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Outline:	  Overview	  of	  the	  Higgs	  proper0es	  

• 	  	  Mass	  	  	  	  	  	  	  	  	  	  	  	  	  	  ATLAS-‐CONF-‐2013-‐014	  

• 	  	  Spin/Parity	  	  	  	  hQp://arxiv.org/pdf/1307.1432v1.pdf	  
• 	  	  Couplings:	  	  	  	  	  ATLAS-‐CONF-‐2014-‐009.pdf	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ATLAS-‐CONF-‐2014-‐010.pdf	  

In	  short:	  
• 	  July	  2012	  observa;on	  of	  a	  new	  par;cle	  
• 	  Followed	  by	  combined	  measurements	  of	  	  
	  	  	  the	  proper;es	  (mass,	  couplings,	  spin,	  parity)	  

What	  we	  have:	  

• 	  4.6	  -‐	  4.8	  \-‐1	  data	  @	  7	  TeV	  	  	  	  	  and	  	  	  	  20.7	  \-‐1	  data	  @	  8	  TeV	  	  	  

NEW	  CHANNELS	  :	  
	  H-‐>	  ττ	  and	  H-‐>	  bb-‐bar	  
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• 	  	  H-‐>ZZ*:	  very	  clean	  channel	  but	  low	  sta;s;c	  
• 	  	  H-‐>yy	  :	  simple	  final	  state	  but	  low	  branching	  ra;o	  

• 	  	  H-‐>WW*:	  broad	  sensi;vity,	  low	  mass	  resolu;on	  

• 	  	  H-‐>bb-‐bar,	  H-‐>ττ	  :	  allows	  fermions	  coupling	  but	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  challenging	  backgrounds	  	  
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• 	  Higgs	  mass	  is	  the	  only	  free	  parameter	  in	  the	  SM	  

• 	  	  Use	  the	  two	  channels	  with	  best	  mass	  resolu;on:	  	  

• 	  	  Combina;on:	  use	  profile	  likelihood	  ra;o	  Λ(mH)	  	  

• 	  Channel	  signal	  strengths	  are	  varied	  independently	  	  
• 	  	  Ra;o	  of	  the	  cross	  sec;ons	  of	  different	  produc;on	  modes	  fixed	  to	  SM	  values	  	  

• 	  Check	  the	  consistency	  between	  myy	  and	  m4l	  with	  a	  data	  fit	  on	  Λ(ΔmH):	  	  	  

Compa;ble	  with	  	  
ΔmH	  =	  0	  at	  a	  level	  of	  2.4σ	  	  	  

Values	  used	  in	  spin	  
	  and	  coupling	  studies.	  	  
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• 	  In	  the	  SM	  the	  Higgs	  boson	  is	  a	  spin-‐0	  CP-‐even	  par;cle:	  JP	  =	  0+	  	  	  	  

• 	  Test	  the	  following	  hypothesis:	  
	  	  	  	  	  	  	  	  	  	  0-‐,	  1+	  ,	  1-‐	  and	  2+m	  (graviton	  like	  model	  with	  minimal	  coupling)	  

• 	  Landau-‐Yang	  theorem	  forbids	  the	  direct	  decay	  of	  an	  on-‐shell	  spin-‐1	  	  
	  	  par;cle	  into	  a	  pair	  of	  photon	  -‐>	  Spin-‐1	  hypothesis	  strongly	  disfavored	  

Higgs	  
channels	  

Variables	  sensi0ve	  to	  	  
spin-‐informa0on	  

Input	  to	  the	  	  
Likelihood	  fit	  

H-‐>WW*	   ΔΦ(ll),	  m(ll),	  pT(ll)	  mT	   Combined	  	  
on	  a	  BTD	  

H-‐>ZZ*	   m12	  ,	  m23	  ,	  2	  produc;on	  
angles	  	  and	  3	  decay	  angles	  

Combined	  	  
on	  a	  BDT	  

H-‐>	  yy	   |cosθ*|	  	  of	  the	  photons	  wrt	  
the	  z-‐Axis	  of	  the	  Colin-‐
Soper	  frame	  

|cosθ*|	  	  

ated according to the prescription of Ref. [33]. Several
sources of uncertainty on the normalisation are consid-
ered: uncertainties on the QCD renormalisation and fac-
torisation scales, Parton Density Functions (PDF), the
choice of Monte Carlo generator, and the underlying
event and parton shower model. The total uncertainty on
the extrapolation is ±4.8%. Another important uncer-
tainty arises from the shape modelling of the irreducible
WW continuum background. The uncertainty on the
shapes of the BDT discriminants is studied by varying
the factorisation and renormalisation scales, by com-
paring the predictions of HERWIG [34] and PYTHIA8
leading-order parton shower programs, and by evaluat-
ing the uncertainties from the CT10 [35] PDF error set
and combining them with the di↵erence in central val-
ues between NNPDF [36] and CT10. An envelope for
the predicted BDT shape for each discriminant is de-
rived and included in the binned likelihood fit as a shape
uncertainty.

7. Results

The SM JP = 0+ hypothesis is tested against sev-
eral alternative spin–parity hypotheses using the analy-
ses described in the previous sections. Using the statis-
tical procedure described in Section 3, integral probabil-
ities, the p0-values, are determined to quantify the level
of agreement of the data with di↵erent spin–parity hy-
potheses. When giving the confidence level associated
with the rejection of a spin–parity hypothesis, the CLs
approach defined in Eq. 3 is used.

7.1. Systematic uncertainties
The sources of systematic uncertainty accounted for

in the analyses of the individual channels are discussed
in Sections 4, 5 and 6. In the combination, the cor-
relations among the common sources of systematic un-
certainties across channels are taken into account. Sys-
tematic uncertainties on electron and muon identifica-
tion, reconstruction and trigger e�ciencies, as well as
on their energy and momentum resolution, are common
to both the H ! ZZ⇤ and H ! WW⇤ channels. Sys-
tematic uncertainties on the energy scale of electrons
and photons a↵ect all three decay channels. It was also
verified that the results presented in the following are
insensitive to variations of the Higgs boson mass within
the measured accuracy of about ±0.6 GeV [18].

The overall impact of the systematic uncertainties is
evaluated by comparing the baseline results of the like-
lihood fits obtained by profiling all nuisance parameters
not directly measured from the data, with the results ob-
tained by fixing them at their nominal values. For all
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Figure 6: One-dimensional distributions of the outputs of the BDT for
the H ! WW⇤ channel after background subtraction, using best-fit
values for (a) JP = 0+ and (b) JP = 2+ with fqq̄ = 100% hypotheses.
In each case, the two-dimensional distribution of the two classifiers is
remapped into a one-dimensional distribution, with the bins reordered
in increasing number of expected signal events. Empty bins, defined
as bins with expected content below 0.1, are removed.
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H-‐>WW*	  
1-‐dim	  BDT	  	  
output	  for	  	  
background	  	  
subtracted	  data	  	  
using	  best	  fit	  	  
values	  
for	  the	  spin	  	  
hypothesis	  

0+	  	  

2+	  	  
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• 	  The	  exclusion	  of	  a	  spin	  hypothesis	  Jpalt	  =	  (0-‐,1+,1-‐,2m+)	  in	  favor	  
of	  the	  SM	  JP=0+	  	  is	  evaluated	  in	  terms	  of	  corresponding	  CLS(Jpalt)	  :	  

p0	  (Jpalt):	  prob.	  that	  the	  given	  observa;on	  is	  a	  posi;ve	  fluctua;on	  of	  the	  tested	  hypothesis	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

• 	  2+m	  hypothesis	  tested	  as	  a	  func;on	  of	  fqq	  (gg	  main	  produc;on	  mode	  at	  LO)	  

JP	   Inputs	  	   CLs	  [%]	  

0-‐	   ZZ*	   97.8	  

1+	   ZZ*,	  WW*	   99.97	  

1-‐	   ZZ*,	  WW*	  	   99.7	  

2+m	   ZZ*,	  WW*,	  yy	   99.9	  

Resul;ng	  exclusion	  of	  	  
alterna;ve	  hypotheses	  	  
using	  CLS	  	  (fqq	  =	  0%	  for	  2+m)	  

with increasing fqq̄. For large values of fqq̄, the | cos ✓⇤|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H ! ZZ⇤
channel, a separation slightly above one standard devi-
ation is expected between the JP = 0+ and JP = 2+
hypotheses, with little dependence on the production
mechanism. The H ! WW⇤ channel has the opposite
behaviour to the H! �� one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H ! WW⇤ channel are also
in agreement with the JP = 0+ hypothesis. The JP = 2+
hypothesis is excluded with a CL above 95%. The data
are in better agreement with the JP = 0+ hypothesis
over the full range of fqq̄.
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Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(JP = 2+), of the JP = 2+
hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed JP = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H! ��, H ! ZZ⇤ and H ! WW⇤
channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model JP = 0+
hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the JP = 2+ rejection as a function of fqq̄. The observed
exclusion of the JP = 2+ hypothesis in favour of the
Standard Model JP = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a JP = 0+ signal. The green band represents the
68% CLs(JP

alt) expected exclusion range for a signal with assumed
JP = 0+. For the spin-2 hypothesis, the results for the specific 2+m
model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary
The observed and expected CLs values for the exclu-

sion of the di↵erent spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+m model, discussed in Section 2,
is displayed.

