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Outline 

l  Introduction 
l  Higgs mass and spin parity 
l  Higgs couplings 
l  Limits on new physics 
l  Conclusion 

l  Abstract: State of the art on Higgs coupling measurements and 
SUSY and other Higgs searches using the ATLAS and CMS 
experiments 
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Since there are no other Higgs talks at 
the conference we introduce the Higgs 
production and decay modes. We 
update on mass and signal strength, 
and spin parity measurement. Note on 
evidence for VBF production. Explain 
the search for deviations from SM in 
different benchmark scenarios. Finally 
update on recent results of 
interpretations beyond the SM. 
 



Higgs boson discovery 

l  ATLAS and CMS experiments observed a 
new particle compatible with the SM 
Higgs boson in July 2012 
n  … and Nobel prize has been awarded 

l  Precision measurements of the properties 
of the new boson are of critical 
importance 
n  … is the new boson solely responsible for 

the electroweak symmetry breaking?  
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SM Higgs boson production at the LHC 

l  Considering a 125.5 GeV Higgs at 
√s = 8 TeV 

l  Gluon Fusion (ggF) 
n  gg à H 
n  19 pb (87%) 
n  With no specific topology  

l  Vector Boson Fusion (VBF) 
n  qq à qqH 
n  1.6 pb (7.3%) 
n  With specific jet topology 

l  Associated production with vector 
bosons (VH) or top pairs (ttH) 
n  qq à WH, ZH, ttH 
n  0.70, 0.41, 0.13 pb (5.7%) 

Detailed description at CERN Yellow Reports I, II and III 
(arXiv:1101.0593, arXiv:1201.3084 and arXiv:1307.1347) 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections 
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Higgs%boson%produc6on%%
Higgs Boson production at the LHC via: 
(mHiggs 125.5 GeV @ 8 TeV : 21.84 pb)  
 

!  Gluon Gluon fusion: 
    - gg → H 
    - 19 pb (87%) 
    - no specific topology 
 
!  Vector Boson fusion: 
   - qq → qqH 
   - 1.6 pb (7.3%) 
   - specific jet topology 
 
!  Associated Production: 
    - qq → WH,ZH, ttH 
    - 0.70/0.41/0.13 pb (5.7%) 

Higgs boson production 
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Dominant production processes are gluon fusion and vector boson fusion 

 [GeV]HM
100 200 300 1000

Br
an

ch
in

g 
ra

tio
s

-310

-210

-110

1

500

bb

��

cc

ttgg

�� �Z

WW

ZZ

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

Higgs searches at ATLAS Carlos Solans 4 

Higgs boson production 

 [GeV] HM
100 200 300 400 500 1000

 H
+X

) [
pb

]  
  

�
(p

p 
�

-210

-110

1

10
= 7 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

 H (NNLO+NNLL QCD + NLO EW)

�pp 

 qqH (NNLO QCD + NLO EW)

�pp 

 WH (NNLO QCD + NLO EW)

�
pp 

 ZH (NNLO QCD +NLO EW)

�
pp 

 ttH (NLO QCD)

�
pp 

�

�

�

�

�

��

� �

� �

���

���

��

�

�

���

���

�� � �

�

� �

�

��

CERN-2011-002; arXiv:1101.0593 

Dominant production processes are gluon fusion and vector boson fusion 

 [GeV]HM
100 200 300 1000

Br
an

ch
in

g 
ra

tio
s

-310

-210

-110

1

500

bb

��

cc

ttgg

�� �Z

WW

ZZ

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

Higgs searches at ATLAS Carlos Solans 4 

x10 

Higgs boson production 

 [GeV] HM
100 200 300 400 500 1000

 H
+X

) [
pb

]  
  

�
(p

p 
�

-210

-110

1

10
= 7 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

 H (NNLO+NNLL QCD + NLO EW)

�pp 

 qqH (NNLO QCD + NLO EW)

�pp 

 WH (NNLO QCD + NLO EW)

�
pp 

 ZH (NNLO QCD +NLO EW)

�
pp 

 ttH (NLO QCD)

�
pp 

�

�

�

�

�

��

� �

� �

���

���

��

�

�

���

���

�� � �

�

� �

�

��

CERN-2011-002; arXiv:1101.0593 

Dominant production processes are gluon fusion and vector boson fusion 

 [GeV]HM
100 200 300 1000

Br
an

ch
in

g 
ra

tio
s

-310

-210

-110

1

500

bb

��

cc

ttgg

�� �Z

WW

ZZ

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

Higgs searches at ATLAS Carlos Solans 4 

Gluon fusion  

Vector Boson fusion  

Associated Production  

For a detailed description and a complete set of references  
see CERN Yellow Reports I, II and III  
(arXiv:1101.0593, arXiv:1201.3084 and arXiv:1307.1347) 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections  
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Higgs Boson production at the LHC via: 
(mHiggs 125.5 GeV @ 8 TeV : 21.84 pb)  
 

!  Gluon Gluon fusion: 
    - gg → H 
    - 19 pb (87%) 
    - no specific topology 
 
!  Vector Boson fusion: 
   - qq → qqH 
   - 1.6 pb (7.3%) 
   - specific jet topology 
 
!  Associated Production: 
    - qq → WH,ZH, ttH 
    - 0.70/0.41/0.13 pb (5.7%) 
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Dominant production processes are gluon fusion and vector boson fusion 
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Gluon fusion  

Vector Boson fusion  

Associated Production  

For a detailed description and a complete set of references  
see CERN Yellow Reports I, II and III  
(arXiv:1101.0593, arXiv:1201.3084 and arXiv:1307.1347) 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections  
  

Higgs boson production 
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Dominant production processes are gluon fusion and vector boson fusion 
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125.5 GeV Higgs 

! ! "

!"#$%&&'#()')*#+,)-./0%)*#10#023#4$5!"#$%&&'#()')*#+,)-./0%)*#10#023#4$5
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!"#$%&'()*%+,-&$*-$+.(/*(-/-&'(%,/..0.+%-$/*.Typical uncertainties on total cross-sections 

Jianming Qian (University of Michigan) 3 

Theoretical Uncertainties 

The uncertainties in the ggF  
process are starting to limit  
the precision of the coupling 
measurements. 

* | * � '0.57   has a large 
impact on parametric uncertainties

H bbb m

Need to improve SM calculations and their inputs   
as we enter a new era of precision Higgs physics! 

