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Production of the SM Higgs
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 qqH (NNLO QCD + NLO EW)
→pp 

 WH (NNLO QCD + NLO EW)
→pp 

 ZH (NNLO QCD + NLO EW)
→pp 

 ttH (NLO QCD)
→pp 

 bbH (NNLO and NLO QCD)
→pp 

 = 125 GeVHM
MSTW2008

Gluon-gluon fusion (ggF) has the highest production cross-section at the LHC

Vector boson fusion (VBF) and vector boson associated production (VH) modes 
have the next dominant contribution.

ttH would be covered in another talk (see the talk by Daniele Zanzi)



Decay of the SM Higgs

SM Higgs boson decay branching ratio 
(accessible at mH=125 GeV):


fermionic decay modes — bb, 𝝉𝝉, 𝝁𝝁 
(NOT included in this talk)


SM Higgs decays into vector bosons 
(with subsequent decays)


H➞WW (0.215)


H➞ZZ (0.026)


H➞𝛄𝛄 (0.0023)


H➞Z𝛄 (0.0015)
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Search for H➞WW➞l𝝂l𝝂

Large branching fraction and accessible also through 
VBF & VH production


2 leptons: 


njets=0, 1 & 2 (VBF enriched)


 (W/Z)H➞(W/Z)WW➞(qq’)l𝝂l𝝂


3 leptons: WH➞(W)WW➞(l𝝂)l𝝂l𝝂


4 leptons:ZH➞(Z)WW➞(ll)l𝝂l𝝂


Large missing ET contribution from the neutrinos with 
two or more high-pT, isolated leptons


Discriminating variables mT, mll, ΔRll and ΔΦll


Background processes: SM diboson production, ttbar, 
and misidentified leptons

4
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FIG. 2. Analysis divisions in categories based on jet multi-
plicity (nj) and lepton-flavor samples (eµ and ee/µµ). The
most sensitive signal region for ggF production is nj =0 in eµ,
while for VBF production it is nj � 2 in eµ. These two sam-
ples are underlined. The eµ samples with nj  1 are further
subdivided as described in the text.

sensitive signal region is in the eµ zero-jet final state.
The dominant background to this category is WW pro-
duction, which is e↵ectively suppressed by exploiting the
properties of W boson decays and the spin-0 nature of
the Higgs boson (Fig. 3). This property generally leads
to a lepton pair with a small opening angle [17] and a cor-
respondingly low invariant mass m``, broadly distributed
in the range below mH/2. The dilepton invariant mass is
used to select signal events, and the signal likelihood fit
is performed in two ranges of m`` in eµ final states with
nj  1.

Other background components are distinguished by
p `2
t , the magnitude of the transverse momentum of the

lower-pt lepton in the event (the “subleading” lepton). In
the signal process, one of the W bosons from the Higgs
boson decay is o↵ shell, resulting in relatively low sub-
leading lepton pt (peaking near 22 GeV, half the dif-
ference between the Higgs and W boson masses). In the
background from W bosons produced in association with
a jet or photon (misreconstructed as a lepton) or an o↵-
shell photon producing a low-mass lepton pair (where
one lepton is not reconstructed), the p `2

t distribution falls
rapidly with increasing pt. The eµ sample is therefore
subdivided into three regions of subleading lepton mo-
mentum for nj  1. The jet and photon misidentification
rates di↵er for electrons and muons, so this sample is
further split by subleading lepton flavor.

Because of the neutrinos produced in the signal pro-
cess, it is not possible to fully reconstruct the invariant
mass of the final state. However, a “transverse mass”

W+ H W�

⌫

`+ `�

⌫̄

FIG. 3. Illustration of the H !WW decay. The small
arrows indicate the particles’ directions of motion and the
large double arrows indicate their spin projections. The spin-0
Higgs boson decays to W bosons with opposite spins, and the
spin-1 W bosons decay into leptons with aligned spins. The
H and W boson decays are shown in the decaying particle’s
rest frame. Because of the V �A decay of the W bosons, the
charged leptons have a small opening angle in the laboratory
frame. This feature is also present when one W boson is o↵
shell.

mt [18] can be calculated without the unknown longitu-
dinal neutrino momenta:

mt =
q�

E ``
t + p ⌫⌫

t

�
2 � ��p ``

t + p ⌫⌫
t

��2, (1)

where E ``
t =

p
(p ``

t )2 + (m``)2, p ⌫⌫
t (p ``

t ) is the vector
sum of the neutrino (lepton) transverse momenta, and
p ⌫⌫
t (p ``

t ) is its modulus. The distribution has a kine-
matic upper bound at the Higgs boson mass, e↵ectively
separating Higgs boson production from the dominant
nonresonant WW and top-quark backgrounds. For the
VBF analysis, the transverse mass is one of the inputs to
the BDT distribution used to fit for the signal yield. In
the ggF and cross-check VBF analyses, the signal yield
is obtained from a direct fit to the mt distribution for
each category.
Most of the backgrounds are modeled using Monte

Carlo samples normalized to data, and include theoreti-
cal uncertainties on the extrapolation from the normal-
ization region to the signal region, and on the shape of the
distribution used in the likelihood fit. For the W+jet(s)
and multijet backgrounds, the high rates and the un-
certainties in modeling misidentified leptons motivate a
model of the kinematic distributions based on data. For
a few minor backgrounds, the process cross sections are
taken from theoretical calculations. Details of the back-
ground modeling strategy are given in Sec. VI.
The analyses of the 7 and 8TeV data sets are sepa-

rate, but use common methods where possible; di↵er-
ences arise primarily because of the lower instantaneous
and integrated luminosities in the 7TeV data set. As
an example, the categorization of 7TeV data does not
include a ggF-enriched category for events with at least
two jets, since the expected significance of such a cate-
gory is very low. Other di↵erences are described in the
text or in dedicated subsections.



CMS analyses are categorized into 2-leptons 
and 3-leptons final states


2-leptons: 0/1-jet ggF tag, 2-jets VBF 
tag, 2-jets VH tag


3-leptons: WH➞l𝝂l𝝂l𝝂 and ZH➞lll𝝂+2 jets


Signal events are extracted either through 
template fit or counting
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Search for H➞WW➞l𝝂l𝝂 (II)
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ATLAS (mH@125.36 GeV):


CMS (mH@125.6 GeV):
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Search for H➞WW➞l𝝂l𝝂 (III)
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ggF
µ

0 0.5 1 1.5 2 2.5 3

Λ
 -2

 ln
 

0

2

4

6

8

10

12

σ1

σ2

σ3

1.01.0

0.7 1.3

0.5 1.6

 Preliminary VHATLAS

-1Ldt = 20.3 fb∫ = 8 TeV,  s

-1Ldt = 4.5 fb∫ = 7 TeV,  s

VBF
µ

0 0.5 1 1.5 2 2.5 3 3.5 4

Λ
 -2

 ln
 

0

2

4

6

8

10

12

σ1

σ2

σ3

1.31.3

0.8 1.8

0.4 2.5

 Preliminary VHATLAS

-1Ldt = 20.3 fb∫ = 8 TeV,  s

-1Ldt = 4.5 fb∫ = 7 TeV,  s

(a) (b)

VH
µ

0 1 2 3 4 5 6 7 8

Λ
 -2

 ln
 

0

1

2

3

4

5

6

7

8

σ1

σ2

3.03.0

1.6 4.5

0.5 6.2

 Preliminary  VHATLAS

-1Ldt = 20.3 fb∫ = 8 TeV,  s

-1Ldt = 4.5 fb∫ = 7 TeV,  s

HWW
µ

0 0.5 1 1.5 2 2.5 3

Λ
 -2

 ln
 

0

2

4

6

8

10

12

σ1

σ2

σ3

1.21.2

0.9 1.4

0.7 1.7

 Preliminary   VHATLAS

-1Ldt = 20.3 fb∫ = 8 TeV,  s

-1Ldt = 4.5 fb∫ = 7 TeV,  s

(c) (d)

Figure 9: The likelihood as a function of the µ value from the di↵erent production processes (a) ggF,
(b) VBF, (c) VH and (d) their combination. All values are extracted from the combined fit. The best
fit values are represented by the markers at the likelihood minima, with the ±1� and ±2� uncertainties
given by the green and yellow shaded bands, respectively.
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The uncertainties are divided according to their source.
The statistical uncertainty accounts for the number of
observed events in the signal regions and profiled con-
trol regions. The statistical uncertainties from Monte
Carlo simulated samples, from nonprofiled control re-
gions, and from the extrapolation factors used in the
W+jets background estimate are all included in the ex-
perimental uncertainties here and for all results in this
section. The theoretical uncertainty includes uncertain-
ties on the signal acceptance and cross section as well
as theoretical uncertainties on the background extrapo-
lation factors and normalizations. The expected value of
µ is 1+0.16

�0.15 (stat.)
+0.17
�0.13 (syst.).