8. Conclusions

The Standard Model JP = 0+ hypothesis for the
Higgs boson has been compared to alternative spin–

11

with increasing fqq̄. For large values of fqq̄, the | cos ✓⇤|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H ! ZZ⇤
channel, a separation slightly above one standard devi-
ation is expected between the JP = 0+ and JP = 2+
hypotheses, with little dependence on the production
mechanism. The H ! WW⇤ channel has the opposite
behaviour to the H! �� one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H ! WW⇤ channel are also
in agreement with the JP = 0+ hypothesis. The JP = 2+
hypothesis is excluded with a CL above 95%. The data
are in better agreement with the JP = 0+ hypothesis
over the full range of fqq̄.

 (%)qqf

0 25 50 75 100

ATLAS

 4l→ ZZ* →H 
-1Ldt = 4.6 fb∫ = 7 TeV s

-1Ldt = 20.7 fb∫ = 8 TeV s

γγ →H 
-1Ldt = 20.7 fb∫ = 8 TeV s

νeνµ/νµν e→ WW* →H 
-1Ldt = 20.7 fb∫ = 8 TeV s

σ1

σ2

σ3

σ4

Data

 expectedsCL
 + = 0 Passuming J

 σ 1 ± 
  )

 +
 =

 2
 P

 ( 
J

s
C

L

-610

-510

-410

-310

-210

-110

1

Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(JP = 2+), of the JP = 2+
hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed JP = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H! ��, H ! ZZ⇤ and H ! WW⇤
channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model JP = 0+
hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the JP = 2+ rejection as a function of fqq̄. The observed
exclusion of the JP = 2+ hypothesis in favour of the
Standard Model JP = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.

 - = 0 PJ  + = 1 PJ  - = 1 PJ  m 
 + = 2 PJ

ATLAS

 4l→ ZZ* →H 
-1Ldt = 4.6 fb∫ = 7 TeV s

-1Ldt = 20.7 fb∫ = 8 TeV s

γγ →H 
-1Ldt = 20.7 fb∫ = 8 TeV s

νeνµ/νµν e→ WW* →H 
-1Ldt = 20.7 fb∫ = 8 TeV s

σ1

σ2

σ3

σ4

Data

 expectedsCL
 + = 0 Passuming J

 σ 1 ± 

 )
 a

lt
 P

 ( 
J

s
C

L

-610

-510

-410

-310

-210

-110

1

Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a JP = 0+ signal. The green band represents the
68% CLs(JP

alt) expected exclusion range for a signal with assumed
JP = 0+. For the spin-2 hypothesis, the results for the specific 2+m
model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary
The observed and expected CLs values for the exclu-

sion of the di↵erent spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+m model, discussed in Section 2,
is displayed.

8. Conclusions

The Standard Model JP = 0+ hypothesis for the
Higgs boson has been compared to alternative spin–

11

3. Statistical method

The analyses described in this Letter rely on discrim-
inant observables chosen to be sensitive to the spin and
parity of the signal while preserving the discrimination
against the various backgrounds, as described in Sec-
tions 4, 5 and 6 for the three final states. A likelihood
function L(JP, µ, ✓) that depends on the spin–parity as-
sumption of the signal is constructed as a product of
conditional probabilities over binned distributions of the
discriminant observables in each channel:

L(JP, µ, ✓) =
Nchann.Y

j

NbinsY

i

P
�
Ni, j | µ j · S (JP)

i, j (✓) + Bi, j(✓)
� ⇥A j(✓) ,

(1)

where µ j represents the nuisance parameter associated
with the signal rate in each channel j. The symbol
✓ represents all other nuisance parameters. The likeli-
hood function is therefore a product of Poisson distribu-
tions P corresponding to the observation of Ni, j events
in each bin i of the discriminant observable(s),1 given
the expectations for the signal, S (JP)

i, j (✓), and for the
background, Bi, j(✓). Some of the nuisance parameters
are constrained by auxiliary measurements through the
functionsA j(✓).

While for the SM Higgs boson the couplings to the
SM particles are predicted, they are not known a priori
for the alternative hypotheses, defined as JP

alt. In order to
be insensitive to such assumptions, the numbers of sig-
nal events in each channel and for each tested hypothe-
sis are treated as an independent nuisance parameters in
the likelihood.

The test statistic q used to distinguish between the
two signal spin–parity hypotheses is based on a ratio of
likelihoods:

q = log
L(JP = 0+, ˆ̂µ0+ ,

ˆ̂✓0+ )

L(JP
alt,

ˆ̂µJP
alt
, ˆ̂✓JP

alt
)
, (2)

where L(JP, ˆ̂µJP , ˆ̂✓JP ) is the maximum likelihood esti-
mator, evaluated under either the 0+ or the JP

alt spin–
parity hypothesis. The ˆ̂µJP , ˆ̂✓JP represent the values
of the signal strength and nuisance parameters fitted

1As explained in the following sections, the sensitivity for spin–
parity separation is improved by a simultaneous fit to two discrim-
inants in the H! �� and H ! WW⇤ decay modes, while in the
H ! ZZ⇤ channel only one discriminant is used.

to the data under each JP hypothesis. The distribu-
tions of the test statistics for each of the two hypothe-
ses are obtained using ensemble tests (Monte Carlo
pseudo-experiments). The generation of the pseudo-
experiments uses the numbers of signal and background
events in each channel obtained from maximum likeli-
hood fits to data. In the fits of each pseudo-experiment,
these and all other nuisance parameters are profiled, i.e.
fitted to the value that maximises the likelihood for each
value of the parameter of interest. When generating the
distributions of the test statistics for a given spin–parity
hypothesis, the signal strength µ is fixed to the value ob-
tained in the fit to the data under the same spin–parity
assumption. The distributions of q are used to deter-
mine the corresponding p0-values p0(0+) and p0(JP

alt).
For a tested hypothesis JP

alt, the observed (expected)
p0-values are obtained by integrating the corresponding
test-statistic distributions above the observed value of q
(above the median of the JP = 0+ q distribution). When
the measured data are in agreement with the tested hy-
pothesis, the observed value of q is expected to be close
to the median, corresponding to a p0-value around 50%.
Very small values of the integral of the JP

alt distribution,
corresponding to large values of q, are interpreted as the
data being in disagreement with the tested hypothesis
in favour of the SM hypothesis. An example of such
distributions is shown in Section 7 for the 0+ and 0�
hypotheses.

The exclusion of the alternative JP
alt hypothesis in

favour of the Standard Model 0+ hypothesis is evaluated
in terms of the corresponding CLs(JP

alt), defined as:

CLs(JP
alt) =

p0(JP
alt)

1 � p0(0+)
. (3)

4. H! �� Analysis

The H! �� decay mode is sensitive to the spin of
the Higgs boson through the measurement of the po-
lar angular distribution of the photons in the resonance
rest frame. For this channel, the SM spin hypothesis
is compared only to the JP = 2+ hypothesis. Spin in-
formation can be extracted from the distribution of the
absolute value of the cosine of the polar angle ✓⇤ of the
photons with respect to the z-axis of the Collins–Soper
frame [27]:

| cos ✓⇤| = | sinh(�⌘��)|
q

1 + (p��T /m��)2

2p�1T p�2T

m2
��

, (4)

where m�� and p��T are the invariant mass and the trans-
verse momentum of the photon pair, �⌘�� is the separa-
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• 	  μ=σobs/σSM	  determined	  with	  a	  likelihood	  	  
	  	  	  ra;o	  fit	  

• 	  Common	  signal	  strength	  scale	  factors	  
	  	  account	  for	  all	  produc;ons	  and	  decay	  modes	  

• 	  New	  channels	  (see	  C.	  Lee	  talk)	  
	  	  	  H-‐>ττ	  :	  observed	  with	  4.1σ	  significance	  	  
	  	  	  	  H-‐>bb-‐bar	  :	  no	  excess	  over	  background	  	  

• 	  Combina;on	  of	  H-‐>bb-‐bar	  and	  H-‐>ττ	  :	  

-‐>	  3.7	  σ	  evidence	  for	  direct	  decay	  to	  fermions	  

• 	  Combining	  all	  the	  channels:	  

Compa0bility	  of	  ~7%	  
	  with	  SM	  (μ=1)	  
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H ! ⌧⌧ channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

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

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.
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parameters ✓,

⇤(↵) =
L
�
↵ , ˆ̂✓(↵)

�

L(↵̂, ✓̂)
. (1)

The likelihood functions in the numerator and denominator of the above equation are built using sums
of signal and background probability density functions (pdfs) in the discriminating variables. These
variables are the ��, 4` and 2b-jet masses for H! ��, H!ZZ⇤! 4` and H ! bb̄, respectively, the
transverse mass mT (defined in Ref. [3]) for the H!WW⇤! `⌫`⌫ channel and a multivariate discriminant
output distribution for H ! ⌧⌧. The pdfs are derived from MC simulation for the signal and from both
data and simulation for the background. Likelihood fits to the observed data are done for the parameters
of interest. The single circumflex in Eq. 1 denotes the unconditional maximum likelihood estimate of
a parameter and the double circumflex denotes the conditional maximum likelihood estimate for given
fixed values of the parameters of interest ↵.

Systematic uncertainties and their correlations [8] are modelled by introducing nuisance parameters ✓
described by likelihood functions associated with the estimate of the corresponding e↵ect. The choice of
the parameters of interest depends on the test under consideration, with the remaining parameters being
“profiled”, i.e., similarly to nuisance parameters they are set to the values that maximise the likelihood
function for the given fixed values of the parameters of interest.

