → ZZ (2`2ν),
(CMS - high mass)
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

The detectors
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Experimental strategy

I Large branching fraction
I No mass peak
I 2 opposite-charge leptons + large EmissT

I Events classified according the
exclusive jet multiplicity

I Crucial background estimation with
data-driven techniques
• W+W− , top, Drell-Yan, W+jets
• Uncertainty on background
normalization the largest source of
systematics

• CMS: 2D shape analysis of the di-lepton
invariant and transverse masses for the
different-flavor final state
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Background estimation and subtraction
I Drell-Yan and multi-jet events suppressed by requiring
large EmissT

I Unfortunately EmissT sensible to pile-up
I Modification of EmissT used:

• projected EmissT to the nearest lepton (or jet)
I Same-flavor events have even higher Drell-Yan
background
• CMS multivariate analysis
• ATLAS: soft hadronic recoil
(recoil momentum of low-pT -jets opposite to ``(j) divided by

p``(j)
T )
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Signal strengths (at 125 GeV)
Excess of events observed above background, consistent with the expectations from a
standard model Higgs boson of mass 125 GeV
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Spin and parity
I H → WW can distinguish between 0+ and 2+

I 2+ is disfavoured
• CMS: 1-CLs = 86%
• ATLAS: 1-CLs = 95% for fqq̄=0% (only gg production),
99% for fqq̄=100%

I ATLAS: studies of different mixtures of gluon and
quark production
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

bla

H → ZZ(∗)

ATLAS-CONF-2013-013
CMS-PAS-HIG-13-002
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Twin Peaks

I Golden channel: four isolated leptons
(e or µ) originating from the same PV
• High lepton acceptance and ID
efficiency down to fairly low pT

• Good lepton energy/momentum
resolution

• Good control of reducible backgrounds
• Need to get normalization and
shape from data-driven methods

I Fully reconstructed final state
I σ×BR ∼ 2.8 fb (at 126 GeV)
I Narrow resonance (resolution ∼2%)
I Clean final state: S/B ∼ 1
I Background:

• irreducible: EWK pp→ ZZ → 4`, well understood
• reducible: Z+jets, Z+bb̄, t̄t, smaller than ZZ
but sizeable at low m4`
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

CMS: MELA

Matrix Element Likelihood Analysis
I kinematic inputs for signal to background discrimination

KD =
Psig(mZ1 ,mZ2 , θ1, θ2,Φ, θ

∗,Φ1|m4`)
Psig(mZ1 ,mZ2 , θ1, θ2,Φ, θ

∗,Φ1|m4`) + Pbkg(mZ1 ,mZ2 , θ1, θ2,Φ, θ
∗,Φ1|m4`)
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

ATLAS: Z-mass constraint
To enhance Higgs mass resolution:

I m4` <190 GeV: constraint applied to leading dileptons
I m4` >190 GeV: constraint applied to all four leptons
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Mass
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Signal strength
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Spin and parity
I Kinematics of the Higgs boson decaying
to ZZ sensitive to spin and parity

I Probability ratio for two signal
hypotheses from kinematic discriminant

DJP =
PSM

PSM + PJP
; q = −2ln(LJP/LSM)

I Different spin-parity models
considered, example of numerical
results in the Table (from CMS)
• expected separation when signal strength is
pre-determined from the fit to data and

• expected separation when events are
generated with SM expectation for the signal
yield (µ=1).

• observed separation quotes consistency of the
observation with 0+ or JP

• CLs criterion.
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

bla

H → γγ

ATLAS-CONF-2013-012
ATLAS-CONF-2013-029
CMS-PAS-HIG-13-001
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Experimental strategy
I Clean final-state topology
I Good resolution: mass reconstructed
with high precision

I Low branching fraction
I Smoothly falling irreducible
background (prompt diphoton
production + events with jets
misidentified as photons)

I CMS:
• Multi-Variate-Analysis (MVA) techniques
for γ identification and event
classification

• fit to the diphoton mass spectrum
("mass-fit-MVA")

• events divided in classes accordingly to
the production mechanism: gluon
fusion (87%), VBF (7%) or associated
production with a vector boson (5%)

I ATLAS: event classification more
complicated (14 mutually exclusive
categories for 2012, 10 for 2011 data)
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Signal and background modelling
I Signal: Crystal Ball + Gaussian (A), sum of two or three Gaussians (C)

• Function parameters and signal yields as a function of the mass hypotheses
• simultaneous fit to signal MC samples at different mass to interpolate the signal shape and
yield to intermediate mass points where the MC is not available