In order to check the compatibility with the SM predic-
tions of the ggF and VBF production processes, µ

ggf and
µvbf can be simultaneously determined through a fit to
all categories because of the di↵erent sensitivity to these
processes in the various categories. In this fit, the VH
contribution is included although there is no dedicated
category for it, and the SM value for the ratio �vbf/�vh

is assumed. Technically, the signal strength µvbf+vh is
measured, but because the contribution from VH is neg-
ligible, the notation µvbf is used. The corresponding two-
dimensional likelihood contours as a function of µ

ggf and
µvbf are shown in Fig. 40. Using the same treatment, the
separate signal strengths can be measured. The results
are:

µ
ggf = 1.02 ± 0.19 +0.22

�0.18 = 1.02 +0.29
�0.26

µvbf = 1.27 +0.44
�0.40

+0.30
�0.21 = 1.27 +0.53

�0.45.

(stat.) (syst.)

(16)

The details of the uncertainties on µ, µ
ggf, and µvbf

are shown in Table XXVI. The statistical uncertainty
is the largest single source of uncertainty on the signal
strength results, although theoretical uncertainties also
play a substantial role, especially for µ

ggf.
The signal strength results are shown in Table XXVII

formH =125.36GeV. The table includes inclusive results
as well as results for individual categories and produc-
tion modes. The expected and observed significance for
each category and production mode is also shown. The
µ values are consistent with each other and with unity
within the assigned uncertainties. In addition to serving
as a consistency check, these results illustrate the sensi-
tivity of the di↵erent categories. For the overall signal
strength, the contribution from the nj � 2 VBF category
is second only to the nj =0 ggF category, and the nj � 2
ggF category contribution is comparable to those in the
nj =0 and nj =1 ee/µµ categories.

For all of these results, the signal acceptance for all pro-
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filled areas (dotted lines). The x- and y-axis scales are the
same to visually highlight the relative sensitivity.

duction modes is evaluated assuming a SM Higgs boson.
The VH production process contributes a small number
of events, amounting to about 1% of the expected signal
from the VBF process. It is included in the predicted sig-
nal yield, and where relevant, is grouped with the VBF
signal assuming the SM value of the ratio �vbf/�vh. The
small (< 1%) contribution ofH! ⌧⌧ to the signal regions
is treated as signal, assuming the branching fractions as
predicted by the SM.

D. Higgs couplings to fermions and vector bosons

The values of µ
ggf and µvbf can be used to test the

compatibility of the fermionic and bosonic couplings of
the Higgs boson with the SM prediction using a frame-
work motivated by the leading-order interactions [62].
The parametrization uses the scale factors F , applied
to all fermionic couplings, and V , applied to all bosonic
couplings; these parameters are unity for the SM.
In particular, the ggF production cross section is pro-

portional to 2

F through the top-quark or bottom-quark
loops at the production vertex, and the VBF produc-
tion cross section is proportional to 2

V . The branching

ATLAS-CONF-2015-005

VBF,VH
µ

0 0.5 1 1.5 2 2.5

gg
H

µ

0

0.5

1

1.5

2

2.5
 WW (all channels)→H 

Observed
68% CL Observed
95% CL Observed
Exp. for SM H
68% CL Expected
95% CL Expected

CMS  (8 TeV)-1 (7 TeV) + 19.4 fb-14.9 fb

SMσ/σBest fit for 
-1 0 1 2 3

    - 0.95
 + 1.27 = 0.56SMσ/σ                    

, WH tagν   3l3

    - 1.87
 + 1.97 = 0.39SMσ/σ                    

 + 2-jets, VH tagν   2l2

    - 0.46
 + 0.57 = 0.60SMσ/σ                    

 + 2-jets, VBF tagν   2l2

    - 0.20
 + 0.22 = 0.74SMσ/σ                    

 + 0/1-jetν   2l2

    - 0.18
 + 0.20 = 0.72SMσ/σ                    

 WW (all channels)→   H 
 = 125.6 GeVHm

CMS  (8 TeV)-1 (7 TeV) + 19.4 fb-14.9 fb

60

µ = 1.09 +0.16
�0.15 (stat.)

+0.08
�0.07

⇣
expt.
syst.

⌘
+0.15
�0.12

⇣
theo.
syst.

⌘
± 0.03

⇣
lumi.
syst.

⌘

= 1.09 +0.16
�0.15 (stat.)

+0.17
�0.14 (syst.)

= 1.09 +0.23
�0.21.

(15)

The uncertainties are divided according to their source.
The statistical uncertainty accounts for the number of
observed events in the signal regions and profiled con-
trol regions. The statistical uncertainties from Monte
Carlo simulated samples, from nonprofiled control re-
gions, and from the extrapolation factors used in the
W+jets background estimate are all included in the ex-
perimental uncertainties here and for all results in this
section. The theoretical uncertainty includes uncertain-
ties on the signal acceptance and cross section as well
as theoretical uncertainties on the background extrapo-
lation factors and normalizations. The expected value of
µ is 1+0.16

�0.15 (stat.)
+0.17
�0.13 (syst.).

In order to check the compatibility with the SM predic-
tions of the ggF and VBF production processes, µ

ggf and
µvbf can be simultaneously determined through a fit to
all categories because of the di↵erent sensitivity to these
processes in the various categories. In this fit, the VH
contribution is included although there is no dedicated
category for it, and the SM value for the ratio �vbf/�vh

is assumed. Technically, the signal strength µvbf+vh is
measured, but because the contribution from VH is neg-
ligible, the notation µvbf is used. The corresponding two-
dimensional likelihood contours as a function of µ

ggf and
µvbf are shown in Fig. 40. Using the same treatment, the
separate signal strengths can be measured. The results
are:

µ
ggf = 1.02 ± 0.19 +0.22

�0.18 = 1.02 +0.29
�0.26

µvbf = 1.27 +0.44
�0.40

+0.30
�0.21 = 1.27 +0.53

�0.45.

(stat.) (syst.)

(16)

The details of the uncertainties on µ, µ
ggf, and µvbf

are shown in Table XXVI. The statistical uncertainty
is the largest single source of uncertainty on the signal
strength results, although theoretical uncertainties also
play a substantial role, especially for µ

ggf.
The signal strength results are shown in Table XXVII

formH =125.36GeV. The table includes inclusive results
as well as results for individual categories and produc-
tion modes. The expected and observed significance for
each category and production mode is also shown. The
µ values are consistent with each other and with unity
within the assigned uncertainties. In addition to serving
as a consistency check, these results illustrate the sensi-
tivity of the di↵erent categories. For the overall signal
strength, the contribution from the nj � 2 VBF category
is second only to the nj =0 ggF category, and the nj � 2
ggF category contribution is comparable to those in the
nj =0 and nj =1 ee/µµ categories.

For all of these results, the signal acceptance for all pro-

ggF
µ

0 1 2 3 4

VB
F

µ

0

1

2

3
σ3 

σ2 

σ1 

ATLAS
νlνl →WW*→H

-1fb 20.3 TeV, 8 = s
-1fb 4.5 TeV, 7 = s

1.3) (1.0, Obs 
σ 1 ± Obs 
σ 2 ± Obs 
σ 3 ± Obs 

1) (1, SM Exp 
σ 3 2, 1, ± SM Exp 

FIG. 40. Likelihood scan as a function of µggf and µvbf. The
best-fit observed (expected SM) value is represented by the
cross symbol (open circle) and its one, two, and three standard
deviation contours are shown by solid lines surrounding the
filled areas (dotted lines). The x- and y-axis scales are the
same to visually highlight the relative sensitivity.

duction modes is evaluated assuming a SM Higgs boson.
The VH production process contributes a small number
of events, amounting to about 1% of the expected signal
from the VBF process. It is included in the predicted sig-
nal yield, and where relevant, is grouped with the VBF
signal assuming the SM value of the ratio �vbf/�vh. The
small (< 1%) contribution ofH! ⌧⌧ to the signal regions
is treated as signal, assuming the branching fractions as
predicted by the SM.