Asymptotically, a test statistic �2 ln⇤(↵) of several parameters of interest ↵ is distributed as a �2

distribution with n degrees of freedom, where n is the dimensionality of the vector ↵. In particular,
the 100(1 � �)% confidence level (CL) contours are defined by �2 ln⇤(↵) < k�, where k� satisfies
P(�2

n > k�) = �. For two degrees of freedom the 68% and 95% CL contours are given by �2 ln⇤(↵) = 2.3
and 6.0, respectively. All results presented in the following sections are based on likelihood evaluations
and therefore give only approximate CL intervals.1

For the measurements in the following sections the compatibility with the Standard Model, pSM, is
quantified using the p-value obtained from the profile likelihood ratio ⇤(↵ = ↵S M), where ↵ is the set of
parameters of interest and ↵S M are their Standard Model values. For a given coupling benchmark model,
↵ is the set of ki and li j parameters of that model, where the indices i, j refer to the parameters of interest
of the model. All other parameters are treated as independent nuisance parameters.

4 Signal Strength in Production and Decay Modes

This section focuses on the measurement of the global signal strength parameter µ and the individual
signal strength parameters µ f

i which depend upon the Higgs boson production mode i and the decay
channel f , for a fixed mass hypothesis corresponding to the measured value mH = 125.5 GeV [3]. The
parameters µ and µ f

i are determined from a fit to the data using the profile likelihood ratio ⇤(µ) (see
Eq. 1).

The results are shown in Fig. 1, where the signal strengths measured in the five individual channels
are presented2. The signal strength normalised to the SM expectation, obtained by combining the three
diboson channels, was published in Ref. [3] as µ��,ZZ⇤,WW⇤ = 1.33 ± 0.14 (stat) ± 0.15 (sys). With the
changes described in Section 2, this value is updated to µ��,ZZ⇤,WW⇤ = 1.35 ± 0.14 (stat) +0.16

�0.14 (sys). The
combination of the two fermion channels H ! bb̄ and H ! ⌧⌧ yields a signal strength

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

1Whenever probabilities are translated into the number of Gaussian standard deviations the two-sided convention is chosen.
2The results for H! ��, H!ZZ⇤! 4` and H ! bb̄ are taken from the individual analyses, while the results for

H!WW⇤! `⌫`⌫ and H ! ⌧⌧ are taken from the combination of these two channels with independent signal strengths for
the two final states in order to take the signal cross contamination into account (see Section 2).
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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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• Measure	  rela;ve	  contribu;ons	  of	  the	  different	  
	  Higgs	  produc;on	  mode	  to	  the	  same	  decay	  channel	  

• 	  Two	  signal	  strength	  parameter	  for	  Higgs	  couplings	  

	  	  	  -‐	  to	  vector	  boson:	  μf
VBF+VH=	  μf

VBF=	  μf
VH	  	  	  	  

	  	  	  -‐	  to	  fermions:	  μf
ggF+QH	  =	  μf

QH=	  μf
ggF	  

Fit	  to	  data	  the	  likelihood	  
	  Λ(μVBF+VH/	  μggF+QH)	  	  with	  

no	  assump;on	  on	  the	  Higgs	  
boson	  branching	  ra;os	  	  

Combined	  results:	  	  

Probe	  the	  VBF	  produc;on	  by	  profiling	  (μVH)	  

-‐>	  Evidence	  of	  VBF	  produc;on	  at	  4.1σ	  	  
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, for a Higgs boson mass mH =125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, re-
spectively, and the statistical uncertainties by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the statistical uncertainty (top), the total (experimental
and theoretical) systematic uncertainty (middle), and the theoretical uncertainty (bottom) on the signal
cross section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the
likelihood curves from which the total uncertainties are extracted are overlaid. The measurements are
based on Refs. [3, 6], with the changes mentioned in the text.

means in particular that the observed state is assumed to be a CP-even scalar as in the SM (this
assumption was tested by both the ATLAS [15] and CMS [16] Collaborations).

The LO-motivated coupling scale factors k j are defined in such a way that the cross section � j and
the partial decay width � j associated with the SM particle j scale with the factor k2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [14, 17].

In some of the fits the e↵ective scale factors kg and kg for the processes H ! gg and gg ! H, which
are loop-induced in the SM, are treated as a function of the more fundamental coupling scale factors kt,
kb, kW, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagated through the loop calculations, including all interference
e↵ects, using the functional form derived from the SM. Similarly the scaling of the VBF cross section
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Figure 2: Likelihood contours in the (µ f
ggF+ttH , µ

f
VBF+VH) plane for the channels f=H! ��,

H!ZZ⇤! 4`, H!WW⇤! `⌫`⌫, H ! ⌧⌧ and a Higgs boson mass mH = 125.5 GeV. The sharp lower
edge of the H!ZZ⇤! 4` contours is due to the small number of events in this channel and the require-
ment of a positive pdf. The best-fit values to the data (⇥) and the 68% (full) and 95% (dashed) CL
contours are indicated, as well as the SM expectations (+).

5 Coupling fits

In the previous section signal strength scale factors µ f
i for given Higgs boson production or decay modes

are discussed. However, for a measurement of Higgs boson couplings, production and decay modes
cannot be treated independently. Scenarios with a consistent treatment of Higgs boson couplings in
production and decay modes are studied in this section. All uncertainties on the best-fit values shown in
this Section take into account both experimental and theoretical systematic values.

5.1 Framework for coupling scale factor measurements

Following the leading order (LO) tree level motivated framework and benchmarks recommended in
Ref. [14], measurements of coupling scale factors are implemented for the combination of all analyses
and channels summarised in Table 1. This framework is based on the following assumptions:

• The signals observed in the di↵erent search channels originate from a single narrow resonance
with a mass near 125.5 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

• The width of the assumed Higgs boson near 125.5 GeV is neglected, i.e. the zero-width approxi-
mation is used. Hence the product � ⇥ BR(i ! H ! f ) can be decomposed in the following way
for all channels:

� ⇥ BR(i! H ! f ) =
�i · �f

�H
,

where �i is the production cross section through the initial state i, �f the partial decay width into
the final state f and �H the total width of the Higgs boson.

• Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into
account, while the tensor structure of the couplings is assumed to be the same as in the SM. This
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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.

5

) µSignal strength (
-0.5 0 0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.5 GeVHm

0.28-
0.33+ = 1.57µ

γγ →H 

 0.12-
 0.17+
 0.18-
 0.24+
 0.22-
 0.23+

0.35-
0.40+ = 1.44µ

 4l→ ZZ* →H 

 0.10-
 0.17+
 0.13-
 0.20+
 0.32-
 0.35+

0.29-
0.32+ = 1.00µ

νlν l→ WW* →H 

 0.08-
 0.16+
 0.19-
 0.24+
 0.21-
 0.21+

0.20-
0.21+ = 1.35µ

, ZZ*, WW*γγ→H
Combined

 0.11-
 0.13+
 0.14-
 0.16+
 0.14-
 0.14+

0.6-
0.7+ = 0.2µ

b b→W,Z H 
<0.1

0.4±

0.5±

0.4-
0.5+ = 1.4µ

(8 TeV data only)  ττ →H 

 0.1-
 0.2+
 0.3-
 0.4+
 0.3-
 0.3+

0.32-
0.36+ = 1.09µ

ττ, bb→H
Combined

 0.04-
 0.08+
 0.21-
 0.27+
 0.24-
 0.24+

0.17-
0.18+ = 1.30µ

Combined
 0.08-
 0.10+
 0.11-
 0.14+
 0.12-
 0.12+

Total uncertainty
µ on σ 1±

(stat.)σ

)theory
sys inc.(σ

(theory)σ

Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H ! ⌧⌧ channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

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

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.
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95%	  CL	  contours	  	  
compa0ble	  with	  SM	  

H-‐>bb-‐bar	  not	  included	  
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Couplings	  Measurement	  
• 	  Basic	  assump;ons:	  

	  	  -‐	  Signal	  in	  different	  channels	  originated	  from	  single	  resonance	  at	  m	  =125.5	  GeV	  	  

-‐	  	  	  width	  of	  the	  Higgs	  is	  neglected	  (narrow-‐width	  approx.)	  
	  	  	  	  	  	  for	  decoupling	  of	  produc;on	  and	  decay	  	  	  

-‐ 	  	  same	  tensor	  structure	  of	  the	  SM	  Higgs	  boson,	  allow	  only	  for	  modifica;on	  of	  the	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  coupling	  strength	  	  

-‐ -‐>	  Devia;on	  from	  SM	  predic;ons	  with	  mul;plica;ve	  modifiers	  K	  for	  produc;on,	  decay	  
	  	  	  	  	  	  and	  total	  width	  KH	  	  or	  their	  ra;os	  λ	  	  

• 	  	  Assume	  BSM	  contribu;ons	  in:	  
	  	  	  -‐	  	  the	  total	  decay	  width,	  KH	  	  	  	  (SM	  only:	  KH2	  	  ~	  0.25KV2	  +	  0.75KF2	  )	  	  
	  	  	  -‐	  	  gluon	  and	  photon	  vertex	  loops	  coupling	  modifiers	  (Kg,	  Ky)	  