I Background: polynomials or exponential-polynomials (of different orders) in the
diphoton mass range from 100 to 160 (A) or 180 GeV (C) for the inclusive sample (but
may differ in single categories)
• Systematic: largest absolute signal component fitted anywhere in (110, 150) mass range
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Mass
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H → WW H → ZZ(∗) H → γγ H → Zγ Others

Signal strenght
2D test statistic "-2 ln Q" for the signal strength, σ/σSM, versus the Higgs boson mass
hypothesis, mH .
The cross indicates the best-fit pair of values.
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γγ→H

CMS

µ = 0.78 +0.28
−0.26 at mH = 125 GeV

i

ATLAS

µ = 1.65 ± 0.24 (stat.) +0.25
−0.18 (syst.) at mH =126.8 GeV
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Spin & parity (A only)
I 8 TeV (20.7 fb−1) data only
I distribution of the polar angle θ* of the photons wrt the z-axis:

cosθ∗ =
sinh(ηγ1 − ηγ2)√
1 + (pγ1γ2T /mγ1γ2)2

×
2pγ1T p

γ2
T

m2γ1γ2

• dN/dcosθ*
• spin-0 particle: uniform
• spin-2 particle: combination of Wigner functions
(different for gg and qq̄ production modes)

• background: peaked in the forward-backward direction
• separation (in cos θ*) between the spin-0 and spin-2
hypotheses maximal if the s2 resonance produced by gg

I Fits of the mass spectrum mγ1γ2 and polar angle (|cosθ*|)
(uncorrelated)

I Test statistics q:

q = ln
L0( ˆ̂

θ0)

L2( ˆ̂
θ2)

I 2+ excluded 1-CLs = 99.3 % at 0% qq̄
I also as a function of the qq̄ fraction
I at 100% qq̄: 1-CLs = 88 %
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Nominal analysis
γγ →H 

 (SM) hypothesis+=0PJ
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coloured areas → integrals of the expected distributions
used for the p-values for the rejection of each hypothesis
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 = 8 TeVs, -1Ldt = 20.7 fb∫
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H → Zγ

ATLAS-CONF-2013-009

Search for the Standard Model Higgs boson in the H → Zγ
decay mode with pp collisions at

√
s = 7 and 8 TeV

CMS-PAS-HIG-13-006

Search for the standard model Higgs boson in the Z boson
plus a photon channel in pp collisions at

√
s = 7 and 8 TeV
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Theoretical motivations

H

W

W

W

Z

γ

H

f

f

f

Z

γ

H

W

Z

γ

I induced by loops of heavy charged particles
I sensitive to physics beyond the standard model
I Good resolution but small branching fraction

Letizia Lusito (NWU) 24 / 33



H → WW H → ZZ(∗) H → γγ H → Zγ Others

Common experimental strategy

I Dileptons (or even single lepton for ATLAS)
unprescaled triggers with pT threshold
as low as possible

I Two opposite-sign, same-flavor leptons (e or µ),
consistent with a Z-boson decay and a photon

I All particles isolated
I All particles inside the detector geometric
acceptance and with high pT

I EγT / m`+`−γ > 15/110 (C)
I EγT > 15 GeV (A)
I ∆R(`, γ) > 0.3/0.4
I m`+`−γ + m`+`− > 185 GeV (C)
I m`+`− > mZ - 10 GeV (A)
I Dominant backgrounds:

• SM Zγ (irreducible)
• Final State Radiation in Z decays or Z+jets (reducible)
• H → γγ∗ (dilepton pair produced by a photon internal
conversion) rejected by m`+`− > 50 GeV
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CMS: Event classes

I WHAT: 4 classes based on the
expected mass resolution and
signal-to-background ratio

I WHY: sensitivity enhanced by
subdividing the selected
events into classes

I HOW: pseudo rapidity of the
leptons and photon and
shower shape of the photon

5

Table 2: Definition of the four event classes, the fraction of selected events for a signal with
mH = 125 GeV produced by gluon-gluon fusion at 8 TeV and data in a narrow bin centred at
125 GeV. The expected mass resolution on the signal is also shown.

e+e�g µ+µ�g
Event class 1

Photon 0 < |h| < 1.4442 Photon 0 < |h| < 1.4442
Both leptons 0 < |h| < 1.4442 Both leptons 0 < |h| < 2.1

and one lepton 0 < |h| < 0.9
R9 > 0.94 R9 > 0.94

Data 17% 20%
Signal 30% 34%

se f f 1.9 GeV 1.6 GeV
FWHM 4.5 GeV 3.7 GeV

Event class 2
Photon 0 < |h| < 1.4442 Photon 0 < |h| < 1.4442

Both leptons 0 < |h| < 1.4442 Both leptons 0 < |h| < 2.1
and one lepton 0 < |h| < 0.9