D. Higgs couplings to fermions and vector bosons

The values of µ
ggf and µvbf can be used to test the

compatibility of the fermionic and bosonic couplings of
the Higgs boson with the SM prediction using a frame-
work motivated by the leading-order interactions [62].
The parametrization uses the scale factors F , applied
to all fermionic couplings, and V , applied to all bosonic
couplings; these parameters are unity for the SM.
In particular, the ggF production cross section is pro-

portional to 2

F through the top-quark or bottom-quark
loops at the production vertex, and the VBF produc-
tion cross section is proportional to 2

V . The branching
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Fully reconstructed event topology with four 
isolated leptons in the final state; clean channel 
with high S/√B, but small branching fraction


Event categorization to separate ggF, VH and VBF


SM ZZ is the irreducible background; multivariate 
discriminant for signal vs SM ZZ separation


BDT with input variables: pT4l, η4l,           
DZZ=ln(|Msig|2/|Mbkg|2), with M being the 
Matrix Element
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Search for H➞ZZ➞4l

arXiv:1408.5191/PRD 91, 012006 (2015)

Table 11: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states in a
window of 120 < m4` < 130 GeV. The second column shows the number of expected signal events for the full mass range,
without a selection on m4`. The other columns show for the 120–130 GeV mass range the number of expected signal events,
the number of expected ZZ⇤ and reducible background events, and the signal-to-background ratio (S/B), together with the
number of observed events, for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as for the combined sample.

Final state Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range p

s = 7 TeV

4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2
2e2µ 0.66 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.50 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1
4e 0.46 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1

Total 2.62 ± 0.26 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p
s = 8 TeV

4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.69 ± 0.13 1.7 8.33 ± 0.6 12
2e2µ 3.92 ± 0.39 3.45 ± 0.34 1.67 ± 0.08 0.60 ± 0.10 1.5 5.72 ± 0.37 7
2µ2e 3.06 ± 0.31 2.71 ± 0.28 1.17 ± 0.07 0.36 ± 0.08 1.8 4.23 ± 0.30 5
4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.07 1.7 3.77 ± 0.27 7

Total 15.6 ± 1.6 13.8 ± 1.4 6.24 ± 0.34 2.00 ± 0.28 1.7 22.1 ± 1.5 31p
s = 7 TeV and

p
s = 8 TeV

4µ 6.80 ± 0.67 6.20 ± 0.61 2.82 ± 0.14 0.79 ± 0.13 1.7 9.81 ± 0.64 14
2e2µ 4.58 ± 0.45 4.04 ± 0.40 1.99 ± 0.10 0.69 ± 0.11 1.5 6.72 ± 0.42 9
2µ2e 3.56 ± 0.36 3.15 ± 0.32 1.38 ± 0.08 0.72 ± 0.12 1.5 5.24 ± 0.35 6
4e 3.25 ± 0.34 2.77 ± 0.29 1.22 ± 0.08 0.76 ± 0.11 1.4 4.75 ± 0.32 8

Total 18.2 ± 1.8 16.2 ± 1.6 7.41 ± 0.40 2.95 ± 0.33 1.6 26.5 ± 1.7 37
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Figure 13: The distribution of the four-lepton invariant mass, m4`, for the selected candidates (filled circles) compared to the
expected signal and background contributions (filled histograms) for the combined

p
s = 7 TeV and

p
s = 8 TeV data for the

mass ranges: (a) 80–170 GeV, and (b) 80–600 GeV. The signal expectation shown is for a mass hypothesis of mH = 125 GeV
and normalized to µ = 1.51 (see text). The expected backgrounds are shown separately for the ZZ⇤ (red histogram), and
the reducible Z + jets and tt̄ backgrounds (violet histogram); the systematic uncertainty associated to the total background
contribution is represented by the hatched areas.
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Figure 15: Distributions of data (filled circles) and the expected signal and background events in (a) the BDTZZ⇤ – m4` plane,
(b) BDTZZ⇤ with the restriction 120 < m4` < 130 GeV, and (c) m4` with the additional requirement that the BDTZZ⇤ be
positive. The expected Higgs signal contribution is shown for mH = 125 GeV and normalized to µ = 1.51 (see text) as blue
histograms in (b) and (c). The expected background contributions, ZZ⇤ (red histogram) and Z+jets plus tt̄ (violet histogram),
are shown in (b) and (c); the systematic uncertainty associated to the total background contribution is represented by the
hatched areas. The expected distributions of the Higgs signal (blue) and total background (red) are superimposed in (a), where
the box size (signal) and color shading (background) represent the relative density. In every case, the combination of the 7
TeV and 8 TeV results is shown.
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5.2. Event categorization

ATLAS

l 4→ ZZ* →H 

 selectionl4

High mass two jets

VBF
VBF enriched

Low mass two jets

 jj)H→ jj)H, Z(→W(

Additional lepton

)Hll →)H, Z(νl →W(

VH enriched

ggF ggF enriched

Figure 2: Schematic view of the event categorization. Events are required to pass the four-lepton selection, and then they are
assigned to one of four categories which are tested sequentially: VBF enriched, VH-hadronic enriched, VH-leptonic enriched,
or ggF enriched.

To measure the rates for the ggF, VBF, and VH production mechanisms, discussed in Sec. 3, eachH ! 4`
candidate selected by the criteria described above is assigned to one of four categories (VBF enriched, VH-
hadronic enriched, VH-leptonic enriched, or ggF enriched), depending on other event characteristics. A
schematic view of the event categorization is shown in Fig. 2.

The VBF enriched category is defined by events with two high-pT jets. The kinematic requirements for
jets are pT > 25 (30)GeV for |⌘| < 2.5 (2.5 < |⌘| < 4.5). If more than two jets fulfill these requirements,
the two highest-pT jets are selected as VBF jets. The event is assigned to the VBF enriched category
if the invariant mass of the dijet system, mjj , is greater than 130 GeV, leading to a signal e�ciency of
approximately 55%. This category has a considerable contamination from ggF events, with 54% of the
expected events in this category arising from production via gluon fusion.

Events that do not satisfy the VBF enriched criteria are considered for the VH-hadronic enriched cat-
egory. The same jet-related requirements are applied but with 40 < mjj < 130 GeV, as presented in Fig.
3. Moreover, the candidate has to fulfill a requirement on the output weight of a specific multivariate dis-
criminant, presented in Sec. 7.2. The signal e�ciency for requiring two jets is 48% for VH and applying the
multivariate discriminant brings the overall signal e�ciency to 25%.

Events failing to satisfy the above criteria are next considered for the VH-leptonic enriched category.
Events are assigned to this category if there is an extra lepton (e or µ), in addition to the four leptons
forming the Higgs boson candidate, with pT > 8GeV and satisfying the same lepton requirements. The
signal e�ciency for the extra vector boson for the VH-leptonic enriched category is around 90% (100%) for
the W (Z), where the Z has two leptons which can pass the extra lepton selection.

Finally, events that are not assigned to any of the above categories categories are associated with the
ggF enriched category. Table 2 shows the expected yields for Higgs boson production and ZZ⇤ background
events in each category from each of the production mechanisms, for mH = 125 GeV and 4.5 fb�1 at

p
s = 7

TeV and 20.3 fb�1 at
p
s = 8 TeV.

8

21

Figure 8: Illustration of the production and decay of a particle H, gg(qq) ! H ! ZZ ! 4`,
with the two production angles q⇤ and F1 shown in the H rest frame and three decay angles
q1, q2, and F shown in the Z1, Z2, and H rest frames, respectively.

anism. Only the dominant qq ! ZZ background is considered in the probability parame-
terization. For the reducible backgrounds, empirical templates derived from the data control
samples defined in Sec. 9.2 are used to model the probability density functions of the kinematic
discriminants, as described in Sec. 12.