LHC cross section working group 

A. Denner et al., arXiv:1107.5909 

Gluon fusion 

Vector Boson fusion 

Associated production 
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SM Higgs boson decays at the LHC 

l  Higgs boson decay channels  
considering mH = 125.5 GeV are 
n  H à bb 

•  BR (H → bb): 56.9 % 
•  large BR, Yukawa coupling  

n  H à WW 
•  BR (H → WW): 22.3% 
•  large BR, gauge boson coupling  

n  H à ττ 	

•  BR (H→ ττ ): 6.2 % 
•  Yukawa coupling  

n  H à ZZ 
•  BR (H → ZZ ): 2.8 % 
•  high mass resolution, high S/B, gauge boson 

coupling  
n  H à γγ  

•  BR (H → γγ ): 0.24 % 
•  high mass resolution, loop coupling dominated 

by gauge boson coupling 
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Evidence for a 125 GeV Higgs 

l  Evidence of a Higgs boson like particle at 7σ level in the H → γγ channel 
(ATLAS), and even at 3σ level in the H → ττ channel (CMS) 

Higgs and new physics at high energy - FPCP2014 6 Carlos Solans 
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Detector performance 

l  ATLAS and CMS kept very high data taking 
efficiency during Run-I  
n  ~90% of the delivered luminosity usable for 

physics 

l  Pile-up during Run-I was above design value 
n  Challenge to mitigate it’s impact on trigger, 

computing and reconstruction of physics objects 
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Higgs mass and spin parity 
measurement 

Carlos Solans Higgs and new physics at high energy - FPCP2014 8 



l  ATLAS measures Higgs mass with 25 fb-1 from  
n  H → γγ and H → ZZ→4l channels 
n  H → ZZ→4l: 1D fit with kinematic constraints on Z 

 

 

l  Mass measurement with independent signal 
strengths yields: 
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ATLAS Higgs mass measurement 
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H = 126.8± 0.2(stat)± 0.7(syst)GeV
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Use profile likelihood ratio  
 
                       to quantify 
mH confidence intervals with 
nuisance parameters θ (µϒϒ, 
µ4l, theory, and 
experimental systematics) 
 

Hypothesized values of µ are tested with the statistic:1

Λ(µ) =
L
(

µ, ˆ̂θ(µ)
)

L(µ̂, θ̂)
(2)

where the single circumflex (e.g. µ̂, θ̂) denotes the unconditional maximum likelihood estimate of a

parameter and the double circumflex (e.g. ˆ̂θ(µ)) denotes the conditional maximum likelihood estimate

(e.g. of θ) for given fixed values of µ. This test statistic extracts the information on the parameters of

interest from the full likelihood function.

Hypothesized values of mH are tested with a similarly defined profile likelihood ratio

Λ(mH) =
L
(

mH , ˆ̂µγγ(mH) , ˆ̂µ4ℓ(mH) ,
ˆ̂θ(mH)

)

L(m̂H , µ̂γγ, µ̂4ℓ, θ̂)
. (3)

Asymptotically, the test statistic −2 lnΛ(µ,mH) for several parameters of interest µ and mH is dis-
tributed as a χ2 distribution with n degrees of freedom, where n is the sum of the dimensionality of

the vectors µ and mH. In particular, the 100(1 − α)% confidence level (CL) contours are defined by
−2 lnΛ(µ,mH) < kα, where kα satisfies P(χ2n > kα) = α. For two degrees of freedom the 68% and
95% CL contours are given by −2 lnΛ(µ,mH) = 2.3 and 6.0, respectively.
The treatment of systematic uncertainties and of their correlations is described in detail in Ref. [14].

Mass scale related systematic uncertainties are described in Ref. [8]. Systematic uncertainties on observ-

ables are handled by introducing nuisance parameters with a probability density function (pdf) associated

with the estimate of the corresponding effect. These nuisance parameters, in particular those represent-

ing instrumental uncertainties or background estimates, are often assessed from auxiliary measurements,

such as control regions, sidebands, or dedicated calibration measurements. Their pdfs are described ei-

ther by a Gaussian or alternatively by a log-normal distribution to avoid the truncation of a pdf bounded

to a restricted range, which should be an accurate description for most cases. In cases where the un-

certainty is related to a number of events (e.g. from Monte Carlo or data control samples) the Poisson

function is used. For nuisance parameters unconstrained by considerations or measurements, a pdf is not

a priori defined. This is typically the case for theory uncertainties on the prediction of production cross

sections or branching ratios [20,21], for which log-normal distributions are chosen [15]. Another exam-

ple is the use of rectangular pdfs for the systematic mass scale uncertainties as discussed in Ref. [8]. The

rectangular pdfs give a flat a priori likelihood in the range of the ±1σ Gaussian uncertainty intervals.

4 Mass measurement

The mass of the newly discovered boson can be measured precisely in the high mass resolution channels

H→ γγ and H→ZZ(∗)→ 4ℓ. A mass of mH = 126.8 ± 0.2 (stat) ± 0.7 (sys) GeV is found in the H→ γγ
channel [9] and a mass ofmH = 124.3

+0.6
−0.5 (stat)

+0.5
−0.3 (sys) GeV in the H→ ZZ

(∗)→ 4ℓ channel [10]. In this
section an update of the combined mass between these two channels and their compatibility is reported.

The same statistical methods as described in Ref. [8] are used.

4.1 Combined mass determinations from the H→ γγ and H→ZZ(∗)→ 4ℓ channels

An estimate of the mass of the Higgs-like boson, combining the H→ γγ and H→ ZZ(∗)→ 4ℓ channels, is
based on the profile likelihood ratio Λ(mH) described in Eqn. 3. This method allows the signal strength

1Here Λ is used for the profile likelihood ratio to avoid confusion with the parameter λ used in Higgs boson coupling scale

factor benchmarks [19].
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CMS Higgs mass measurement 

l  CMS measures Higgs mass at 25 fb-1 from  
n  H → γγ : combined fits to all event categories 
n  H → ZZ→4l : 3D Likelihood  

n     

 
l  Mass measurement with independent 

signal strengths yields: 
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Use similar likelihood ratio 
with slightly different 
naming convention 

3.2 Extracting signal model parameters 7

q(a) = �2 ln
L(obs | s(a) + b, q̂a)

L(obs | s(â) + b, q̂)
. (4)