	  	  	  	  	  	  -‐>	  Kg2	  ~	  1.06	  Kt2	  -‐	  0.07	  KtKb	  +0.01	  Kb2	  	  	  	  	  
	  	  	  	  	  	  	  -‐>	  Kγ2	  ~	  	  1.59	  KW2	  –	  0.66	  KWKt	  +0.07	  Kt2	  	  

Effec;ve	  loop-‐induced	  coupling	  modifiers	  28/02/14 J.-B. Sauvan, La Thuile 7

Coupling strength measurements
 SM tensor structure (JCP = 0++)

↳ Only allow modifications of coupling strengths

 Narrow resonance approximation

↳ Production and decay factorize: σ∙BR(xx→H→yy) = σ(xx)∙Γ
yy

 / Γ
tot

 Deviations from SM predictions are assessed by parameterizing σ and Γ in 

terms of multiplicative modifiers κ (or their ratios λ)

↳ Parameterizations are LO in κ around the state of the art SM prediction

 Different benchmark parameterizations are used to test for possible BSM 

scenarios [arXiv:1209.0040, LHC Higgs XS WG YR3]

↳ With assumptions on some modifiers 

↳ Possible to use effective couplings for loop-induced couplings, or derive them based 

on tree-level couplings

Effective loop-induced coupling 
modifiers

 Hγγ coupling from tree-level couplings

Disentangling H Couplings 

•  The production × decay are always sensitive at LO to a linear combination 
    of products of two couplings ⇔ model assumptions required to disentangle 

e.g. Prescription from HXSWG in arXiv:1209.0040   
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!H
2 =

!
j

2! "SM
j

"H
SM
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"W

"Z

( λWZ = 1 in SM ) 

- Assume either only SM particles in the loops,  
  or  
  “new physics” in width or loops (allowing or not invisible decay) 

- Test custodial symmetry :    

- Test bosonic & fermionic couplings: consider                    & !V (=!W =!Z ) ! f (=! l =!q )
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H ! !!, H!ZZ"! 4" and H!WW"! "#"# chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

$ · B (gg! H ! !!)
$SM(gg! H) · BSM(H ! !!)

=
%2
g · %

2
!

%2
H

(7)

In some of the fits, %H and the e!ective scale factors
%! and %g for the loop-induced H ! !! and gg ! H
processes are expressed as a function of the more fun-
damental factors %W , %Z , %t, %b and %& (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

%2
g(%b, %t) =

%2
t · $

tt
ggH + %

2
b · $

bb
ggH + %t%b · $

tb
ggH

$ttggH + $
bb
ggH + $

tb
ggH

%2
!(%b, %t, %&, %W) =

!

i, j %i% j · "
i j
!!

!

i, j "
i j
!!

(8)

%2
H =

"

j j=WW" , ZZ" , b  b, &#&+,

!!, Z!, gg, t  t, c c, s  s, µ#µ+

%2
j"

SM
j j

"SM
H

where $i jggH , "i j!! and "SM
f f are obtained from theory [14,

15, 119].
Results are extracted from fits to the data using the

profile likelihood ratio #(!), where the % j couplings are
treated either as parameters of interest or as nuisance
parameters, depending on the measurement.

The assumptions made for the various measurements
are summarised in Table 10 and discussed in the next
sections together with the results.

Figure 10: Likelihood contours (68% CL) of the coupling scale fac-
tors %F and %V for fermions and bosons (benchmark model 1 in Ta-
ble 10), as obtained from fits to the three individual channels and their
combination (for the latter, the 95% CL contour is also shown). The
best-fit result ($) and the SM expectation (+) are also indicated.

7.4.1. Couplings to fermions and bosons
The first benchmark considered here (indicated as

model 1 in Table 10) assumes one coupling scale fac-
tor for fermions, %F , and one for bosons, %V ; in this sce-
nario, the H ! !! and gg ! H loops and the total
Higgs boson width depend only on %F and %V , with no
contributions from physics beyond the Standard Model
(BSM). The strongest constraint on %F comes indirectly
from the gg! H production loop.

Figure 10 shows the results of the fit to the data for
the three channels and their combination. Since only
the relative sign of %F and %V is physical, in the follow-
ing %V > 0 is assumed. Some sensitivity to this relative
sign is provided by the negative interference between
the W-boson loop and t-quark loop in the H ! !! de-
cay. The data prefer the minimum with positive relative
sign, which is consistent with the SM prediction, but
the local minimum with negative sign is also compati-
ble with the observation (at the % 2$ level). The two-
dimensional compatibility of the SM prediction with the
best-fit value is 12%. The 68% CL intervals of %F and
%V , obtained by profiling over the other parameter, are:

%F & [0.76, 1.18] (9)
%V & [1.05, 1.22] (10)

with similar contributions from the statistical and sys-
tematic uncertainties.

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling %F ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio 'FV = %F/%V can be measured

18
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Fermions	  vs	  Bosons	  Couplings	  
• 	  Fit	  parameters	  are	  the	  coupling	  scale	  factors	  
	  	  for	  all	  fermions	  kF	  and	  for	  all	  vectors	  kv	  
	  	  	  	  	  	  	  	  	  	  KV	  	  =	  kW	  =	  kZ	  	  	  	  and	  	  	  KF	  =	  Kt	  =	  Kb	  =	  Kτ	  	  

• 	  Kg	  and	  Ky	  are	  parametrized	  with	  tree-‐level	  scale	  
factors	  (no	  BSM)	  and	  with	  no	  BSM	  contribu;on	  to	  KH	  

BEST	  FIT	  VALUES:	  	  

• 	  Best	  fit	  prefers	  posi;ve	  coupling,	  good	  compa;bility	  with	  the	  SM	  (~12%)	  	  

KV	  =	  1.15+0.08-‐0.08	  	  KF	  =	  0.99+0.17-‐0.15	  	  

• 	  No	  assump;on	  on	  the	  total	  width	  done	  (strong	  
	  constraint	  on	  the	  fermion	  couplings)	  

• 	  Repeat	  fit,	  possible	  only	  in	  the	  ra;o	  KF/KV	  	  

BEST	  FIT	  VALUES	  :	  	   λFV	  =	  KF/KV	  =	  0.86+0.14-‐0.12	  
KVV	  =	  KV*KV/KH	  =	  1.28+0.16-‐0.15	   Comp.	  with	  	  SM:	  10%	  
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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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Figure 6 shows the results of this fit. The best-fit values and uncertainties, when profiling the other
parameter, are:

lFV = 0.86+0.14
�0.12

kVV = 1.28+0.16
�0.15.

Similarly to the above case, Figure 6(a) shows the determination of the sign of lFV . Figure 6(c) shows
the two-dimensional likelihood contours. The two variables are anticorrelated because only their product
appears in the model. The two-dimensional compatibility of the SM hypothesis with the best-fit point is
10%.
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Figure 6: Results of fits for the 2-parameter benchmark model defined in Section 5.2.2 that probe di↵erent
coupling strength scale factors for fermions and vector bosons without assumptions on the total width:
(a) coupling scale factor ratio lFV (kVV is profiled); (b) coupling scale factor ratio kVV (lFV is profiled).
The dashed curves show the SM expectations. The thin dotted and dashed-dotted lines in (b) indicate the
continuations of the likelihood curves when restricting the parameters to either the positive or negative
sector of lFV ; (c) correlation contours of the same variables.

5.2.3 Summary

The coupling of the new particle to fermions is observed directly in the H ! ⌧⌧ channel at more than
4� [6], while the H ! bb̄ channel is compatible both with the SM Higgs boson and SM background.
This coupling is also observed indirectly through the constraints from the channels which are dominated

12
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• 	  MCHM	  represent	  a	  possible	  explana;on	  of	  the	  scalar	  naturalness	  problem	  

• 	  Higgs	  is	  a	  composite	  boson	  (pseudo	  Nambu-‐Goldston)	  

• 	  Higgs	  couplings	  to	  boson	  and	  fermions	  modified	  with	  a	  
	  	  	  compositness	  scale,	  f,	  combined	  into	  the	  parameter	  ξ	  =	  v2/f2	  	  (SM	  ξ	  =	  0,	  f-‐>∞)	  

• 	  Consider	  two	  models	  with	  measured	  couplings	  scale	  	  
	  	  	  	  	  factors	  expressed	  as	  func;on	  of	  ξ:	  

MCHM4	   MCHM5	  

Best	  fit:	  	  	  	  	  	  	  	  	  	  ξ	  =	  -‐0.30+0.17-‐0.18	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ξ	  =	  -‐0.08+0.11-‐0.16	  
Obs	  (exp)	  	  	  	  	  	  	  	  f	  >	  710	  GeV	  (460	  GeV)	  	  	  	  	  	  	  	  	  	  	  	  f	  >	  640	  GeV	  (550GeV)	  
95%	  CL	  upper	  limit	  

5 ADDITIONAL ELECTROWEAK SINGLET 6

V!

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

F!

-1

0

1

2

3

4

SM Best fit

Obs. 68% CL Obs. 95% CL

Exp. 68% CL Exp. 95% CL

ATLAS Preliminary
-1Ldt = 4.6-4.8 fb" = 7 TeV, s

-1Ldt = 20.3 fb" = 8 TeV, s

b,b##,ZZ*,WW*,$$ %Combined h

=0.1&=0.2&=0.3&=0.4&=0.5& =0.0&
=0.1&

=0.2&
=0.3&

=0.4&

=0.5&

MCHM4

MCHM5

Figure 2: Two-dimensional likelihood contours in the (V , F) coupling plane, where �2 ln⇤ = 2.3 and
�2 ln⇤ = 6.0 correspond approximately to 68% CL (1�) and 95% CL (2�) respectively. The coupling
predictions in the MCHM4 and MCHM5 models are shown as parametric functions of the Higgs boson
compositeness parameter ⇠ = v2/ f 2. The two-dimensional likelihood contours are shown for reference
and should not be used to estimate the exclusion for the single parameter ⇠.