For the alternative signal hypotheses, nine models have been tested, following the notations
from Refs. [41, 42]. The most general decay amplitude for a spin-0 boson decaying to two
vector bosons can be defined as:

A(H ! ZZ) = v�1
⇣

a1m2
Ze⇤1e⇤2 + a2 f ⇤(1)µn f ⇤(2),µn + a3 f ⇤(1)µn f̃ ⇤(2),µn

⌘
, (6)

where f (i),µn = e
µ
i qn

i � en
i qµ

i is the field-strength tensor of a gauge boson with momentum qi

and polarization vector ei, f̃ (i)µn = 1/2eµnab f (i),ab = eµnabea
i qb

i is the conjugate field strength
tensor, f ⇤ denotes the complex conjugate field strength tensor, and v is the vacuum expectation
value of the SM Higgs field. eµnab is the Levi-Civita completely antisymmetric tensor. The ai
coefficients generally depend on q2

i . In this analysis, we consider the lowest-dimension opera-
tors in the effective Lagrangian corresponding to each of the three unique Lorentz structures,
therefore taking ai to be constant for the relevant range q2

i = m2
Zi

< m2
H. The SM Higgs boson

decay is dominated by the tree-level coupling a1. The 0� model corresponds to a pseudoscalar
(dominated by the a3 coupling), while 0+h is a scalar (dominated by the a2 coupling) not partic-
ipating in the electroweak symmetry breaking, where h refers to higher-dimensional operators
in Eq. (6) with respect to the SM Higgs boson. The spin-0 signal models are simulated for the
gluon fusion production process, and their kinematics in the boson center-of-mass frame is
independent of the production mechanism.

The 1� and 1+ hypotheses represent a vector and a pseudovector decaying to two Z bosons.
The spin-1 resonance models are simulated via the quark-antiquark production mechanism,
as the gluon fusion production of such resonances is expected to be strongly suppressed. The
spin-1 hypotheses are considered under the assumption that the resonance decaying into 4` is
not necessarily the same resonance observed in the H ! gg channel [19, 20], as J = 1 in the
latter case is prohibited by the Landau-Yang theorem [124, 125]. This also provides a test of the
spin-1 hypothesis in an independent way.



Event categorization based on number of jets


0/1 jet: `pT4l’ for separation between ggF and VBF/VH


Dijet: Linear discriminator, `Djet’ to separate ggF from 
VBF/VH


multivariate discriminant for signal vs SM ZZ separation


                                                 with P=|M|2 
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11 Yields and kinematic distributions
The signal and background yields are extracted from a fit to the invariant mass and other kine-
matic properties, characterizing the decay of the Higgs boson candidate and its production
mechanism. The expected distributions of signal and background components are used as
probability density functions in the likelihood function. Simulation and control samples from
data are used to estimate the initial fit values for the signal and background yields.

The background from ZZ and Z + X processes dominates after the event selection. The recon-
structed four-lepton invariant mass distribution for the combined 4e, 2e2µ, and 4µ channels is
shown in Fig. 9 and compared with the expectations from background processes. Here, and
in the other figures of this section, the normalization and shape of the ZZ background and the
signal (mH = 126 GeV) are obtained from simulation, while the normalization and shape of
the reducible background is estimated from control samples in data, as described in Sec. 9.2.
The error bars on data points are asymmetric Poisson uncertainties that cover the 68% prob-
ability interval around the central value [134]. A clear peak around m4` = 126 GeV is seen,
not expected from background processes, confirming with a larger data sample the results re-
ported in Refs. [19–21, 31]. The observed distribution is in good agreement with the expected
backgrounds and a narrow resonance compatible with the SM Higgs boson with mH around
126 GeV. The Z ! 4` resonance peak at m4` = mZ is observed in agreement with simula-
tion. The measured distribution at masses greater than 2mZ is dominated by the irreducible ZZ
background, where the two Z bosons are produced on shell.
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Figure 9: Distribution of the four-lepton reconstructed mass in the full mass range 70 < m4` <
1000 GeV for the sum of the 4e, 2e2µ, and 4µ channels. Points with error bars represent the
data, shaded histograms represent the backgrounds, and the unshaded histogram represents
the signal expectation for a mass hypothesis of mH = 126 GeV. Signal and the ZZ background
are normalized to the SM expectation; the Z + X background to the estimation from data. The
expected distributions are presented as stacked histograms. No events are observed with m4` >
800 GeV.

The number of candidates observed in data as well as the expected yields for background
and several SM Higgs boson mass hypotheses are reported in Table 3, for m4` > 100 GeV. The
observed event rates for the various channels are compatible with SM background expectations
in the m4` region above 2mZ, while a deviation is observed in the lower region. Given that the
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Figure 13: (left) Distribution of Dkin
bkg versus m4` in the low-mass range with colors shown for

the expected relative density in linear scale (in arbitrary units) of background plus the Higgs
boson signal for mH = 126 GeV. The points show the data, and horizontal bars represent the
measured mass uncertainties. (right) Distribution of the kinematic discriminant Dkin

bkg for events
in the mass region 121.5 < m4` < 130.5 GeV. Points with error bars represent the data, shaded
histograms represent the backgrounds, and the unshaded histogram the signal expectation.
Signal and background histograms are stacked.

simulation, which predicts a negligible background and a fraction of 42% of the signal events
arising from vector-boson-induced production (VBF and VH). No events with a high rank of
the Djet (Djet > 0.5) discriminant are observed.

12 Higgs boson properties measurement
In this section the fit models used to perform the measurements in the H ! ZZ ! 4` channel,
based on the observables defined in the previous sections, are presented. Then, the system-
atic uncertainties effects considered in the fits for both assessing the presence of a signal and
performing the measurement of different properties are described.

12.1 Multidimensional likelihoods

The properties of interest to be measured in this analysis, such as the signal and background
yields, the mass and width of the resonance, and the spin-parity quantum numbers, are de-
termined with unbinned maximum-likelihood fits performed to the selected events. The fits
include probability density functions for five signal components (gluon fusion, VBF, WH, ZH,
and ttH productions) and three background processes (qq ! ZZ, gg ! ZZ, and Z + X). The
normalizations of these components and systematic uncertainties are introduced in the fits as
nuisance parameters, assuming log-normal a priori probability distributions, and are profiled
during the minimization. The shapes of the probability density functions for the event observ-
ables are also varied within alternative ones, according to the effect induced by experimental or
theoretical systematic uncertainties [30, 136]. Depending on the specific result to be extracted,
different multidimensional models, using different sets of discriminating variables, are used.
The dimension refers to the number of input variables used in the likelihood function. In the

arXiv:1312.5353

HÆZZ*Æ4l (2/4)
• Discriminants to separate ggÆHÆZZ* signal and 
qqÆZZ* background

• ATLAS: Boosted Decision Tree with inputs of pT4l, 
K4l,  ln	 , (M is matrix 
element)

• CMS:  1 , , ∗, , , ,
, , ∗, , , , , 

(P is matrix element squared)
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Figure 16: (left) Distribution of Djet versus m4` in the low-mass-range dijet category with colors
shown for the expected relative density in linear scale (in arbitrary units) of background plus
the Higgs boson signal for mH = 126 GeV. The points show the data and horizontal bars
represent the measured mass uncertainties. (right) Distribution of Djet in the dijet category for
events in the mass region 121.5 < m4` < 130.5 GeV. Points with error bars represent the data,
shaded histograms represent the backgrounds, and the red histograms represent the signal
expectation, broken down by production mechanism. Signal and background histograms are
stacked.

1. For the assessment of exclusion limits as a function of mH, the signal significance, and the
measurement of the signal strength, µ ⌘ s/sSM, defined as the measured cross section
times the branching fraction into ZZ, relative to the expectation for the SM Higgs boson,
the following 3D likelihood functions are used:

Lµ
3D ⌘Lµ, 0/1-jet

3D (m4`,Dkin
bkg, p4`

T ) = P(m4`|mH, G)P(Dkin
bkg|m4`)⇥ P(p4`

T |m4`), (12)

Lµ
3D ⌘Lµ, dijet

3D (m4`,Dkin
bkg,Djet) = P(m4`|mH, G)P(Dkin

bkg|m4`)⇥ P(Djet|m4`), (13)

(14)

where mH and G are the mass and the width of the SM Higgs boson. The likelihood Lµ
3D

includes the kinematic discriminant to differentiate the Higgs boson signal from the ZZ
background, defined in Eq. (7). As the third dimension of the fit, depending on the cate-
gory, the production-mode-sensitive discriminant p4`

T of Eq. (12) (0/1-jet category) or the
Djet of Eq. (13) (dijet category) is used. These discriminants are defined in Sec. 8. The tem-
plate distributions used as probability density functions for P(p4`

T |m4`) and P(Djet|m4`)
are derived in the same way as for the P(Dkin

bkg|m4`), which is discussed later in this sec-
tion.