The parameters â and q̂ that maximise the likelihood, L(obs | s(â) + b, q̂) = Lmax, are called
the best-fit set. The 68% and 95% CL on a given parameter of interest ai is evaluated from
q(ai) = 1 and q(ai) = 3.84 respectively, with all other unconstrained model parameters treated
in the same way as the nuisance parameters. The 2D 68% and 95% CL contours for pairs of
parameters are derived from q(ai, aj) = 2.3 and q(ai, aj) = 6, respectively. One should keep
in mind that boundaries of 2D confidence regions projected on either parameter axis are not
identical to the 1D confidence interval for that parameter.
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Higgs mass measurement 
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mH = 125.7± 0.3(stat)± 0.3(syst)GeV mH = 125.5± 0.2(stat)+0.5
�0.6(syst)GeV

ATLAS-CONF-2013-014 CMS-PAS-HIG-13-005 

 [GeV]Hm
122 123 124 125 126 127 128 129

)µ
Si

gn
al

 s
tre

ng
th

 (

0

0.5

1

1.5

2

2.5

3

3.5

4
 PreliminaryATLAS

-1Ldt = 4.6-4.8 fb∫ = 7 TeV: s
-1Ldt = 20.7 fb∫ = 8 TeV: s

Combined
γγ →H 

l 4→ (*) ZZ→H 

Best fit
68% CL
95% CL

 (GeV)Xm
124 125 126 127

SMσ/σ

0.0

0.5

1.0

1.5

2.0

Combined
γγ →H 

 ZZ→H 

CMS Preliminary -1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

 ZZ→ + H γγ →H 
68% CL 



Compatibility between channels 

l  The individual mass measurements, mγγ 
and m4l, are slightly correlated due to the 
common EM scale systematic (for photons 
in mγγ and electrons in m4l)  
n  Pulls mγγ down by 350 MeV in combined fit  

l  Consistency with Δm=0 is tested by 
likelihood function where average mass mH 
is profiled in the fit 

l  Measured mass difference is 

n  Mass difference compatible with zero at 2.4σ 
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to vary independently between the two channels (treating both signal strengths as nuisance parameters),

while the ratios of the cross sections of the different production modes within each channel are fixed to

the SM values. The leading source of systematic uncertainty in the mass estimate comes from the mass

scale systematic uncertainties [8–10]. Figure 1 shows the profile likelihood ratio as a function of mH for

the H→ γγ and H→ ZZ(∗)→ 4ℓ channels and their combination. The combined mass is measured to be

mH = 125.5 ± 0.2 (stat) +0.5−0.6 (sys) GeV . (4)
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Figure 1: The profile likelihood ratio −2 lnΛ(mH) as a function ofmH for the H→ γγ and H→ZZ(∗)→ 4ℓ
channels and their combination, obtained by allowing the signal strengths µγγ and µ4ℓ to vary indepen-

dently. The dashed line shows the statistical component of the mass measurement uncertainty.

4.2 Consistency of the mass determinations from H→ γγ and H→ZZ(∗)→ 4ℓ

For the previous combination reported in Ref. [8] the compatibility of the two mass measurements was

0.8% (2.7σ). To assess the consistency of the updated measurements, a likelihood function in which

the mass parameters m
γγ
H
and m4ℓH vary independently is considered first. Figure 2(a) shows likelihood

contours in m
γγ
H and m

4ℓ
H around the two best-fit mass values and the line m̂H = m̂

γγ
H = m̂

4ℓ
H . The

largest correlation between the measurements is the overall e/γ energy scale from the Z → e+e− based
calibration. The mass consistency between the muon and electron final states in the H→ZZ(∗)→ 4ℓ
channel causes a ∼ 0.8σ adjustment in the overall e/γ energy scale which induces an approximate
350MeV downward shift ofm

γγ
H
in the combination, with respect to the value measured from this channel

alone.

To quantify the consistency between the measured m
γγ
H
and m4ℓH values, a likelihood function is con-

sidered for the mass difference ∆mH = m
γγ
H − m

4ℓ
H , with the average mass mH profiled in the fit:

Λ(∆mH) =
L
(

∆mH , ˆ̂µγγ(∆mH) , ˆ̂µ4ℓ(∆mH) , ˆ̂mH(∆mH) ,
ˆ̂θ(∆mH)

)

L(∆̂mH , µ̂γγ, µ̂4ℓ, m̂H , θ̂)
. (5)

This allows the hypothesis ∆mH = 0 to be tested. The signal strengths µγγ and µ4ℓ are again treated

as independent nuisance parameters. The likelihood is shown in Figure 2(b) as a function of the mass

5

ATLAS-CONF-2013-014  
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ATLAS combined signal strength 

l  Updated integrated luminosity in 
2012 dataset (20.3 fb-1 ± 2.8%), and 
evaluation of H→ ττ and H→ bb 
channels at 125.5 GeV signal mass 
hypothesis (2-3% more signal yield) 

l  The signal strength to bosons  
 
l  And the signal strength to fermions 

l  The overall signal strength becomes 

l  Consistency with SM Higgs 
expectation is 7% 

Higgs and new physics at high energy - FPCP2014 Carlos Solans 13 

ATLAS-CONF-2014-009 

µ��,ZZ⇤,WW⇤
= 1.35± 0.14(stat)+0.16

�0.14(syst)

µbb,⌧⌧ = 1.09± 0.24(stat)+0.27
�0.21(syst)

µ = 1.30± 0.12(stat)+0.14
�0.11(syst)



CMS signal strength to fermions 

l  Combined signal strength to fermions in  
H → bb and H → ττ channels with 25 fb-1 
n  Non-fermionic decay contributions expected 

for the standard model Higgs boson with a 
mass of 125 GeV are not scaled with µ  
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CMS-HIG-13-032 

4

includes information gained in the fit regarding the values of all parameters [29, 30].

While the expected Higgs boson signal in the VH ! bb analysis consists exclusively of Higgs
bosons decaying to down-type fermions, that is not the case in some event categories in the
H ! tt analysis where a sizable contribution from H ! WW decays is expected. The con-
tribution from H ! WW decays has kinematic properties sufficiently different from those of
H ! tt decays such that the two contributions do not overlap. In order to exclusively assess
the fermionic decays of a Higgs boson, the expected contribution from H ! WW decays is
considered as a background process. Given the discovery of a Higgs boson with properties as
expected in the standard model and a mass close to 125 GeV, the pp ! H ! WW background
contribution is taken from the expectation for the standard model Higgs boson with a mass of
125 GeV, including all associated uncertainties.