5 Additional Electroweak Singlet

The simplest extension to the SM Higgs sector involves the addition of an EW singlet field [25, 30–35]
to the doublet Higgs field of the SM, providing a possible answer to the dark matter problem. Both fields
acquire non-zero vacuum expectation values. Spontaneous symmetry breaking leads to mixing between
the singlet state and the surviving state of the doublet field, resulting in two CP-even Higgs bosons,
where h (H) denotes the lighter (heavier) of the pair. The two Higgs bosons, h and H, are assumed to be
non-degenerate. They couple to fermions and vector bosons in a similar way as the SM Higgs boson, but
each with a strength reduced by a common scale factor, denoted as  for h and 0 for H. The constraint
of unitarity implies that:

2 + 02 = 1. (9)

In this model, the lighter Higgs boson h is assumed to have identical production and decay modes to
those of the SM Higgs boson, but with rates modified according to:

�h = 2 ⇥ �h,SM

�h = 2 ⇥ �h,SM

BRh,i = BRh,SM,i,

(10)

where � denotes the production cross section, � denotes the total decay width, BR denotes the branching
ratio, and i indexes the di↵erent decay modes.

For the heavier Higgs boson H, new decay modes such as H ! hh are possible if they are kinemati-
cally accessible. In this case, the production and decay rates of the H boson are modified with respect to
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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
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Figure 1: Two-dimensional likelihood scan of the mass scaling factor, ✏, and the vacuum expectation
value parameter, M. The likelihood contours where �2 ln⇤ = 2.3 and �2 ln⇤ = 6.0, corresponding
approximately to 68% CL (1�) and 95% CL (2�) respectively, are shown for both the data and the
prediction for a SM Higgs boson. The best fit to the data and the SM expectation are indicated as ⇥ and
+ respectively.

are interpreted in the MCHM4 scenario by rescaling the rates in di↵erent production and decay modes
as functions of the couplings  = V = F , assuming the same production and decay modes as in the SM.
The couplings are in turn expressed as functions of ⇠ using Eq. 7.

The MCHM4 model contains a physical boundary ⇠ � 0, with the SM Higgs boson corresponding to
⇠ = 0. Ignoring this boundary, the scaling parameter is measured to be ⇠ = 1�µh = �0.30+0.17

�0.18, while the
expectation assuming the SM Higgs boson is 0.00+0.15

�0.17. The best-fit value observed for ⇠ is negative since
µh >1 is measured. The statistical and systematic uncertainties are of similar size. Accounting for the
lower boundary produces an observed (expected) 95% CL upper limit of ⇠ < 0.12 (0.29), corresponding
to a Higgs boson compositeness scale of f >710 GeV (460 GeV). The observed limit is stronger than
expected since µh >1 is measured.

Similarly, in the MCHM5 model [27,28] the measured rates are expressed in terms of ⇠ by rewriting
the couplings as:

V =
p

1 � ⇠

F =
1�2⇠p

1�⇠
.

(8)

The measurements of V and F are given in Model 2 of Table 1. As with the MCHM4 model, the
MCHM5 model contains the physical boundary ⇠ � 0, with the SM Higgs boson corresponding to ⇠ = 0.
Ignoring this boundary, the composite Higgs boson scaling parameter is determined to be ⇠ = �0.08+0.11

�0.16,
while 0.00+0.11

�0.13 is expected assuming the SM Higgs boson. As above, the best-fit value for ⇠ is negative
since µh >1 is measured. Accounting for the boundary produces an observed (expected) 95% CL upper
limit of ⇠ < 0.15 (0.20), corresponding to a Higgs boson compositeness scale of f >640 GeV (550 GeV).
Figure 2 shows the two-dimensional likelihood for vector boson (V ) and fermion (F) coupling measure-
ments in the (V , F) plane, overlaid with predictions as parametric functions of ⇠ for the MCHM4 and
MCHM5 models. A secondary minimum in the likelihood exists at F < 0 due primarily to the large
measured h! �� rate [13].
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Probing	  rela;on	  within	  fermionic	  	  
coupling	  sector	  

• 	  New	  channels	  H-‐>bb-‐bar	  and	  H-‐>ττ	  allows	  to	  probe	  fermionic	  sector	  (KV	  fixed)	  

Around	  the	  SM–like	  Minimum:	  
	  λdu=Kd/Ku	  =	  0.95+0.20-‐0.18	  	  

~3.6σ	  evidence	  	  
Higgs	  coupling	  
to	  d-‐type	  fermions	  

Around	  the	  SM–like	  Minimum:	  
	  λlq	  =	  Kl/Kq	  =	  1.22+0.28-‐0.24	  	  

Probe	  the	  ra;o	  between	  up	  and	  down	  
fermion	  couplings	  modifiers:	  

Probe	  the	  ra;o	  between	  lepton	  and	  
quarks	  couplings	  modifiers:	  

	  	  	  λdu	  ,	  λlq	  	  used	  with	  other	  couplings	  SF	  to	  test	  2HDM	  	  
	  	  	  and	  MSSM	  models	  	  (more	  in	  D.	  Sidorov	  talk)	  

~15%	  compa;bility	  of	  the	  SM	  
hypothesis	  with	  the	  best	  fit	  
point	  

Figure 9 shows the results for this benchmark. Similar to the case above, the likelihood curve is
nearly symmetric about llq = 0 . The fit results for the parameters of interest are:

llq 2 [�1.48,�0.99] [ [0.99, 1.50]
lVq = 1.27+0.23

�0.20

kqq = 0.82+0.23
�0.19.

The value of llq around the SM-like minimum at 1 is llq = 1.22+0.28
�0.24. A vanishing coupling of the Higgs

boson to leptons is excluded at the ⇠ 4.0� level due to the H ! ⌧⌧measurement. The three-dimensional
compatibility of the SM hypothesis with the best-fit point is 15%.
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Figure 9: Results of fits for the benchmark model described in Section 5.4.2 that probe the symmetry
between quarks and leptons: (a) coupling scale factor ratio llq (lVq and kqq are profiled); (b) coupling
scale factor ratio lVq (llq and kqq are profiled); (c) overall scale factor kqq (llq and lVq 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 llq
and lVq, respectively.

5.5 Probing beyond the SM contributions

In this section contributions from new particles either in loops or in new final states are considered. All
coupling scale factors of known SM particles are assumed to be as predicted by the SM, i.e. ki = 1. For
the H! �� and gg ! H vertices, e↵ective scale factors � and g are introduced that allow for extra
contributions from new particles. The potential new particles contributing to the H! �� and gg ! H
loops may or may not contribute to the total width of the observed state through direct invisible decays
or decays into final states that cannot be distinguished from the background. In these cases the resulting
variation in the total width is parameterised in terms of the additional branching ratio into invisible or
undetected particles BRi.,u.

7. Both aforementioned scenarios are addressed in this section.

7Invisible final states can be directly searched for through the Emiss
T signature [22]. An example of an undetected mode

would be a decay mode to multiple light jets, which presently cannot be distinguished from multi-jet backgrounds.
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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.

15



Mass	  dependence	  	  
of	  the	  coupling	  

4/28/14	   13	  N.	  Venturi,	  DIS	  2014,	  Warsaw	  

• 	  Probe	  the	  mass	  dependence	  of	  the	  Higgs	  boson	  couplings	  	  to	  other	  par;cles	  	  
	  	  	  using	  the	  measured	  coupling	  to	  the	  SM	  par;cles	  (KW,KZ,	  Kb	  Kt,	  Kτ)	  	  

• 	  Express	  the	  coupling	  scale	  factors	  to	  different	  fermions	  (f,i)	  and	  bosons	  (V,j)	  

v	  =	  SM	  vacuum	  expecta;on	  value	  ~	  246	  GeV	  
SM	  with	  :	  M=v	  	  -‐>	  K	  f,I	  =	  K	  V,j	  =1	  	  

• 	  Parameter	  of	  interest	  are	  

	  M	  :	  vacuum	  expecta;on	  value	  	  
	  ε	  :	  mass	  scaling	  parameter	  

Combined	  fit	  to	  the	  measured	  rates	  gives:	  

-‐ 	  Best	  fit	  point	  compa;ble	  with	  SM	  within	  ~1.5σ	  

-‐ 	  	  ε	  close	  to	  0	  -‐>	  coupling	  to	  fermions	  and	  	  
	  	  	  bosons	  consistent	  with	  linear	  and	  quadra;c	  	  mass	  dependence	  

3 MASS SCALING OF COUPLINGS 3

where ⇤(↵) is the profile likelihood ratio defined as:

⇤(↵) =
L
�
↵ , ˆ̂✓(↵)

�

L(↵̂, ✓̂)
. (2)

The single circumflex in the denominator of Eq. 2 denotes the unconditional maximum likelihood esti-
mate of a parameter. The double circumflex in the numerator denotes the “profiled” value, namely the
conditional maximum likelihood estimate for given fixed values of the parameters of interest ↵.