2. For the measurement of the mass and width of the resonance we use the following 3D
likelihood:

Lm,G
3D ⌘ Lm,G

3D (m4`,Dm,Dkin
bkg) = P(m4`|mH, G,Dm)P(Dm|m4`)⇥ P(Dkin

bkg|m4`). (15)

In this case, the information about the per-event mass uncertainty, Dm, based on the es-
timated resolution of the single leptons, as described in Sec. 8.1, is used. The probability

28 12 Higgs boson properties measurement
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Figure 14: (left) Distribution of p4`
T versus m4` in the low-mass-range 0/1-jet category with col-

ors shown for the expected relative density in linear scale (in arbitrary units) of background
plus the Higgs boson signal for mH = 126 GeV. No events are observed for pT > 150 GeV.
The points show the data, and horizontal bars represent the measured mass uncertainties.
(right) Distribution of p4`

T in the 0/1-jet category for events in the mass region 121.5 < m4` <
130.5 GeV. Points with error bars represent the data, shaded histograms represent the back-
grounds, and the red histograms represent the signal expectation, broken down by production
mechanism. Signal and background histograms are stacked.
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cases where one of the discriminants listed in Table 2 is used, this observable typically combines
more than one discriminating variable. Each of these models is outlined below:



CMS: At mH=125.6 GeV


ATLAS: At mH=125.36 GeV
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total uncertainty agrees with the observed one. The result is 0.83+0.31
�0.25 in the 0/1-jet category

and 1.45+0.89
�0.62 in the dijet category. The best-fit values are shown in Fig. 22 (left). For each

category, the signal strength is consistent with SM expectations within the uncertainties, which
are dominated by the statistical ones with the current data set.

µbest fit 
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Figure 22: (left) Values of µ for the two categories. The vertical line shows the combined µ
together with its associated ±1s uncertainties, shown as a green band. The horizontal bars
indicate the ±1s uncertainties in µ for the different categories. The uncertainties include both
statistical and systematic sources of uncertainty. (right) Likelihood contours on the signal-
strength modifiers associated with fermions (µggH, ttH) and vector bosons (µVBF, VH) shown at a
68% and 95% CL

The categorization according to jet multiplicity and the inclusion of VBF-sensitive variables in
the likelihood, like p4`

T and Djet, used to measure the cross section in the inclusive category, are
also used to disentangle the production mechanisms of the observed new state. The production
mechanisms are split into two families depending on whether the production is through cou-
plings to fermions (gluon fusion, ttH) or vector bosons (VBF, VH). For mH = 126 GeV, about
55% of the VBF events are expected to be included in the dijet category, while only 8% of the
gluon fusion events are included in the dijet category. As shown in Table 5, a fraction of 43%
of WH and ZH production contributes to the dijet category. Events that contribute are those in
which the vector boson decays hadronically.

Two signal-strength modifiers (µggH, ttH and µVBF, VH) are introduced as scale factors for the
fermion and vector-boson induced contribution to the expected SM cross section. A two-
dimensional fit is performed for the two signal-strength modifiers assuming a mass hypothesis
of mH = 125.6 GeV. The likelihood is profiled for all nuisance parameters and 68% and 95%
CL contours in the (µggH, ttH, µVBF, VH) plane are obtained. Figure 22 (right) shows the result of
the fit leading to the measurements of µggH, ttH = 0.80+0.46

�0.36 and µVBF, VH = 1.7+2.2
�2.1. The mea-

sured values are consistent with the expectations for the SM Higgs boson, (µggH, ttH, µVBF, VH) =
(1, 1). With the current limited statistics, we cannot establish yet the presence of VBF and VH
production, since µVBF, VH = 0 is also compatible with the data. Since the decay (into ZZ) is
vector-boson mediated, it is necessary that such a coupling must exist in the production side
and that the SM VBF and SM VH production mechanisms must be present. The fitted value of

HÆZZ*Æ4l (4/4)
• ATLAS:  . .. ..

• mH=125.36 GeV

• CMS:  . .. ..
• mH=125.6 GeV

• Data agree with the SM expectations.
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total uncertainty agrees with the observed one. The result is 0.83+0.31
�0.25 in the 0/1-jet category

and 1.45+0.89
�0.62 in the dijet category. The best-fit values are shown in Fig. 22 (left). For each

category, the signal strength is consistent with SM expectations within the uncertainties, which
are dominated by the statistical ones with the current data set.
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Figure 22: (left) Values of µ for the two categories. The vertical line shows the combined µ
together with its associated ±1s uncertainties, shown as a green band. The horizontal bars
indicate the ±1s uncertainties in µ for the different categories. The uncertainties include both
statistical and systematic sources of uncertainty. (right) Likelihood contours on the signal-
strength modifiers associated with fermions (µggH, ttH) and vector bosons (µVBF, VH) shown at a
68% and 95% CL

The categorization according to jet multiplicity and the inclusion of VBF-sensitive variables in
the likelihood, like p4`

T and Djet, used to measure the cross section in the inclusive category, are
also used to disentangle the production mechanisms of the observed new state. The production
mechanisms are split into two families depending on whether the production is through cou-
plings to fermions (gluon fusion, ttH) or vector bosons (VBF, VH). For mH = 126 GeV, about
55% of the VBF events are expected to be included in the dijet category, while only 8% of the
gluon fusion events are included in the dijet category. As shown in Table 5, a fraction of 43%
of WH and ZH production contributes to the dijet category. Events that contribute are those in
which the vector boson decays hadronically.

Two signal-strength modifiers (µggH, ttH and µVBF, VH) are introduced as scale factors for the
fermion and vector-boson induced contribution to the expected SM cross section. A two-
dimensional fit is performed for the two signal-strength modifiers assuming a mass hypothesis
of mH = 125.6 GeV. The likelihood is profiled for all nuisance parameters and 68% and 95%
CL contours in the (µggH, ttH, µVBF, VH) plane are obtained. Figure 22 (right) shows the result of
the fit leading to the measurements of µggH, ttH = 0.80+0.46

�0.36 and µVBF, VH = 1.7+2.2
�2.1. The mea-

sured values are consistent with the expectations for the SM Higgs boson, (µggH, ttH, µVBF, VH) =
(1, 1). With the current limited statistics, we cannot establish yet the presence of VBF and VH
production, since µVBF, VH = 0 is also compatible with the data. Since the decay (into ZZ) is
vector-boson mediated, it is necessary that such a coupling must exist in the production side
and that the SM VBF and SM VH production mechanisms must be present. The fitted value of

𝝁VBF,VH=
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Abstract

The final ATLAS Run 1 measurements of Higgs boson production and couplings in the decay
channel H ! ZZ⇤ ! `+`�`

0+`
0�, where `, `

0
= e or µ, are presented. These measurements were

performed using pp collision data corresponding to integrated luminosities of 4.5 fb�1 and 20.3 fb�1

at center-of-mass energies of 7 TeV and 8 TeV, respectively, recorded with the ATLAS detector at
the LHC. The H ! ZZ⇤ ! 4` signal is observed with a significance of 8.1 standard deviations, with
an expectation of 6.2 standard deviations, at mH = 125.36 GeV, the combined ATLAS measurement
of the Higgs boson mass from the H ! �� and H ! ZZ⇤ ! 4` channels. The production rate
relative to the Standard Model expectation, the signal strength, is measured in four different production
categories in the H ! ZZ⇤ ! 4` channel. The measured signal strength, at this mass, and with all
categories combined, is 1.44 +0.40

�0.33. The signal strength for Higgs boson production in gluon fusion
or in association with tt̄ or bb̄ pairs is found to be 1.7 +0.5

�0.4, while the signal strength for vector-boson
fusion combined with WH/ZH associated production is found to be 0.3 +1.6

�0.9.
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Within the SM H➞𝛄𝛄 decays allowed through the top/W loops and thus 
this channel is sensitive to new phenomena


Event topology is fully reconstructed with very good mass resolution


Observed signal strength is consistent with SM predictions:
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FIG. 13. Diphoton invariant mass m�� spectrum observed in
the sum of the 7 TeV and 8 TeV data. Each event is weighted
by the signal-to-background ratio in the dataset and category
it belongs to. The errors bars represent 68% confidence in-
tervals of the weighted sums. The solid red curve shows the
fitted signal plus background model when the Higgs boson
mass is fixed at 125.4 GeV. The background component of
the fit is shown with the dotted blue curve. The signal com-
ponent of the fit is shown with the solid black curve. Both the
signal plus background and background-only curves reported
here are obtained from the sum of the individual curves in
each category weighted by their signal-to-background ratio.
The bottom plot shows the data relative to the background
component of the fitted model.