Figure 1 shows, as a function of the mass hypothesis for the Higgs boson decaying to fermions,
the median expected and the observed probability for the background-only hypothesis to de-
scribe the data, or p-value. The expectation is calculated after having performed the signal-
plus-background fit to the observed data. The background-only hypothesis includes the pp !
H(125 GeV) ! WW process for every value of mH. The p-value can be expressed in terms
of Gaussian tail probabilities and given in units of standard deviation (s), shown in the right
vertical axis of Fig. 1. For all mH values tested, the evidence against the background-only hy-
pothesis is found to be 3s or more, with a maximum of 3.8s for mH = 125 GeV, corresponding
to a p-value of 7.3 ⇥ 10-5.

The study of the fermionic-decay contribution under the mH = 125 GeV hypothesis is partic-
ularly relevant because of the discovery of a Higgs boson with a mass near 125 GeV in the
analysis of non-fermionic decays. Since the mass resolution in the H ! bb and H ! tt
channels is, at best, around 10%, and the expected yields do not change significantly around
mH = 125 GeV, the exact choice of mH does not affect the conclusions. A scan of the profile
likelihood is performed to estimate the best-fit signal strength relative to the standard model
expectation as well as confidence intervals. As described earlier, the H ! WW contribution is
not treated as part of the signal. The result is shown in Fig. 2, from which a combined signal
strength of 0.83 ± 0.24 with respect to the standard model expectation is inferred for the pro-
duction of a Higgs boson decaying to down-type fermions. This result is compatible with the
expectation for the standard model Higgs boson, as summarised in Table 1.

Table 1: Summary of results for the Higgs boson mass hypothesis of 125 GeV. The probabilities
for the background-only hypotheses to describe the data are expressed in terms of one-sided
Gaussian tail significances and are provided in units of standard deviation (s). The expected
significance is that obtained after the fit of the signal-plus-background hypothesis to the data.
Note that the expected significance of 2.1s quoted in Ref. [17] for the VH ! bb channel was
obtained before the fit of the signal-plus-background hypothesis to the data. The best-fit value
of the signal strength relative to the expectation from the standard model, µ, summarises the
profile likelihood scan of Fig. 2. For simplicity, uncertainties have been symmetrised.

Channel Significance (s) Best-fit
(mH = 125 GeV) Expected Observed µ

VH ! bb 2.3 2.1 1.0 ± 0.5
H ! tt 3.7 3.2 0.78 ± 0.27
Combined 4.4 3.8 0.83 ± 0.24

In conclusion, the existing CMS searches for a Higgs boson decaying into bottom quarks and
t leptons are consistent with the standard model prediction of a Yukawa structure, where the

Maximum significance 
(3.8σ) at mH=125 GeV 

measured as the 
probability for the 
background-only  

hypothesis to describe 
the data 
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Spin and parity measurement 

l  In the SM the Higgs boson is a spin-0 CP-even particle: JP = 0+  
l  Spin-1 is disfavored due to observation of H → γγ events 

n  Landau-Yang theorem forbids the direct decay of a spin-1 particle into a 
pair of photons 

l  The JP = 0+ hypothesis is tested against  
alternate ones, JP = 0-, 1+, 1-, 2+  
n  Similar likelihood and test statistic  

to mass measurement 

 
 

l  ATLAS combines H→γγ, H→WW*, H→ZZ	

n  Assuming a mH = 125.5 GeV  
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l  Alternative hypothesis JP = 0-, 1+, 1-, 2+ are excluded at >97% 
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H→ZZ→4l	


l  A two-dimensional likelihood is used using discriminants 
n  Four-lepton invariant mass and the separation of the Higgs boson 

signal from the ZZ using angular variables 
n  Between the SM Higgs (0+) and the alternative JP hypothesis  

l  Results 
n  Pseudo-scalar and spin-one boson are excluded at a >99%  
n  Spin-two boson hypotheses are excluded at a >95%   

H→ZZ→4l	


12.1 Multi-dimensional likelihoods 31

backgrounds. The parameterization of the P(Dm|mH) and P(Dm|m4`) probability den-
sity functions is discussed later in Section 13.2.

3. For the spin-parity hypothesis tests, the following two-dimensional (2D) likelihood is
used:

LJP

2D ⌘ LJP

2D(Dbkg,DJP). (16)

In this case, as described in Section 10, the four-lepton invariant mass and the separation
of the Higgs boson signal from the ZZ using angular variables are condensed in a single
discriminant, Dbkg, defined in Eq. (8). The second dimension of the likelihood provides
discrimination between the SM Higgs boson (0+) and the alternative JP hypothesis. The
discriminant DJP is defined in Eq. (9). In the case of production-independent hypothesis
tests Ddec

bkg and Ddec
JP are used.

As mentioned in Section 3, the theoretical lineshape is described by the functional form of a rel-
ativistic BW function centered at mH and with the expected natural width for the SM Higgs bo-
son, GH in the mass region mH < 400 GeV. The BW function is convolved with a double-sided
CB function (to account for the core and for the asymmetric non-Gaussian tails of the exper-
imental resolution) to parameterize the reconstructed signal m4` distributions, P(m4`|mH, G).
The expected four-lepton mass distributions with their parameterizations superimposed for
the three final states are shown in Fig. 17 for the SM Higgs boson with mH = 126 GeV. For
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Figure 17: The H ! ZZ ! 4` invariant mass distribution for mH = 126 GeV in the (left) 4e,
(center) 2e2µ and (right) 4µ channels. The distributions are fitted with a double-sided CB func-
tion and the fitted values of the CB width sdCB are indicated. The values of effective resolution
defined as half the smallest width that contains 68.3% of the distribution are also indicated.
The distributions are arbitrarily normalized.

a SM Higgs boson with mass mH � 400 GeV, the total width is much larger than the experi-
mental four-lepton mass resolution, as described in Section 3. Given the m4` distribution of the
signal in the high-mass (HM) range, the functional form of the theoretical lineshape has to be
modified as follows:

f HM
BW (m4`|mH) µ

m4`

(m2
4` � m2

H)
2 + m2

4` · G2
HM

, (17)

where the GHM parameter is left floating in the fit used to determine the signal parameteriza-
tion. This modified BW function is convolved with a double-sided CB function to account for
the experimental resolution as in the low-mass case. In the fit used to determine the m4` param-
eterization for mH � 400 GeV, the constraint that the experimental resolution parameter, sdCB,

22 10 Kinematic discriminants

observables constructed from the background, signal, and the probability of the alternative
hypotheses defined in Eqs. (4) and (5). The Dbkg observable extends Dkin

bkg defined in Eq. (7)
with the four-lepton mass probability for separation at a fixed value of the mass m0+ :