The likelihood in Eq. 2 depends on one or more parameters of interest ↵, such as the Higgs boson
production strength µ normalized to the SM expectation (so that µ = 1 corresponds to the SM Higgs
boson hypothesis and µ = 0 to the background-only hypothesis), the mass mh, coupling strengths k,
as well as on nuisance parameters ✓. The likelihood function for the Higgs coupling measurement is
built as a product of the likelihoods of all measured Higgs boson channels, where for each channel
the likelihood is built using sums of signal and background probability density functions (PDFs) in
the discriminating variables. These discriminants are chosen to be the ��, 4`, and 2b-jet mass spectra
for h ! ��, h ! ZZ⇤ ! 4`, and h ! bb̄, respectively; the transverse mass, mT, distribution for
h ! WW⇤ ! `⌫`⌫; the distribution of a boosted decision tree response for h ! ⌧⌧; and the missing
transverse momentum, Emiss

T , distribution for the Zh ! `` + Emiss
T channel. The PDFs are derived from

Monte Carlo (MC) simulation for the signal and from both data and simulation for the background.
Systematic uncertainties and their correlations [15] are modeled by introducing nuisance parameters ✓.

Confidence intervals are extracted by assuming t↵ follows an asymptotic �2 distribution with the
corresponding number of degrees of freedom. For the composite Higgs boson, EW singlet, and Higgs
portal models, a physical boundary imposes a lower bound on the model parameter under study. The
maximum likelihood estimate and its uncertainty are first quoted ignoring the boundary, to provide the
information corresponding directly to the measurements. The confidence intervals that are subsequently
reported are based on the profile likelihood ratio where parameters are restricted to the allowed region of
parameter space, as in the case of the t̃µ test statistic described in Ref. [20]. This restriction of the like-
lihood ratio to the allowed region of parameter space is similar to the Feldman-Cousins technique [21];
however, the confidence interval is defined by the standard �2 cuto↵, which leads to some overcoverage
near the boundaries. The Higgs boson couplings also have boundaries in the two-Higgs-doublet models
and simplified MSSM, which are treated in a similar fashion.

3 Mass Scaling of Couplings
The observed rates in di↵erent channels are used to determine the mass dependence of the Higgs boson
couplings to other particles. The couplings are parametrized using scale factors denoted i, which are
defined as the ratios between the couplings and their corresponding SM values for mh = 125.5 GeV. The
measurements of the scale factors for the couplings of the Higgs boson to the Z boson, W boson, top
quark, bottom quark, and ⌧ lepton are given in Model 5 of Table 1.

The coupling scale factors to di↵erent species of fermions and vector bosons, respectively, are ex-
pressed in terms of a mass scaling parameter ✏ and a “vacuum expectation value” parameter M [22]:

 f ,i = v
m✏f ,i

M1+✏

V, j = v
m2✏

V, j
M1+2✏ ,

(3)

where v ⇡ 246 GeV is the vacuum expectation value in the SM, m f ,i denotes the mass of each fermion
species (indexed i), and mV, j denotes each vector boson mass (indexed j). The mass-scaling dependence
of the couplings, and the vacuum expectation value, of the SM are recovered with parameter values ✏ = 0
and M = v, which produce  f ,i = V, j = 1.

4 MINIMAL COMPOSITE HIGGS MODEL 5
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Figure 1: Two-dimensional likelihood scan of the mass scaling factor, ✏, and the vacuum expectation
value parameter, M. The likelihood contours where �2 ln⇤ = 2.3 and �2 ln⇤ = 6.0, corresponding
approximately to 68% CL (1�) and 95% CL (2�) respectively, are shown for both the data and the
prediction for a SM Higgs boson. The best fit to the data and the SM expectation are indicated as ⇥ and
+ respectively.

are interpreted in the MCHM4 scenario by rescaling the rates in di↵erent production and decay modes
as functions of the couplings  = V = F , assuming the same production and decay modes as in the SM.
The couplings are in turn expressed as functions of ⇠ using Eq. 7.

The MCHM4 model contains a physical boundary ⇠ � 0, with the SM Higgs boson corresponding to
⇠ = 0. Ignoring this boundary, the scaling parameter is measured to be ⇠ = 1�µh = �0.30+0.17

�0.18, while the
expectation assuming the SM Higgs boson is 0.00+0.15

�0.17. The best-fit value observed for ⇠ is negative since
µh >1 is measured. The statistical and systematic uncertainties are of similar size. Accounting for the
lower boundary produces an observed (expected) 95% CL upper limit of ⇠ < 0.12 (0.29), corresponding
to a Higgs boson compositeness scale of f >710 GeV (460 GeV). The observed limit is stronger than
expected since µh >1 is measured.

Similarly, in the MCHM5 model [27,28] the measured rates are expressed in terms of ⇠ by rewriting
the couplings as:

V =
p

1 � ⇠

F =
1�2⇠p

1�⇠
.

(8)

The measurements of V and F are given in Model 2 of Table 1. As with the MCHM4 model, the
MCHM5 model contains the physical boundary ⇠ � 0, with the SM Higgs boson corresponding to ⇠ = 0.
Ignoring this boundary, the composite Higgs boson scaling parameter is determined to be ⇠ = �0.08+0.11

�0.16,
while 0.00+0.11

�0.13 is expected assuming the SM Higgs boson. As above, the best-fit value for ⇠ is negative
since µh >1 is measured. Accounting for the boundary produces an observed (expected) 95% CL upper
limit of ⇠ < 0.15 (0.20), corresponding to a Higgs boson compositeness scale of f >640 GeV (550 GeV).
Figure 2 shows the two-dimensional likelihood for vector boson (V ) and fermion (F) coupling measure-
ments in the (V , F) plane, overlaid with predictions as parametric functions of ⇠ for the MCHM4 and
MCHM5 models. A secondary minimum in the likelihood exists at F < 0 due primarily to the large
measured h! �� rate [13].
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Probing	  BSM	  contribu;ons	  
• 	  Higgs	  loop-‐induced	  processes	  are	  very	  
sensi;ve	  to	  heavy	  unknown	  par;cle	  	  

• 	  Free	  parameters	  are	  Kg	  and	  Kγ	  
• 	  Higgs	  total	  width	  (KH)	  only	  from	  SM	  par;cles	  

	  	  Kg	  =	  1.08	  +0.15-‐0.13	  	  	  	  

• 	  Probe	  non	  SM	  decay	  with	  a	  branching	  ra;o,	  BRi,.,u.	  from	  invisible	  or	  undetected	  

	  	  final	  states	  parametrizing	  	  the	  total	  Higgs	  width	  as:	  	  

• 	  Best-‐fit	  values	  are	  :	  Kg	  =	  1.00+0.23-‐0.16	  	  	  Kγ=	  1.17+0.16-‐0.13	  	  	  	  	  Bri.,u.=	  -‐0.16+0.29-‐0.30	  	  
• 	  Using	  the	  physical	  constraint	  BRi,.,u.>	  0	  the	  95%	  CL	  upper	  limit	  is:	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Bri.,u	  <	  0.41	  (SM	  exp.	  <	  0.55	  )	  

	  	  Kγ	  =	  1.19	  +0.15-‐0.12	  	  	  	  
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Figure 10: Results of fits for the benchmark models that probe for contributions from non-SM particles in
the H! �� and gg! H loops, assuming no sizeable extra contributions to the total width: (a) correlation
of the coupling scale factors kg and kg; (b) coupling scale factor kg (kg is profiled); (c) coupling scale
factor kg (kg is profiled). The dashed curves in (b) and (c) show the SM expectations.
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Figure 11: Results of fits for benchmark models that probe for contributions from non-SM particles
in the H! �� and gg ! H loops, while allowing for potential extra contributions to the total width:
(a) branching fraction BRi.,u. to invisible or undetected decay modes (kg and kg are profiled); (b) same as
(a), but restricting to BRi.,u. > 0 for the extraction of the upper 95% CL limit; (c) coupling scale factor kg
(kg and BRi.,u. are profiled); (d) coupling scale factor kg (kg and BRi.,u. are profiled). The dashed curves
show the SM expectations.
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	  SM	  compa0bility:	  9%	  

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].