Table XIV. They are determined from the di↵erence in
quadrature between the nominal uncertainty and change
in the 68% CL range on µ when the corresponding nui-
sance parameters are fixed to their best fit values. The
sums of the squares of the theoretical uncertainties linked
to the QCD scales, PDFs, and H ! �� branching ratio
account for approximately 50% of the square of the to-
tal systematic uncertainty. The dominant experimental
uncertainty is from the photon energy resolution, which
represents approximately 30% of the total systematic un-
certainty (as above in terms of its contribution to the
square of the total systematic uncertainty). In the fit
to extract the signal strengths, the post-fit values of the
most relevant nuisance parameters (those apart from the
ones of the background model), do not show significant
deviations from their pre-fit input values.

The compatibility of the combined signal strength pre-
sented in this article with the one published in Ref. [13],
µ = 1.55 +0.33

�0.28, is investigated using a jackknife resam-
pling technique [111, 112] in which variances and covari-
ances of observables are estimated with a series of sub-

TABLE XIV. Main systematic uncertainties �syst.
µ on the

combined signal strength parameter µ. The values for each
group of uncertainties are determined by subtracting in
quadrature from the total uncertainty the change in the 68%
CL range on µ when the corresponding nuisance parameters
are fixed to their best fit values. The experimental uncer-
tainty on the yield does not include the luminosity contribu-
tion, which is accounted for separately.

Uncertainty group �syst.
µ

Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03
Experimental (migrations) 0.02
Resolution 0.07
Mass scale 0.02
Background shape 0.02

samples of the observations. The datasets used in the
two analyses are highly correlated: 142681 events are
selected in Ref. [13], 111791 events are selected in the
current analysis, and 104407 events are selected in both
analyses. The significance of the 0.4 di↵erence between
the combined signal strengths, including the e↵ect of the
74% correlation between the two measurements, is cal-
culated by applying the jackknife technique to the union
of the two datasets and is found to be 2.3�. An un-
certainty of 0.1� on the compatibility between the two
measurements is estimated by varying the size of the jack-
knife sub-samples. The decrease in the observed signal
significance (5.2�) with respect to the one published in
Ref. [13] (7.4�) is related to the reduction of the mea-
sured signal strength according to the asymptotic for-
mula Z = µ/�stat

µ , where �stat

µ is the statistical compo-
nent of the uncertainty on µ. In other words, the ob-
served reductions of the significance and signal strength
are consistent with each other and consistent with a sta-
tistical fluctuation at the level of ⇠ 2.3�.

As can be seen in Figs. 17 and 18, the observed sig-
nal strengths of the tagged categories, which are domi-
nated by production processes other than ggF, tend to
be lower than the signal strengths measured with the
untagged categories, which are dominated by ggF pro-
duction. This tendency, combined with the optimized
sensitivity of this analysis to production processes other
than ggF, results in a lower combined signal strength
than those measured using alternative analyses of the
same dataset (or where the datasets are largely over-
lapping) that are inclusive with respect to the produc-
tion process. The compatibility of the combined signal
strength obtained in this analysis with the signal strength
µ = 1.29± 0.30 obtained in the mass measurement anal-
ysis quoted in Ref. [9] for the diphoton channel (where
the diphoton events are sorted into categories that de-

HÆJJ (2/3)
• Signal strength P=Vobs/VSM

• P=1 means that data observation is compatible with SM predictions. 
• P=0 means that no signal is observed. 
• Determined inclusively and separately for individual production channels.

• ATLAS:  . .. ..

• CMS:  . .
.

..

6/21



11Prolay K. Mal @ WIN2015, Heidelberg, Germany, June  8-13, 2015

Search for H➞𝛄𝛄 (II)

PRD 90,112015(2014) Eur. Phys J C74, 3076 (2014)

Correlation studies between different production modes


ATLAS: ggF vs VBF, VH and ttH


CMS ggF+ttH vs VBF+VH

11.3 Production mechanisms and coupling modifiers 47
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Figure 23: Map of the likelihood ratio q(µggH,ttH, µVBF, VH) with mH treated as an unconstrained
parameter. The 1 s and 2 s uncertainty contours are shown. The cross indicates the best-fit
values, (µ̂ggH,ttH, µ̂VBF, VH) = (1.13, 1.16), and the diamond represents the SM expectation.
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Figure 24: Best-fit signal strength, µ̂, measured for each of the production processes in a com-
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combined fit with a single signal strength.
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Fig. 21. The result for µ
VBF

/µ
ggF

is consistent
with µ

VBF+V H/µ
ggF+t¯tH = 1.1+0.9

�0.5 reported by ATLAS
with the same data in Ref. [13], although they are not
directly comparable.
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FIG. 21. Measurements of the µ
VBF

/µ
ggF

, µV H/µ
ggF

and
µt¯tH/µ

ggF

ratios and their total errors for a Higgs boson mass
mH = 125.4 GeV. For a more complete illustration, the log-
likelihood curves from which the total uncertainties are ex-
tracted are also shown: the best fit values are represented
by the solid vertical lines, with the total ±1� and ±2� un-
certainties indicated by the dark- and light-shaded band, re-
spectively. The likelihood curve and uncertainty bands for
µV H/µ

ggF

stop at zero because below this the hypothesized
signal plus background mass distribution in the V H dilepton
channel becomes negative (unphysical) for some mass in the
fit range.

XI. CONCLUSION

A refined measurement of Higgs boson signal strengths
in the H ! �� decay channel is performed using the
proton-proton collision data recorded by the ATLAS ex-
periment at the CERN Large Hadron Collider at center-
of-mass energies of

p
s = 7 TeV and

p
s = 8 TeV corre-

sponding to a total integrated luminosity of 25 fb�1(the

LHC Run 1 dataset). The results are based on improved
calibrations for photons, electrons and muons and on
improved analysis techniques with respect to the pre-
viously published analysis of the same dataset. The
strength of the signal relative to the SM expectation,
measured at the combined ATLAS Higgs boson mass
mH = 125.4 GeV is found to be

µ = 1.17± 0.27.

The compatibility with the SM prediction of µ = 1 cor-
responds to 0.7�. Signal strengths of the main produc-
tion modes are measured separately by exploiting event
categories that are designed to be sensitive to particular
production modes. They are found to be

µ
ggF

= 1.32± 0.38,

µ
VBF

= 0.8± 0.7,

µWH = 1.0± 1.6,

µZH = 0.1 +3.7
�0.1,

µt¯tH = 1.6 +2.7
�1.8,

where the statistical, systematic and theoretical uncer-
tainties are combined. The total uncertainty of both the
combined and the five individual signal strength param-
eters presented above is dominated by the statistical un-
certainty. These are the first results obtained by ATLAS
in the diphoton final state for these five production mech-
anisms simultaneously. No significant deviations from
the SM expectations are observed. More data are needed
to establish evidence for Higgs boson production in the
H ! �� decay channel via the VBF, WH, ZH, and tt̄H
production mechanisms individually. These results su-
persede the previous ones and represent the new refer-
ence for the signal strengths of Higgs boson production
in the H ! �� decay channel measured by ATLAS with
the LHC Run 1 data.
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Total & differential cross-section