R9 < 0.94 R9 < 0.94
Data 26% 31%

Signal 28% 31%
se f f 2.1 GeV 1.9 GeV

FWHM 5.0 GeV 4.6 GeV
Event class 3

Photon 0 < |h| < 1.4442 Photon 0 < |h| < 1.4442
At least one lepton 1.4442 < |h| < 2.5 Both leptons in |h| > 0.9

or one lepton in 2.1 < |h| < 2.4
No requirement on R9 No requirement on R9

Data 26% 20%
Signal 23% 18%

se f f 3.1 GeV 2.1 GeV
FWHM 7.3 GeV 5.0 GeV

Event class 4
Photon 1.566 < |h| < 2.5 Photon 1.566 < |h| < 2.5

Both leptons 0 < |h| < 2.5 Both leptons 0 < |h| < 2.4
No requirement on R9 No requirement on R9

Data 31% 29%
Signal 19% 17%

se f f 3.3 GeV 3.2 GeV
FWHM 7.8 GeV 7.5 GeV

is in the endcap. With these choices and the expected event yield, a possible bias introduced on
the limit or the signal strength measurement is negligible. In order to improve the background
description below 125 GeV, the m``g turn-on distribution for the low mass region is included
by fitting a step function multiplied by a polynomial. That product is then convolved with a
Gaussian to yield the final shape. The background fits based on the m``g data distributions for
the electron and muon channels in all event classes are shown in Fig. 2 and Fig. 3, respectively.

The description of the Higgs boson signal used in the search is obtained from simulated events
obtained from the next-to-leading order (NLO) matrix-element generator POWHEG [10, 11]
interfaced with PYTHIA [12]. The SM Higgs boson cross sections and branching ratios used
are taken from Ref. [13].

The simulated signal events are reweighted by taking into account the difference between data
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Results

Background-only fits
I ATLAS: ∆m = m``γ − m``, range: (24 - 64) GeV
I CMS: m``γ , range: (100, 180) GeV
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Exclusion limits

Both experiments are
not yet sensitive
to the expected SM rate
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tt̄H with H → γγ

I Analysis performed at 8 TeV
only (CMS-HIG-13-015)

I Hadronic (> 2 jets) and
leptonic (with e or µ) top
decays considered

I No signal excess found
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Search for heavy H → WW → `νqq̄
I CMS only, L = 19.3 fb−1

I High mass regime : mH > 600 GeV
I Interpretation in BSM: two Higgs-like
scalar particles, with the lighter with
m= 125 GeV

I events with lepton, EmissT and a "fat" jet
that contains all hadronically-decaying
W decay products

I jet grooming algorithm + pruning
implementation
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Search for heavy H → WW → eνµν

I ATLAS only, L = 13.0 fb−1 at 8 TeV
I Interpretation in BSM:
Two-Higgs-Doublet (2HDM) scalar
particles, with the lighter with m= 125
GeV

I Mass range investigated: 135 - 300 GeV
I 0 or 2 jets categories
I Neural Network based analysis

NN output
0 0.2 0.4 0.6 0.8 1

E
ve

nt
 fr

ac
tio

n 
/ 0

.0
7

0

0.1

0.2

0.3
=180 GeVHm2HDM 

=125 GeVhm2HDM 

Total background

NN @180GeV
 + 0 jetsνµνe→WW→H

Preliminary ATLAS  = 8 TeVs

NN output

E
ve

nt
s 

/ 0
.0

7 

0

100

200

NN output
0 0.2 0.4 0.6 0.8 1

si
gn

ifi
c.

-3
0
3

NN @150GeV
 + 2 jetsνµνe→WW→H

Preliminary ATLAS =8 TeVs  -1 dt = 13.0 fbL ∫
Data

=125 GeV
h

Higgs mSM 
W+jets

*+jetsγZ/

b/Wt/tq/ttt
*γ/WγWW/WZ/ZZ/W

 stat)⊕SM (sys 

-prob.: 6 %2χ

 [GeV]Hm
150 200 250 300

)
α

co
s(

-1

-0.5

0

0.5

1
 PreliminaryATLAS

=8 TeVs  -1 dt = 13 fbL ∫
=1β2HDM Type-I   tan 

νµνe→WW→H

Exp. 95% CL
Exp. 99% CL
Obs. 95% CL
Obs. 99% CL

Letizia Lusito (NWU) 31 / 33



H → WW H → ZZ(∗) H → γγ H → Zγ Others

Search for heavy H → ZZ → 2`2ν
I CMS only, full 7 + 8 TeV data sample
I Two opposite-sign, same-flavor leptons
+ EmissT

I Interpretation in SM Higgs and Higgs
singlets in BSM
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Conclusions

I The CMS and ATLAS collaborations have measured a new boson state with a mass
around 125 GeV in an ever increasing number of decays.