17
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The	  Higgs	  boson	  coupling	  	  
measurements	  have	  been	  used	  to	  
search	  indirectly	  for	  new	  physics:	  	  

• 	  Custodial	  Symmetry	  	  

• 	  Addi;onal	  electroweak	  singleQ	  
• 	  Two-‐Higgs-‐doublet	  models	  

• 	  Simplified	  MSSM	  

• 	  Higgs	  portal	  to	  dark	  maQer	  	  
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Figure 15: Summary of the coupling scale factor measurements for mH = 125.5 GeV. The best-fit values
are represented by the solid black vertical lines. The measurements in the di↵erent benchmark models,
separated by double lines in the figure, are strongly correlated, as they are obtained from fits to the same
experimental data. Hence, they should not be considered as independent measurements and an overall
�2-like compatibility test to the SM is not possible. For each model the n-dimensional compatibility of
the SM hypothesis with the best fit point is given by pSM.
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Figure 14: Summary of the coupling scale factor measurements in the generic models discussed in
Section 5.6: a) generic model 1, only SM particles; b) generic model 2, independent k�, kg and no
assumption on the total width. The best-fit values are represented by the solid vertical lines, with the
total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, respectively. For each
model the n-dimensional compatibility of the SM hypothesis with the best-fit point is given by pSM.
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Summary	  of	  the	  couplings	  
Scale	  factors	  for	  generic	  model:	  	  

-‐ 	  only	  SM	  par;cles	  in	  loops	  

-‐ 	  total	  width	  fixed	  to	  SM	  value	  	  
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Conclusions	  
• 	  A�er	  the	  discovery,	  the	  Higgs	  boson	  study	  has	  entered	  a	  new	  phase	  of	  precise	  
	  	  	  	  measurement	  of	  its	  proper;es	  	  

• 	  Combined	  mass	  measurement	  	  

• 	  Evidence	  for	  the	  spin-‐0	  nature	  of	  the	  Higgs	  boson	  with	  posi;ve	  parity	  strongly	  preferred	  
	  (Jp	  =	  0-‐,	  1+	  ,	  1-‐	  ,2+	  excluded	  at	  CL	  above	  97.8%)	  

• 	  New	  channels	  H-‐>ττ	  and	  H-‐>bb-‐bar	  with	  combined	  signal	  strength	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐>	  3.7σ	  evidence	  for	  the	  direct	  decay	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  of	  the	  Higgs	  to	  fermions	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

• 	  Combined	  signal	  strength:	  

• 	  New	  channels	  allowed	  the	  direct	  probe	  of	  the	  rela;ons	  within	  the	  fermionic	  	  
	  	  	  	  coupling	  	  sector	  

• 	  Coupling	  measurements	  are	  consistent	  with	  SM	  expecta;on	  within	  the	  present	  
	  	  	  	  uncertain;es	  

parameters ✓,

⇤(↵) =
L
�
↵ , ˆ̂✓(↵)

�

L(↵̂, ✓̂)
. (1)

The likelihood functions in the numerator and denominator of the above equation are built using sums
of signal and background probability density functions (pdfs) in the discriminating variables. These
variables are the ��, 4` and 2b-jet masses for H! ��, H!ZZ⇤! 4` and H ! bb̄, respectively, the
transverse mass mT (defined in Ref. [3]) for the H!WW⇤! `⌫`⌫ channel and a multivariate discriminant
output distribution for H ! ⌧⌧. The pdfs are derived from MC simulation for the signal and from both
data and simulation for the background. Likelihood fits to the observed data are done for the parameters
of interest. The single circumflex in Eq. 1 denotes the unconditional maximum likelihood estimate of
a parameter and the double circumflex denotes the conditional maximum likelihood estimate for given
fixed values of the parameters of interest ↵.

Systematic uncertainties and their correlations [8] are modelled by introducing nuisance parameters ✓
described by likelihood functions associated with the estimate of the corresponding e↵ect. The choice of
the parameters of interest depends on the test under consideration, with the remaining parameters being
“profiled”, i.e., similarly to nuisance parameters they are set to the values that maximise the likelihood
function for the given fixed values of the parameters of interest.

Asymptotically, a test statistic �2 ln⇤(↵) of several parameters of interest ↵ is distributed as a �2

distribution with n degrees of freedom, where n is the dimensionality of the vector ↵. In particular,
the 100(1 � �)% confidence level (CL) contours are defined by �2 ln⇤(↵) < k�, where k� satisfies
P(�2

n > k�) = �. For two degrees of freedom the 68% and 95% CL contours are given by �2 ln⇤(↵) = 2.3
and 6.0, respectively. All results presented in the following sections are based on likelihood evaluations
and therefore give only approximate CL intervals.1

For the measurements in the following sections the compatibility with the Standard Model, pSM, is
quantified using the p-value obtained from the profile likelihood ratio ⇤(↵ = ↵S M), where ↵ is the set of
parameters of interest and ↵S M are their Standard Model values. For a given coupling benchmark model,
↵ is the set of ki and li j parameters of that model, where the indices i, j refer to the parameters of interest
of the model. All other parameters are treated as independent nuisance parameters.

4 Signal Strength in Production and Decay Modes

This section focuses on the measurement of the global signal strength parameter µ and the individual
signal strength parameters µ f

i which depend upon the Higgs boson production mode i and the decay
channel f , for a fixed mass hypothesis corresponding to the measured value mH = 125.5 GeV [3]. The
parameters µ and µ f

i are determined from a fit to the data using the profile likelihood ratio ⇤(µ) (see
Eq. 1).

The results are shown in Fig. 1, where the signal strengths measured in the five individual channels
are presented2. The signal strength normalised to the SM expectation, obtained by combining the three
diboson channels, was published in Ref. [3] as µ��,ZZ⇤,WW⇤ = 1.33 ± 0.14 (stat) ± 0.15 (sys). With the
changes described in Section 2, this value is updated to µ��,ZZ⇤,WW⇤ = 1.35 ± 0.14 (stat) +0.16

�0.14 (sys). The
combination of the two fermion channels H ! bb̄ and H ! ⌧⌧ yields a signal strength

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

1Whenever probabilities are translated into the number of Gaussian standard deviations the two-sided convention is chosen.
2The results for H! ��, H!ZZ⇤! 4` and H ! bb̄ are taken from the individual analyses, while the results for

H!WW⇤! `⌫`⌫ and H ! ⌧⌧ are taken from the combination of these two channels with independent signal strengths for
the two final states in order to take the signal cross contamination into account (see Section 2).

4

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.

5
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Coupling	  Scale	  Factors	  Summary	  
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Figure 14: Summary of the coupling scale factor measurements in the generic models discussed in
Section 5.6: a) generic model 1, only SM particles; b) generic model 2, independent k�, kg and no
assumption on the total width. The best-fit values are represented by the solid vertical lines, with the
total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, respectively. For each
model the n-dimensional compatibility of the SM hypothesis with the best-fit point is given by pSM.
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Generic	  model:	  	  
-‐ 	  only	  SM	  par;cles	  in	  loops	  
-‐ 	  total	  width	  fixed	  to	  SM	  value	  	  

Generic	  model:	  	  
-‐ 	  Independent	  Kγ,	  Kg	  	  
-‐ 	  no	  assump;on	  on	  the	  total	  width	  
(only	  ra;os	  of	  coupling	  scale	  factors	  
	  	  	  	  	  	  	  	  	  	  can	  be	  measured	  )	  	  
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Coupling	  Scale	  Factors	  Summary	  

SM	  fermion	  and	  boson	  coupling	  scale	  factors	  

Ra;o	  of	  	  fermion	  and	  boson	  coupling	  scale	  factors	  
(Free	  total	  Higgs	  width)	  

Custodial	  symmetry	  SM	  

Up	  down	  fermions	  couplings	  ,	  free	  fermion	  scale	  factors	  

Lepton	  quark	  couplings,	  free	  fermion	  scale	  factors	  

BSM	  contribu;on	  in	  H-‐>gg	  and	  gg-‐>H	  
Total	  width	  only	  from	  SM	  

BR	  to	  invisible	  or	  undetected	  
	  	  no	  assump;on	  on	  total	  width	  
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Figure 15: Summary of the coupling scale factor measurements for mH = 125.5 GeV. The best-fit values
are represented by the solid black vertical lines. The measurements in the di↵erent benchmark models,
separated by double lines in the figure, are strongly correlated, as they are obtained from fits to the same
experimental data. Hence, they should not be considered as independent measurements and an overall
�2-like compatibility test to the SM is not possible. For each model the n-dimensional compatibility of
the SM hypothesis with the best fit point is given by pSM.
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Custodial	  Symmetry	  	  	  
• 	  Custodial	  symmetry	  fixes	  the	  ra;o	  between	  	  	  
the	  W	  and	  Z	  couplings	  to	  the	  SM	  one	  	  

MORE	  GENERAL:	  

• 	  	  Allow	  possible	  BSM	  contribu;ons	  to	  the	  H	  -‐>	  γγ	  loop	  by	  adding	  an	  
effec;ve	  scale	  factor	  ra;o	  	  λγZ	  	  which	  is	  profiled	  in	  the	  λWZ	  measurement	  

-‐>	  λWZ	  in	  agreement	  with	  the	  expecta;on	  of	  custodial	  symmetry	  

• 	  Probe	  the	  coupling	  ra;o	  of	  W	  and	  Z	  (KF=Kt=Kb=Kτ):	  

	  	  	  	  λWZ	  	  =	  KW/KZ	  ,	  	  	  	  	  	  	  λFZ	  	  =	  KF/KZ	  ,	  	  	  	  	  	  	  	  	  	  KZZ=K2Z/KH	  

• 	  Only	  SM	  par;cle	  in	  loop	  (no	  BSM	  contribu;ons):	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  λWZ	  =	  0.94+0.14-‐0.29	  	   WZ!
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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

14

SM	  compa0bility:	  19%	  
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• 	  The	  simplest	  extension	  to	  the	  SM	  Higgs	  sector	  involves	  the	  addi;on	  of	  an	  EW	  singlet	  	  	  
	  field	  to	  the	  doublet	  Higgs	  field	  of	  the	  SM	  (possible	  answer	  to	  the	  dark	  maQer	  problem)	  

• 	  Two	  CP-‐even	  non-‐degenerate	  Higgs	  bosons,	  where	  h	  (H)	  denotes	  the	  lighter	  	  
	  	  	  (heavier)	  of	  the	  pair	  	  

• 	  	  h	  is	  assumed	  to	  have	  iden;cal	  produc;on	  and	  decay	  modes	  to	  those	  	  
	  	  	  of	  the	  SM	  Higgs	  boson	  but	  with	  rates	  modified	  	  