arXiv:1504.05833

Total cross-section measurement using H➞ZZ and H➞𝛄𝛄 events


H➞ZZ : 35.0 ± 8.4(stat) ± 1.8(syst) pb


H➞𝛄𝛄: 31.4 ± 7.2(stat) ± 1.6(syst) pb


Total: 33.0 ± 5.3(stat) ± 1.6(syst) pb


Differential cross-section as functions of pTH, |ηH|, pTjets & Njets
2

range 56–99%.
In the binned maximum-likelihood fit, the statisti-

cal uncertainty of the H ! �� event yield is modeled
using a Gaussian distribution, while the event yield
in the H ! ZZ⇤ ! 4` channel follows a Poisson dis-
tribution due to the small sample size. Experimen-
tal and theoretical systematic uncertainties a↵ecting the
signal yields, detector e�ciencies, branching fractions
and fiducial acceptance corrections are taken into ac-
count in the likelihood as constrained nuisance param-
eters. Nuisance parameters describing the same uncer-
tainty sources are treated as fully correlated between
bins and channels. Systematic uncertainties on the
H ! �� and H ! ZZ⇤ ! 4` background estimates and
e�ciency correction factors, as well as the uncertainty
on the integrated luminosity, are described in detail in
Refs. [8, 9]. The branching fraction uncertainty due to
the assumed quark masses and other theoretical uncer-
tainties are evaluated following the recommendations of
Ref. [16], considering uncertainty correlations between
the H ! �� and H ! ZZ⇤ ! 4` decay channels. Un-
certainties on the acceptance correction related to the
choice of PDF set are evaluated by taking the envelope
of the sum in quadratures of eigenvector variations of
the baseline (CT10 [17]) and the central values of alter-
native (MSTW2008NLO [18] and NNPDF2.3 [19]) PDF
sets. Uncertainties on the acceptance correction asso-
ciated with missing higher-order corrections are evalu-
ated by varying the renormalization and factorization
scales coherently and individually by factors of 0.5 and
2 from their nominal values, and by reweighting the pHT
distribution from Powheg-box to the prediction of the
HRes 2.2 calculation [20, 21]. The envelope of the max-
imum deviation of the combined scale variations and the
pHT reweighting is used as the systematic variation. To
account for the uncertainty in the mass measurement,
the Higgs boson mass is varied by ±0.4 GeV. To as-
sess the systematic uncertainty due to the assumption of
SM cross-section fractions of the Higgs boson production
modes, the VBF and VH fractions are varied by factors of
0.5 and 2 from the SM prediction and the fraction of tt̄H
is varied by factors of 0 and 5. These factors are based
on current experimental bounds [22–26]. The total un-
certainties on the acceptance correction range from 1%
to 6%, depending on the channel, distribution and bin.

The total systematic uncertainties on the combined dif-
ferential cross sections range from 4% to 12%, depending
on the distribution and bin. For the kinematic variables
pHT and |yH|, the largest systematic uncertainties on the
di↵erential cross sections are due to the luminosity and
the background estimates in both channels. For the jet
variables Njets and pj1T , the largest systematic uncertain-
ties on the di↵erential cross sections are due to the jet en-
ergy scale and resolution. In the shape combination, the
normalization uncertainties including luminosity, branch-
ing fractions, and e�ciency uncertainties do not apply.
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FIG. 1. Measured total cross section of Higgs boson produc-
tion compared to two calculations of the ggF cross section.
Contributions from other relevant Higgs boson production
modes (VBF, VH, tt̄H, bb̄H) are added using cross sections
and uncertainties from Ref. [10]. Details of the predictions
are presented in Table I.

Statistical uncertainties dominate all resulting distribu-
tions, ranging from 23% to 75%.

TABLE I. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second
column states the order in QCD perturbation theory and
which threshold resummation is applied, if any. Further de-
tails are provided in the footnotes. All predictions are for
mH = 125.4 GeV and

p
s = 8 TeV.

Total cross-section calculations

LHC-XS [10] NNLO+NNLL a,b,c

ADDFGHLM [27–30] N3LO a,b,c

Analytical di↵erential cross-section predictions

HRes 2.2 [20, 21] NNLO+NNLL a,e,f

STWZ [31], BLPTW [32] NNLO+NNLL c,d,e,g,h

JetVHeto 2.0 [33–35] NNLO+NNLL a,c,e

Monte Carlo event generators

SHERPA 2.1.1 [36, 37] H + 0, 1, 2 jets @NLO i,j

MG5 aMC@NLO [38, 39] H + 0, 1, 2 jets @NLO i,k,l

Powheg Nnlops [40, 41] NNLO�0j , NLO e,l,m
�1j

a Considers b- (and c-) quark masses in the gg ! H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo [18] (↵s from PDF set)
d Uses ⇡2-resummed gg ! H form factor
e NNLO refers to the total cross section
f Based on the CT10nnlo PDF set
g In the notation of Ref. [31], this corresponds to NNLL0
h Includes 1-jet resummation included at NLL0+NLO
i Based on the CT10nlo PDF set
j Uses MEPS@NLO method and CKKW merging scheme [42–44]
k Software version 2.2.1, NLO merged using FxFx scheme [39]
l Interfaced with Pythia8 for parton showering
m Uses Minlo method & yH reweighting to HNNLO [41, 45, 46].
The total pp ! H cross section is determined in the

H ! �� channel to be 31.4±7.2 (stat)±1.6 (sys) pb and
in the H ! ZZ⇤ ! 4` channel to be 35.0 ± 8.4 (stat) ±
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FIG. 3. Di↵erential cross sections (left) and normalized cross-section shapes (right) for inclusive Higgs boson production
measured by combining the H ! �� and H ! ZZ⇤ ! 4` channels. The measured variables are the Higgs boson transverse
momentum pHT (top) and its rapidity |yH| (middle), and the transverse momentum of the leading jet pj1T (bottom). The 0–30 GeV
bin of the pj1T distributions corresponds to events without jets above 30 GeV. Various theoretical predictions are presented,
using the same bin widths as the measurement.
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Search for H➞Z𝛄

PLB 732C, 8(2014)/arXiv:1402.3051

CMS-HIG-13-006/arXiv:1307.5515

Potential search channel for probing BSM 
physics through loop diagrams


No statistically significant excess observed


ATLAS limits(@95%CL): 𝝁 < 11 for mH=125 GeV


CMS limits (@95%CL): 𝝁 < 9.5 for mH=125 GeV

4 4 Event classes

Table 1: Observed and expected event yields for a 125 GeV SM Higgs boson.

Sample Integrated Observed event Expected number of
luminosity yield for signal events for

(fb�1) 100 < m``g <190 GeV mH = 125 GeV
2011 ee 5.0 2353 1.2
2011 µµ 5.1 2848 1.4
2012 ee 19.6 12899 6.3
2012 µµ 19.6 13860 7.0
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Figure 2: The m``g spectrum in the electron and the muon channels for the 7 and 8 TeV data
combined, without weighting by the expected signal to background ratio of the individual
data samples. Also shown is the expected signal due to a 125 GeV standard model Higgs boson,
scaled by 75, and the sum of the individual fits made to the data for each channel and event
class described in section 4. The uncertainty band reflects the statistical uncertainty from the
fits to the data.

4 Event classes

The sensitivity of the search is enhanced by 20–40% by dividing the selected events into mutually-
exclusive classes according to the expected mass resolution and the signal-to-background ratio,
and then combining the results from each class.

As shown in Table 2, a significant fraction of the signal events are expected to have both leptons
and the photon in the barrel, while less than a fifth of the signal events are expected to have
a photon in the endcap. This is in contrast with the background, where around one third of
the events are expected to have a photon in the endcap. In addition, events where the photon
does not convert into an e+e� pair have less background and better resolution in mH. For these
reasons, the events are classified according to the pseudorapidity of the leptons, the pseudo-
rapidity of the photon and the shower shape of the photon for events with the two leptons in
the barrel. The shower shape of the photon (R9) is characterized by the energy sum of 3 ⇥ 3
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tic [60]. Higgs boson decays to final states other than ℓℓγ are
expected to contribute negligibly to the background in the se-
lected sample. For each fixed value of the Higgs bosonmass be-
tween 120 and 150 GeV fits are performed in steps of 0.5 GeV
to determine the best value of µ (µ̂) or to maximise the likeli-
hood with respect to all the nuisance parameters for alternative
values of µ, including µ = 0 (background-only hypothesis) and
µ = 1 (background plus Higgs boson of that mass, with SM-like
production cross section times branching ratio). The compati-
bility between the data and the background-only hypothesis is
quantified by the p-value of the µ = 0 hypothesis, p0, which
provides an estimate of the significance of a possible observa-
tion. Upper limits on the signal strength at 95% CL are set
using a modified frequentist (CLs) method [61], by identifying
the value µup for which the CLs is equal to 0.05. Closed-form
asymptotic formulae [62] are used to derive the results. Fits to
the data are performed to obtain observed results. Fits to Asi-
mov pseudo-data [62], generated either according to the µ = 1
or µ = 0 hypotheses, are performed to compute expected p0 and
CLs upper limits, respectively.
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Fig. 2. Distribution of the reconstructed ℓℓγ invariant mass in data,
after combining all the event categories (points with error bars). The
solid blue line shows the sum of background-only fits to the data per-
formed in each category. The dashed histogram corresponds to the
signal expectation for a Higgs boson mass of 125 GeV decaying to Zγ
at 50 times the SM-predicted rate.