Dbkg =

"
1 +

Pkin
bkg(mZ1, mZ2, ~W|m4`)⇥ Pmass

bkg (m4`)

Pkin
0+ (mZ1, mZ2, ~W|m4`)⇥ Pmass

sig (m4`|m0+)

#�1

. (8)

The other observable discriminates between the SM Higgs boson and the alternative signal
hypothesis:

DJP =

"
1 +

Pkin
JP (mZ1, mZ2, ~W|m4`)

Pkin
0+ (mZ1, mZ2, ~W|m4`)

#�1

. (9)

The spin-zero discriminants D0� and D0+h
are independent of any production mechanism, since

in the production of a spin-zero particle the angular decay variables are independent of pro-
duction mechanism. This is not the case for the spin-one and spin-two signal hypotheses.
Therefore, it is desirable to test for spin-one and spin-two hypotheses in a way that does not
depend on assumptions about the production mechanism. This is achieved by either averag-
ing over the spin degrees of freedom of the produced boson or, equivalently, integrating the
matrix elements squared over the production angles cos q⇤ and F1 [49]. With the latter the
discriminants are defined as:

Ddec
bkg =

"
1 +

1
4p

R
dF1d cos q⇤Pkin

bkg(mZ1, mZ2, ~W|m4`)⇥ Pmass
bkg (m4`)

Pkin
0+ (mZ1, mZ2, ~W|m4`)⇥ Pmass

sig (m4`|m0+)

#�1

, (10)

Ddec
JP =

"
1 +

1
4p

R
dF1 d cos q⇤Pkin

JP (mZ1, mZ2, ~W|m4`)

Pkin
0+ (mZ1, mZ2, ~W|m4`)

#�1

. (11)

The superscript “dec” indicates that these discriminants use decay-only information. The prob-
abilities for spin-zero resonances are already independent of a production mechanism, how-
ever, their distributions, for all the JP hypotheses, do carry some production dependence due
to detector acceptance effects. Such production-dependent variations in the discriminant dis-
tribution shapes are found to be small and are treated as systematic uncertainties.

Table 2 summarizes all kinematic observables used in this analysis, for different purposes. To
make an optimal use of the available information, the distribution of these observables is used
without any selection in a fit.

This analysis uses the matrix element likelihood approach (MELA) framework [20, 43, 44] with
the matrix elements for different signal models taken from JHUGEN [42–44] and the matrix ele-
ment for the qq ! ZZ background taken from MCFM [102–104]. Within the MELA framework,
an analytical parameterization of matrix elements for signal [42, 43] and background [118] was
adopted in the previous analyses of CMS data with results reported in Refs. [20, 32]. The
above matrix element calculations are validated against each other and also tested with the
matrix element kinematic discriminant (MEKD) framework [119], based on MADGRAPH [71]
and FEYNRULES [127], and with a stand-alone framework implementation of MADGRAPH. The
inclusion of the lepton interference in the kinematic discriminant parameterization is a small
improvement in expected separation significance of ⇠3% for spin-zero models with respect to
our earlier publication of results [20, 32], as indicated by cross-checks with generator-based
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Strong VS electroweak production 

l  To study the couplings to fermions and 
bosons, we separate the signal 
strength for ggF or ttH (µggH+ttH) and 
VBF or VH production (µVBF+VH)  
n  Ratio probes the existence of EW 

production in a model independent way  

l  To probe existence of VBF production 
alone, µVH is made independent and 
profiled 
n  Evidence at 4.1σ of VBF production  
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → bb̄ [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.
The data are fitted separating vector-boson-mediated

processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.
To test the sensitivity to VBF production alone, the

data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4−0.3 (stat)
+0.6
−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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corresponding to 3.7� evidence for the direct decay of the Higgs boson into fermions.
Finally, the signal strength, obtained by combining all five channels, is:

µ = 1.30 ± 0.12 (stat) +0.14
�0.11 (sys).

A significant component of the systematic uncertainty is associated to the theoretical values of the cross
sections and branching ratios. The uncertainty on the cross section amounts to ±7%, dominated by
uncertainties on the QCD renormalisation and factorisation scales and the parton distribution function
(PDF) for the gluon-gluon fusion process (ggF). The uncertainty on the mass measurement of ±0.6 GeV
reported in Ref. [3] leads to a ±3% uncertainty on µ.

The compatibility between this measurement and the SM Higgs boson expectation (µ = 1) is about
7%; the use of a flat likelihood for the ggF QCD scale systematic uncertainty in the quoted ±1� interval
yields a similar level of compatibility (8%) with the µ = 1 hypothesis. The overall compatibility between
the signal strengths measured in the five final states and the SM predictions is about 11%. Both the central
value of µ and the SM compatibility have changed little with respect to the diboson measurements of
Ref. [3]. The contribution of the diboson channels still dominates the measurement, and the combination
of the H ! bb̄ and H ! ⌧⌧ modes has a compatible measured value of µ .

The measurements of the signal strengths described above do not give direct information on the rel-
ative contributions of the di↵erent production mechanisms. Furthermore, fixing the ratios of the produc-
tion cross sections for the various processes to the values predicted by the Standard Model may conceal
di↵erences between data and theoretical predictions. Therefore, in addition to the signal strengths of
di↵erent decay channels, the signal strengths of di↵erent production processes contributing to the same
decay channel3 are determined, exploiting the sensitivity o↵ered by the use of event categories in the
analyses of all the channels.

The data are fitted separating the VBF and VH processes, which involve the Higgs boson coupling
to vector bosons, from the ggF and ttH processes, which involve the Higgs boson coupling to fermions
(mainly the top-quark).4 Two signal strength parameters, µ f

ggF+ttH = µ
f
ggF = µ

f
ttH and µ f

VBF+VH = µ
f
VBF =

µ f
VH , which scale the SM-predicted rates to those observed, are introduced for the channels H! ��,

H!ZZ⇤! 4`, H!WW⇤! `⌫`⌫ and H ! ⌧⌧ indexed by the parameter f . The H ! bb̄ final state is
not included, as the current analysis is only sensitive to the VH production mode, and not to the VBF or
ggF production modes. The results are shown in Fig. 2. The 95% CL contours of the measurements are
consistent with the SM expectation.

A combination of all four channels provides a higher-sensitivity test of the theory. This can be done in
a model-independent way (i.e. without assumptions on the Higgs boson branching ratios) by measuring
the ratios µVBF+VH/µggF+ttH for the individual final states and their combination. The result of the fit to
the data with the likelihood ⇤(µVBF+VH/µggF+ttH) is

µVBF+VH/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.2 (sys).