I Using the current LHC data both experiments have proven that the new boson is the
Higgs boson predicted by the standard model.

I With added data at a larger
√
s, the LHC will continue to probe the Higgs couplings

and properties to achieve the highest accuracy probes of this critical piece of EWSB
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Data taking
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I The LHC as steadily increased the instantaneous luminosity
I Both experiments have been efficiently collecting LHC luminosity
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The PileUp challenge
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LHC already achieved the design level of
pileup
Event display of an event with around 20 pile-
up vertices:
(maximum number of vertices goes up to 40)
CMS and ATLAS cope with this high level of
pile-up very well
<NPU> = 21
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Muons
I Combined fit to measurements from inner tracker and muon detectors
I Minimal number of hits in the silicon tracker
I High-quality global fit (χ2/ndf <10)
I Transverse and longitudinal impact parameter of the muon track relative to the
Primary vertex

Electrons
I Tracks reconstructed in the inner tracker with energy compatible with ECAL deposits
I Transverse and longitudinal impact parameters cuts
I Photon conversion rejection

Isolation
I Relative isolation (∆R > 0.3):

I`Rel =
E`CH + E`NH + E`γ

p`T
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Particle Flow

I Event description in form of mutually exclusive
particles identification of all stable particles
produced in the event

I Optimal combination of capabilities of each
sub-detector→ most precise measurement of
the energy and direction for each particle

I individual measurements combined by a
geometrical linking algorithm, e.g. extrapolating
a charged-particle track into ECAL and HCAL
particle ID on blocks of linked elements
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Taus: Hadron Plus Strip (HPS) algorithm
I Complete final state reconstruction of the leptonic and hadronic τ decays
I τhad can have 1-prong or 3-prongs (charged tracks) with up to two ECAL strips for π0

reconstruction.

Jets & MET
I anti-kT algorithm jet reconstruction from Particle Flow particles, cone size = 0.5
I /ET from PF constituents
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A: H → WW
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A: H → WW
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A: H → WW spin

I eµ final state only

I no jets

I Other channels not expected to add much in terms of spin sensitivity due to the presence of large backgrounds
which cannot be removed without greatly reducing the acceptance of the spin-2 model considered in this analysis.

I 8 TeV only

I multivariate classifier known as a boosted decision tree (BDT)

I specific model graviton- like tensor with minimal couplings

I The 0+ and 2+m hypotheses are tested using a two-dimensional kinematic shape fit.

I The discriminants used in the fit are outputs of two different boosted decision trees (BDT), trained separately
against all backgrounds

I Four discriminating variables are used in the BDT classifiers, namely mll, pll, ∆φll and mT.

I A weighted average is taken from all these trees to form a BDT output discriminant with values ranging between
-1 and 1.

I Two separate BDT classifiers are developed: one classifier using a 0+ sample as signal and a second classifier
using a 2+m sample. The BDT outputs will be referred to as BDT0 and BDT2, respectively.
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A: H → WW spin
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A: H → WW spin
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A: H → WW spin
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A: H → WW spin
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C: H → WW
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C: H → WW
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C: H → WW spin

(0 jet (left), 1 jet (right))
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A: H → ZZ(∗)
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A: H → ZZ(∗)
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A: H → ZZ(∗)
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C: H → ZZ(∗)
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C: H → ZZ(∗)
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C: H → ZZ(∗)→ ``ττ
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C: H → ZZ(∗)→ ``ττ
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C: H → ZZ(∗)

 [GeV]Hm
110 120 130 140 150 160 170 180

S
M

σ/
σ

95
%

 C
L 

lim
it 

on
 

-110

1

10
CMS Preliminary

-1 = 7 TeV, L = 5.1 fbs 
-1 = 8 TeV, L = 19.6 fbs 

τ 4L + 2l2→ ZZ →H 

Observed
Expected

σ 1±Expected 

σ 2±Expected 

F
µ

-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

Vµ

-8

-6

-4

-2

0

2

4

6

8

10

12

68% CL

95% CL

best fit

SM

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs  -1 = 7 TeV, L = 5.1 fbs

Letizia Lusito (NWU) 57



A: H → Zγ
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H → Zγ
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C: H → Zγ CMS Preliminary 2012 -1 = 8 TeV, L = 19.6 fbs
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C: H → Zγ CMS Preliminary 2012 -1 = 8 TeV, L = 19.6 fbs
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A: H → Zγ
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H → Zγ
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