Figure 2 shows the mℓℓγ distribution of all events selected
in data, compared to the sum of the background-only fits to
the data in each of the ten event categories. No significant
excess with respect to the background is visible, and the ob-
served p0 is compatible with the data being composed of back-
ground only. The smallest p0 (0.05), corresponding to a signif-
icance of 1.6 σ, occurs for a mass of 141 GeV. The expected
p0 ranges between 0.34 and 0.44 for a Higgs boson with a mass
120 < mH < 150 GeV and SM-like cross section and branch-
ing ratio, corresponding to significances around 0.2 σ. The ex-
pected p0 at mH = 125.5 GeV is 0.42, corresponding to a sig-
nificance of 0.2 σ, while the observed p0 at the same mass is
0.27 (0.6 σ).

Observed and expected 95% CL upper limits on the value of
the signal strength µ are derived and shown in Fig. 3. The ex-
pected limit ranges between 5 and 15 and the observed limit
varies between 3.5 and 18 for a Higgs boson mass between
120 and 150 GeV. In particular, for a mass of 125.5 GeV, the
observed and expected limits are equal to 11 and 9 times the
Standard Model prediction, respectively. At the same mass the
expected limit on µ assuming the existence of a SM (µ = 1)
Higgs boson with mH = 125.5 GeV is 10. The results are dom-
inated by the statistical uncertainties: neglecting all systematic
uncertainties, the observed and expected 95% CL limits on the
cross section at 125.5 GeV decrease by about 5%.
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Upper limits on the pp → H → Zγ cross section times
branching ratio are also derived at 95% CL, for

√
s = 7 and

8 TeV. For
√
s = 8 TeV, the limit ranges between 0.13 and 0.5

pb; for
√
s = 7 TeV, it ranges between 0.20 and 0.8 pb.

7. Conclusions

A search for a Higgs boson in the decay channel H → Zγ,
Z → ℓℓ (ℓ = e, µ), in the mass range 120-150 GeV, was per-
formed using 4.5 fb−1 of proton–proton collisions at

√
s =

7 TeV and 20.3 fb−1 of proton–proton collisions at
√
s = 8 TeV

recorded with the ATLAS detector at the LHC. No excess with
respect to the background is found in the ℓℓγ invariant-mass
distribution and 95%CL upper limits on the cross section times
branching ratio are derived. For

√
s = 8 TeV, the limit ranges

between 0.13 and 0.5 pb. Combining
√
s = 7 and 8 TeV data

and dividing the cross section by the Standard Model expec-
tation, for a mass of 125.5 GeV, the observed 95% confidence
limit is 11 times the SM prediction.
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and dividing the cross section by the Standard Model expec-
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Run II Perspectives

ATL-PHYS-PUB-2014-016CMS-NOTE-2013-002/arXiv:1307.7135

During LHC Run II, at higher center of mass 
energy (√s=13 TeV), the Higgs production 
cross-sections would be enhanced by a factor 
of 2 in ggF, VBF and VH.


The projected integrated luminosity to be 
accumulated during Run II would increase 
the precision of Higgs results.
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon

SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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Summary & Outlook

At the LHC, the VBF/VH Higgs production with subsequent 
decays into the bosons (WW, ZZ, 𝛄𝛄) provide excellent 
opportunity to study various properties of the Higgs.

ATLAS and CMS have performed extensive searches for the 
SM Higgs using Run I dataset.

The observed signal strengths in ggF/VH/VBF are consistent 
with the SM expectations.

The differential and total production cross section for the 
Higgs boson are measured using H➞𝛄𝛄 and H➞ZZ decays.

LHC Run II has just begun and all the Higgs results would 
be superseded with the Run II results; associated 
production of Higgs would have much better sensitivity.
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Figure 1: Feynman diagrams at tree-level of the VH topologies studied in the present analysis: (a) 4`
channel (b) 3` channel (c) opposite-sign 2` channel and (d) same-sign 2` channel.
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Signal significance Z0

Category Exp. Obs. Obs.
Z0 Z0 Z0

ggF 4.4 4.2
VBF 2.6 3.2

VH 0.93 2.5
WH only 0.77 1.4
ZH only 0.30 2.0

ggF+VBF+VH 5.9 6.5

0 1 2 3 4 5 6 7

Observed signal strength µobs

µ Tot. err. Syst. err. µ
+ � + �

0.98 0.29 0.26 0.22 0.18
1.28 0.55 0.47 0.32 0.25

3.0 1.6 1.3 0.95 0.65
2.1 1.9 1.6 1.2 0.79
5.1 4.3 3.1 1.9 0.89

1.16 0.24 0.21 0.18 0.15

0 1 2 3 4 5 6 7 8 9 10

Table 13: The signal significance Z0, and the signal strength µ evaluated for the di↵erent production
modes: ggF, VBF and VH (WH and ZH) for a Higgs boson mass of 125.36 GeV, for the 7 TeV and 8
TeV data combined.
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Figure 10: Likelihood as a function of the production mode signal strengths in two-dimensional planes of
(a) µVH vs µggF and (b) µVH vs µVBF. The markers indicate the best fit to the data and the SM expectation
(1,1).
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Figure 8: The likelihood as a function of µWH and µZH, for mH = 125.36 GeV. The contours correspond
to the values of (µWH, µZH) associated with the 68%, 90% and 95% confidence levels, respectively. The
markers indicate the best fit to the data and the SM expectation (µWH, µWH)=(1,1).
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Figure 9: The likelihood as a function of the µ value from the di↵erent production processes (a) ggF,
(b) VBF, (c) VH and (d) their combination. All values are extracted from the combined fit. The best
fit values are represented by the markers at the likelihood minima, with the ±1� and ±2� uncertainties
given by the green and yellow shaded bands, respectively.
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Figure 8: The likelihood as a function of µWH and µZH, for mH = 125.36 GeV. The contours correspond
to the values of (µWH, µZH) associated with the 68%, 90% and 95% confidence levels, respectively. The
markers indicate the best fit to the data and the SM expectation (µWH, µWH)=(1,1).
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Figure 15: The m`` distribution for mH = 125 GeV used as input to the template fit in the eµ
final state for the VH analysis after the corresponding selection at

p
s = 8 TeV.

Table 14: A summary of the expected and observed 95% CL upper limits on the H ! WW
production cross section relative to the SM prediction, the significances for the background-
only hypothesis to account for the excess in units of standard deviations (sd), and the best-fit
s/sSM at mH = 125 GeV for the VH analyses. The shape-based analysis results use the one-
dimensional binned template fit to the m`` distribution for the eµ final state, combined with
counting analysis results for the ee/µµ final states.

VH analysis 95% CL limits on s/sSM Significance s/sSM
mH = 125 GeV expected / observed expected / observed observed
Counting analysis (default) 4.1 / 4.5 0.6 / 0.2 sd 0.40+2.03

�1.93
Shape-based 4.0 / 4.7 0.6 / 0.4 sd 0.73+2.04

�1.85
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Figure 15: The m`` distribution for mH = 125 GeV used as input to the template fit in the eµ
final state for the VH analysis after the corresponding selection at

p
s = 8 TeV.

Table 14: A summary of the expected and observed 95% CL upper limits on the H ! WW
production cross section relative to the SM prediction, the significances for the background-
only hypothesis to account for the excess in units of standard deviations (sd), and the best-fit
s/sSM at mH = 125 GeV for the VH analyses. The shape-based analysis results use the one-
dimensional binned template fit to the m`` distribution for the eµ final state, combined with
counting analysis results for the ee/µµ final states.

VH analysis 95% CL limits on s/sSM Significance s/sSM
mH = 125 GeV expected / observed expected / observed observed
Counting analysis (default) 4.1 / 4.5 0.6 / 0.2 sd 0.40+2.03

�1.93
Shape-based 4.0 / 4.7 0.6 / 0.4 sd 0.73+2.04

�1.85
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SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.

2

ATL-PHYS-PUB-2014-016