The results for individual channels and their combination are shown in Fig. 3. Good agreement with
the SM expectation is observed. The main components of the systematic uncertainty 5 come from the
theoretical predictions for the ggF contributions to the various categories and jet multiplicities.

The changes in the results of the H!WW⇤! `⌫`⌫ and H ! ⌧⌧ channels, respectively from Ref. [3]
and Ref. [6], are mainly due to the separation of their VBF signal regions by the cut on m⌧⌧ described in

3Such an approach avoids model assumptions needed for a consistent parameterisation of production and decay channels
in terms of Higgs boson couplings.

4Such a separation is possible under the assumption that the kinematic properties of these production modes agree with the
SM predictions within uncertainties.

5A component of the statistical uncertainty in the results for µVBF+VH/µggF+ttH in Ref. [3] was incorrectly counted as sys-
tematic error there. It is corrected here.
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Evidence for VBF production 

l  Evidence of VBF production at 3.21σ (CMS) and 4.1σ (ATLAS) against zero 
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → bb̄ [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.
The data are fitted separating vector-boson-mediated

processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.
To test the sensitivity to VBF production alone, the

data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4−0.3 (stat)
+0.6
−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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µVBF,VH/µggF,ttH = 1.538+1.611
�0.743
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Evidence for VBF production 

l  SM Higgs boson point µVBF,VH = µggH,ttH =1 is within 1σ level of all channels 
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Framework for coupling scale factor measurements 

l  Test SM by applying scale factors κi to each coupling and fitting for κi 
n  Assume a single resonance with a mass of 125.5 GeV (ATLAS) or 125.7 GeV 

(CMS) 
n  Zero width approximation 
 

n  Test for modifications to the magnitude of the couplings  
l  For each final state, production and decay can involve several couplings  

n  For example, with H → γγ one can probe κg and κγ 

Higgs and new physics at high energy - FPCP2014 Carlos Solans 23 

Higgs couplings 
• For each observed final state, production and decay involve several couplings 
• Test SM by applying scale factors ți to each coupling and fitting for țis 

• Assume a single resonance with a mass near 125 GeV 
• Test at 125.5 GeV (varying mass hypothesis is a small effect) 

• Assume narrow resonance (ı·BR(iiĺHĺff��§ ıii·īff / īH) 
• Only test modifications to the magnitude of the couplings (=> CP even scalar) 

• Not all couplings accessible with current data, so test specific scenarios 
• Benchmark models defined by the LHC-XS-WG 

 
• (J���+ĺȖȖ: 

• where țg and țȖ are effective scale factors on the loop couplings 
• functions of țt, țb, țW,... 

Tim Adye - RAL Higgs Boson Properties in ATLAS 10 

Note: interference 

(� · BR)(gg ! H ! ��) = �SM(gg ! H) · BRSM(H ! ��) ·
2
g · 2

�

2
H

Not all couplings accessible. 
Benchmark models defined 
by the LHC-XS-WG  

(� · BR)(gg ! H ! f) =
�
x

· �
f

�
tot

�
tot

=
X

�i + �
BSM



Fermion vs vector boson couplings 

l  Test the couplings to fermions and vector 
bosons assuming only SM particles 
contribute to H → γγ and gg→H vertex loops 

l  Scenario where only SM particles 
contribute to the total width 
n  The Fit parameters are the coupling scale factors 

for all fermions and for all vector bosons 
n  κV = κW = κZ 

n  κF = κt = κb= κτ= κg 

l  Measured couplings compatible with SM 
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Figure 5: Results of fits for the 2-parameter benchmark model defined in Section 5.2.1 that probe di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
total width: (a) Correlation of the coupling scale factors kF and kV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor kV (kF is profiled); (d) coupling scale factor kF (kV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of kF .
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V = 1.15± 0.08

F = 0.99+0.17
�0.15

ATLAS 

V ✏ [0.74, 1.06]
F ✏ [0.61, 1.33]
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Fermion vs vector boson couplings  

l  Scenario with no  
assumption of total width 

l  Parameters are the ratios of  
the scale factors 

l  Measurements in ATLAS 
consistent with large signal 
strength in bosonic decays 
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Custodial symmetry 
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l  Identical coupling scale factors for the W 
and Z bosons are required within tight 
bounds by SU(2) custodial symmetry 
and ρ parameter measurements 

l  We probe the coupling ratio of W and Z 
 
l  Assuming no BSM contributions 

 
l  Allowing possible BSM contributions to 

the H→γγ loop by adding an effective 
scale factor ratio λγZ 
n  λWZ in agreement with the expectation of 

custodial symmetry 

gHV V ⇡ m2
V /v ⇢ = m

2
W /m

2
Z · cos2✓W ⇡ 1

�WZ = W /Z
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Up- and down-type fermion symmetry 

l  Test for difference in couplings to 
up- and down-type quarks is of 
interest for two Higgs doublet 
models (MSSM-like) 

l  We probe the SM with the ratio 

l  Measurements compatible with SM 
(λdu=1) at 3.6σ level mostly coming 
from H→ ττ in ATLAS 
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Figure 7: Results of fits for the benchmark model defined in Section 5.3 that probe the custodial sym-
metry through the ratio lWZ = kW/kZ: (a) coupling scale factor ratio lWZ (lFZ and kZZ are profiled);
(b) coupling scale factor ratio lFZ (lWZ and kZZ are profiled); (c) overall scale factor kZZ (lWZ and lFZ
are profiled). The dashed curves show the SM expectations. The thin dotted/dashed-dotted lines indi-
cate the continuations of the likelihood curves when restricting the parameters to either the positive or
negative sector of lFZ.

5.4 Probing relations within the fermion coupling sector

The previous sections assumed universal coupling scale factors for all fermions, while many extensions
of the SM predict deviations within the fermion sector. The currently accessible channels, in particular
with the addition of H ! bb̄ and H ! ⌧⌧, allow the relations between the up- and down-type fermion
sector and between the lepton and quark sector to be probed.

5.4.1 Probing the up- and down-type fermion symmetry

Many extensions of the SM contain di↵erent couplings of the Higgs boson to up-type and down-type
fermions. This is for instance the case for certain Two-Higgs-Doublet Models [14,19–21], among which
the MSSM is the most prominent example. In this model the ratio ldu between down- and up-type
fermions is probed, while vector boson couplings are taken unified as kV . The indices u, d stand for all
up- and down-type fermions, respectively. The free parameters are:

ldu = kd/ku

lVu = kV/ku

kuu = ku · ku/kH.

The relevant scaling formulae can be found in Appendix A.3.1.
The up-type quark coupling scale factor is mostly indirectly constrained through the gg ! H pro-

duction channel, from the Higgs boson to top-quark coupling, while the down-type coupling strength is
constrained through the H ! bb̄ and H ! ⌧⌧ decays. Figure 8 shows the results for this benchmark
scenario. The likelihood curve is nearly symmetric about ldu = 0 as the model is almost insensitive to
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Quark and lepton symmetry 

l  Similar test is performed on the 
symmetry between the quark and 
lepton couplings 

l  We probe the SM with the ratio 
 
l  Measurements compatible with SM 

(λlq=1) at 4.0σ level mostly coming 
from H→ ττ in ATLAS 
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the relative sign of ku and kd. The interference of contributions from the b and t loops in the gg ! H
production induces an asymmetry, much smaller than the present sensitivity (see Eq. 3). The fit results
for the parameters of interest are:

ldu 2 [�1.24,�0.81] [ [0.78, 1.15]
lVu = 1.21+0.24

�0.26

kuu = 0.86+0.41
�0.21.

The value of ldu around the SM-like minimum at 1 is ldu = 0.95+0.20
�0.18. This fit provides a ⇠ 3.6� level

evidence of the coupling of the Higgs boson to down-type fermions, mostly coming from the H ! ⌧⌧
measurement. The three-dimensional compatibility of the SM hypothesis with the best-fit point is 20%.
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Figure 8: Results of fits for the benchmark model described in Section 5.4.1 that probe the symmetry
between down- and up-type fermions: (a) coupling scale factor ratio ldu (lVu and kuu are profiled);
(b) coupling scale factor ratio lVu (ldu and kuu are profiled); (c) overall scale factor kuu (ldu and lVu are
profiled). The dashed curves show the SM expectations. The thin dotted/dashed-dotted lines indicate the
continuations of the likelihood curves when restricting the parameters to either the positive or negative
sector of ldu and lVu, respectively.

5.4.2 Probing the quark and lepton symmetry

Here the ratio llq between leptons and quarks is probed, while vector boson couplings are taken unified
as kV . The indices l, q stand for all leptons and quarks, respectively. The free parameters are:

llq = kl/kq

lVq = kV/kq

kqq = kq · kq/kH.

The relevant scaling formulae can be found in Appendix A.3.2. The lepton coupling strength is currently
only constrained through the H ! ⌧⌧ decay.
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�lq = 1.22+0.28
�0.24

�lq 2 [0.57, 2.05]



Probing BSM contribution 

l  We use Higgs loop induced processes  
H → γγ and gg→H that are very sensitive to 
unknown heavy particles to search for BSM 

l  Probe only SM particles contribute to the 
total width 
n  Free parameters are κγ and κg  
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5.5.1 Only SM contributions to the total width

In the first benchmark model it is assumed that there are no sizeable extra contributions to the total width
caused by non-SM particles. The free parameters are kg and kg . The relevant scaling formulae can be
found in Appendix A.4.1.

Figure 10 shows the results of fits for this benchmark scenario. The best-fit values and uncertainties,
when profiling the other parameter, are:

kg = 1.08+0.15
�0.13

kg = 1.19+0.15
�0.12.

The two-dimensional compatibility of the SM hypothesis with the best-fit point is 9%. With respect to
the results from the combination of the diboson final states in Ref. [3], the contours for kg and kg are
almost unchanged, as the direct fermion decay channels have only a minor impact on these degrees of
freedom.

5.5.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-
SM decay modes with a branching ratio BRi.,u. that might yield invisible or undetected final states. The
free parameters in this case are kg, kg and BRi.,u.. In this model the modification to the total width is
parametrised as follows:

�H =
k2

H(ki)

(1 � BRi.,u.)
�SM

H .

The relevant scaling formulae can be found in Appendix A.4.2.
Figure 11 shows the results of fits from this benchmark scenario. The best-fit values and their uncer-

tainties, when profiling the other parameters, are:

kg = 1.00+0.23
�0.16

kg = 1.17+0.16
�0.13

and

BRi.,u. = �0.16+0.29
�0.30.

The three-dimensional compatibility of the SM hypothesis with the best-fit point is 18%. Using the
physical constraint BRi.,u. > 0 the 95% CL upper limit is BRi.,u. < 0.41 (the SM expected limit is
BRi.,u. < 0.55). The 95% confidence interval is based on the profile likelihood ratio restricted to the
allowed region of parameter space; however, the confidence interval is defined by the standard �2 cuto↵,
which leads to some overcoverage near the boundaries.

As the choice of free parameters in this model gives extra degrees of freedom to the gg! H produc-
tion and the H! �� decay, the most precise measurements in Fig. 1 do not give a sizeable contribution to
the determination of BRi.,u.. Instead BRi.,u. is mostly constrained from channels sensitive to VBF and VH
production, as the tree level couplings involved in these production modes are fixed to their SM values
within this model. Hence the updated results for the H ! bb̄ and H ! ⌧⌧ channels give a significant
improvement in the determination of BRi.,u. compared to the results presented in Ref. [17].
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� = 0.95+0.21
�0.37

g = 0.81+0.30
�0.20

ATLAS CMS 

68% CL 
95% CL 
99.7% CL 



Probing BSM contribution 

l  With unknown total width 
n  Probe invisible or undetected final states 
n  Set upper limits at 95% CL on BRi,u 
n  Later can be interpreted in the frame of Dark Matter searches 
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Higgs couplings for benchmark models 
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Limits on new physics 
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Mass scaling of couplings 

l  The coupling scale factors to 
different species of fermions and 
vector bosons can be expressed in 
terms of ε (mass scaling parameter) 
and M (vacuum expectation value) 
n  SM is recovered at ε=0 and M=246 

GeV	


l  Combined fits to measured rates are 
performed as a function of ε and M 
n  Modifying production and decay rates 

accordingly assuming the narrow width 
approximation 
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The best-fit point is compatible with 
the expectation for the SM Higgs 
boson within approximately 1.5σ  
 
Best-fit of M<246 GeV due to µh>1 



Minimal Composite Higgs Model 

l  If the Higgs were a composite 
particle the couplings to 
fermions and vector bosons 
would be modified by its 
compositeness scale, f 
n  Scaling parameter 
n  SM recovered in  

l  MCHM4 
n  Couplings: 
n  Observed: 

l  MCHM5  
n  Couplings: 
n  Observed :  
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4 MINIMAL COMPOSITE HIGGS MODEL 4

The production and decay rates are modified from their SM expectations accordingly. For example,
assuming the narrow-width approximation [23,24], the rate for the process gg! h! ZZ⇤ ! 4` relative
to the SM prediction can be parametrized as [25]:

µ = �⇥BR
(�⇥BR)SM

=
2g ·2Z
2h
. (4)

Here g is the scale factor for the loop-induced coupling to the gluon through the top and bottom
quarks, where both the top and bottom couplings are scaled by  f , and Z is the coupling scale factor
for the Z boson. The scale factor for the total width of the Higgs boson, 2h, is calculated as a squared
e↵ective coupling scale factor. It is defined as the sum of squared coupling scale factors for all decay
modes, 2i , each weighted by the corresponding SM branching ratio:

2h =
X

i

2i BRi, (5)

where the summation is taken over all decay modes. The production and decay modes are assumed to be
the same as those in the SM. Production or decays through loops are resolved in terms of the contributing
particles in the loops, assuming the same mixture of contributions as in the SM. For example, the W
boson provides the dominant contribution, followed by the top quark, to the h! �� decay, such that the
e↵ective coupling scale factor � at mh = 125.5 GeV is given by:

2� ⇠ |1.26W � 0.26t|2, (6)

where the negative interference between the W and top loops, as well as the contributions from other
particles in the loops, are accounted for.

Combined fits to the measured rates are performed with the mass scaling factor ✏ and the vacuum
expectation value parameter M as the two parameters of interest. Figure 1 shows the two-dimensional
likelihood scan as a function of ✏ and M. The best-fit point is compatible with the expectation for the
SM Higgs boson within approximately 1.5�. The extracted value of ✏ is close to 0, indicating that the
measured couplings to fermions and vector bosons are consistent with the linear and quadratic mass
dependence, respectively, predicted in the SM. The best-fit value for M is less than v ⇡ 246 GeV since
the measured overall signal strength µh is greater than 1.

4 Minimal Composite Higgs Model

Minimal Composite Higgs Models (MCHM) [26–28] represent another possible explanation for the
scalar naturalness problem, wherein the Higgs boson is a composite, pseudo-Nambu-Goldstone bo-
son rather than an elementary particle. In such cases, the Higgs boson couplings to vector bosons and
fermions are modified with respect to their SM expectations as a function of the Higgs boson compos-
iteness scale, f . It is assumed here that corrections due to new heavy resonances such as vector-like
quarks [29] are sub-dominant.

In the MCHM4 model [26], the ratio of the predicted couplings to their SM expectations can be
written in the particularly simple form:

 = V = F =
p

1 � ⇠, (7)

where ⇠ = v2/ f 2 is a scaling parameter such that the SM is recovered in the limit ⇠ ! 0, namely f ! 1.
The combined signal strength, µh, and equivalent coupling scale factor,  = pµh, measured using the
combination of all considered channels are listed in Model 1 of Table 1. The experimental measurements

⇠ = v2/f2

⇠ ! 0

⇠ = 1� µh = �0.30+0.17
�0.18

V =
p

1� ⇠ F =
1� 2⇠p
1� ⇠

⇠ = �0.08+0.11
�0.16

f > 710 GeV 

f > 640 GeV 

ATL-CONF-2014-010 

µh = 1.30+0.18
�0.17

 =
p
µh = 1.14+0.09

�0.08

F = 0.99+0.17
�0.15

V = 1.15± 0.08



Two Higgs Doublet Model 

l  In the 2HDM the SM Higgs sector is extended by an 
additional doublet predicting existence of five Higgs 
bosons  
n  Two neutral CP-even (h, H), one neutral CP-odd (A), two 

charged bosons (H±) 
n  Each doublet has expectation value: 

l  Described by six parameters 
n  Four boson masses:  
n  Mixing angle of the two neutral CP-even states: 
n  Ratio of the two vacuum expectation values:  

l  Coupling of the two neutral CP-even Higgs to vector 
bosons fixed by gauge invariance 

l  Four types of 2HDM 
n  Type I: one couples to vector bosons, other couples to 

fermions 
n  Type II: one couples to up-type quarks, the other 

couples to down-type quarks and leptons (MSSM-like) 
n  Type III: couples to quarks as type I, and leptons as type II 
n  Type IV: couples to leptons as type I, and quarks as type II 
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Simplified MSSM model 

l  2HDM Type II results can be 
interpreted in a simplified 
MSSM model  where 
couplings to vector bosons, 
up-type fermions and down 
type fermions are completely 
determined by mA and tanβ 
n  Loop corrections from stops 

in ggF production and γγ 
decays are ignored 

n  Higgs boson decays to super-
symmetric particles are 
neglected 

n  SM couplings are turn cast in 
terms of mA and tanβ  

l  Observed limit is stronger 
than expected since 
measured rates in H → γγ 
and H→ZZ*→4l are higher 
than predicted 
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Dark matter nucleon cross section 
l  Interpret the upper limit on BRi,u under the assumption of SM cross section, in the context of 

a Higgs portal model of Dark Matter (DM) interactions 
l  DM-nucleon elastic cross section for scalar, Majorana fermion or vector boson WIMP 

n  Considerably more stringent at low mass and degrade as m approaches mh/2  
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Conclusions 

l  The full Higgs physics potential of the LHC Run-I is almost exploited 
l  ATLAS and CMS discovered a Higgs like particle with mass 

compatible with 125 GeV 
l  Spin, parity and signal strength measurements compatible with SM 

Higgs boson (JP=0+ , µVBF+VH = µggH+ttH = 1)  
l  Differences up to 10% of the coupling scale factors and overall  

compatibility with SM predictions 
l  Run-II and beyond will offer the potential to more precisely measure 

couplings, further constrain rare decays, and determine a possible 
CP admixture 
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Backup 
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ATLAS experiments 
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CMS detector 
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Basic statistical procedure 

l  Construct a likelihood from Poisson probabilities with a parameter 
of interest (signal strength in this case) 
 

 

l  Hypothesized value of mu is 
tested with a test statistic 

l  Systematic uncertainties are included as nuisance parameters 
constrained by chosen pdfs (Gaussian, log-normal, …) 

l  Combination amounts to taking product of likelihoods from 
different channels 
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Higgs discovery 
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