• 	  	  The	  overall	  signal	  strength	  for	  H	  can	  be	  wriQen	  
	  	  as:	  

And:	  

• 	  Resul;ng	  k’2	  using	  the	  measured	  μh:	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  K’2	  =	  -‐0.30+0.17-‐0.18	  	  	  	  	  (exp:	  0.00+0.15-‐0.17)	  

• 	  Observed	  (expected)	  95%	  CL	  upper	  limit	  of	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  K’2	  <	  0.12	  (0.29)	  	  
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2 STATISTICAL ANALYSIS 2

Model Coupling
Parameter

Description Measurement

1 MCHM4,
EW singlet

µh Overall signal strength 1.30+0.18
�0.17

 =
p
µh Universal coupling 1.14+0.09

�0.08

2 MCHM5,
2HDM Type I

V
Vector boson (W, Z)
coupling 1.15 ± 0.08

F
Fermion (t, b, ⌧, . . . )
coupling 0.99+0.17

�0.15

3 2HDM Type II,
MSSM

�Vu = V/u

Ratio of vector boson &
up-type fermion (t, c, . . . )
couplings

1.21+0.24
�0.26

uu = 2u/h
Ratio of squared up-type
fermion coupling & total
width scale factor

0.86+0.41
�0.21

�du = d/u

Ratio of down-type
fermion (b, ⌧, . . . ) &
up-type fermion
couplings

[�1.24,�0.81] [ [0.78, 1.15]

4 2HDM Type III

�Vq = V/q
Ratio of vector boson &
quark (t, b, . . . ) couplings 1.27+0.23

�0.20

qq = 2q/h
Ratio of squared quark
coupling & total width
scale factor

0.82+0.23
�0.19

�lq = l/q
Ratio of lepton (⌧, µ, e)
& quark couplings [�1.48,�0.99] [ [0.99, 1.50]

5 Mass scaling
parametrization

Z Z boson coupling 0.95+0.24
�0.19

W W boson coupling 0.68+0.30
�0.14

t t quark coupling [�0.80,�0.50] [ [0.61, 0.80]

b b quark coupling [�0.7, 0.7]

⌧ ⌧ lepton coupling [�1.15,�0.67] [ [0.67, 1.14]

6
Higgs portal
(without
Zh! `` + Emiss

T )

g Gluon e↵ective coupling 1.00+0.23
�0.16

� Photon e↵ective coupling 1.17+0.16
�0.13

BRi Invisible branching ratio �0.16+0.29
�0.30

7
Higgs portal
(with
Zh! `` + Emiss

T )

g Gluon e↵ective coupling –

� Photon e↵ective coupling –

BRi Invisible branching ratio �0.02 ± 0.20

Table 1: Measurements of Higgs boson coupling scale factors in di↵erent coupling parametrizations [13],
along with the BSM models or parametrizations they are used to probe. The production modes are
assumed to be the same as those in the SM in all cases. In models 1, 2, and 5, decay modes identical
to those in the SM are assumed. For models 3 and 4, the coupling parametrizations and measurements
listed do not require such an assumption, which is however made when deriving limits on the underlying
parameters of these BSM models. No assumption about the total width is made for models 6 and 7.

Measurements	  of	  Higgs	  boson	  coupling	  scale	  	  
factors	  in	  different	  coupling	  parametriza;ons	  ,	  	  
along	  with	  the	  BSM	  models	  or	  parametriza;ons	  
	  they	  are	  used	  to	  probe.	  	  
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Input	  to	  the	  Couplings	  	  
Combina;on	  

events. However, these removed H!WW⇤! `⌫`⌫ signal events are mostly retained within the H ! ⌧⌧
analysis selection.

The H!WW⇤! `⌫`⌫ channel also contaminates the H ! ⌧⌧ selection. In Ref. [6] this was treated
as a background, with SM signal strength. In the present study, this contamination is rescaled by the
measured H!WW⇤! `⌫`⌫ signal strength.

The final states and channel categories considered in this analysis are summarised in Table 1.

3 Statistical Procedure

The statistical treatment of the data is described in Refs. [8–12]. Hypothesis testing and confidence in-
tervals are based on the ⇤(↵) profile likelihood ratio [13] test statistic. The latter depends on one or more
parameters of interest ↵, such as the Higgs boson signal strength µ normalised to the SM expectation (so
that µ = 1 corresponds to the SM Higgs boson hypothesis and µ = 0 to the background-only hypothe-
sis), Higgs boson mass mH , coupling strength scale factors k and their ratios l, as well as on nuisance

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols ⌦ and �
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding references indicated in the last column. For the H! ��
channel the variables pTt and ⌘� are defined in Ref. [3].

Higgs boson Subsequent Sub-Channels
R

L dt Ref.Decay Decay [fb�1]

2011
p

s =7 TeV

H ! �� – 10 categories 4.8 [3]{pTt ⌦ ⌘� ⌦ conversion} � {2-jet VBF}
H ! ZZ⇤ 4` {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, `-tag} 4.6 [3]

H ! WW⇤ `⌫`⌫ {ee, eµ, µe, µµ} ⌦ {0-jet, 1-jet, 2-jet VBF} 4.6 [3]

VH ! Vbb
Z ! ⌫⌫ Emiss

T 2 {120 � 160, 160 � 200,� 200 GeV} ⌦ {2-jet, 3-jet} 4.6
W ! `⌫ pW

T 2 {< 50, 50 � 100, 100 � 150, 150 � 200,� 200 GeV} 4.7 [5]
Z ! `` pZ

T 2 {< 50, 50 � 100, 100 � 150, 150 � 200,� 200 GeV} 4.7

2012
p

s =8 TeV

H ! �� – 14 categories: {pTt ⌦ ⌘� ⌦ conversion} � 20.3 [3]{loose, tight 2-jet VBF} � {`-tag, Emiss
T -tag, 2-jet VH}

H ! ZZ⇤ 4` {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, `-tag} 20.3 [3]
H ! WW⇤ `⌫`⌫ {ee, eµ, µe, µµ} ⌦ {0-jet, 1-jet, 2-jet VBF} 20.3 [3]

VH ! Vbb
Z ! ⌫⌫ Emiss

T 2 {120 � 160, 160 � 200,� 200 GeV} ⌦ {2-jet, 3-jet} 20.3
W ! `⌫ pW

T 2 {<90, 90-120, 120-160, 160-200, �200 GeV} ⌦ {2-jet, 3-jet} 20.3 [5]
Z ! `` pZ

T 2 {<90, 90-120, 120-160, 160-200, �200 GeV} ⌦ {2-jet, 3-jet} 20.3

H ! ⌧⌧
⌧lep⌧lep {ee, eµ, µµ} ⌦ {boosted, 2-jet VBF} 20.3
⌧lep⌧had {e, µ} ⌦ {boosted, 2-jet VBF} 20.3 [6]
⌧had⌧had {boosted, 2-jet VBF} 20.3

3
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Sta;s;cal	  Procedure	  
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Sta;s;cal	  Procedure	  II	  parameters ✓,

⇤(↵) =
L
�
↵ , ˆ̂✓(↵)

�

L(↵̂, ✓̂)
. (1)

The likelihood functions in the numerator and denominator of the above equation are built using sums
of signal and background probability density functions (pdfs) in the discriminating variables. These
variables are the ��, 4` and 2b-jet masses for H! ��, H!ZZ⇤! 4` and H ! bb̄, respectively, the
transverse mass mT (defined in Ref. [3]) for the H!WW⇤! `⌫`⌫ channel and a multivariate discriminant
output distribution for H ! ⌧⌧. The pdfs are derived from MC simulation for the signal and from both
data and simulation for the background. Likelihood fits to the observed data are done for the parameters
of interest. The single circumflex in Eq. 1 denotes the unconditional maximum likelihood estimate of
a parameter and the double circumflex denotes the conditional maximum likelihood estimate for given
fixed values of the parameters of interest ↵.

Systematic uncertainties and their correlations [8] are modelled by introducing nuisance parameters ✓
described by likelihood functions associated with the estimate of the corresponding e↵ect. The choice of
the parameters of interest depends on the test under consideration, with the remaining parameters being
“profiled”, i.e., similarly to nuisance parameters they are set to the values that maximise the likelihood
function for the given fixed values of the parameters of interest.

Asymptotically, a test statistic �2 ln⇤(↵) of several parameters of interest ↵ is distributed as a �2

distribution with n degrees of freedom, where n is the dimensionality of the vector ↵. In particular,
the 100(1 � �)% confidence level (CL) contours are defined by �2 ln⇤(↵) < k�, where k� satisfies
P(�2

n > k�) = �. For two degrees of freedom the 68% and 95% CL contours are given by �2 ln⇤(↵) = 2.3
and 6.0, respectively. All results presented in the following sections are based on likelihood evaluations
and therefore give only approximate CL intervals.1

For the measurements in the following sections the compatibility with the Standard Model, pSM, is
quantified using the p-value obtained from the profile likelihood ratio ⇤(↵ = ↵S M), where ↵ is the set of
parameters of interest and ↵S M are their Standard Model values. For a given coupling benchmark model,
↵ is the set of ki and li j parameters of that model, where the indices i, j refer to the parameters of interest
of the model. All other parameters are treated as independent nuisance parameters.

4 Signal Strength in Production and Decay Modes

This section focuses on the measurement of the global signal strength parameter µ and the individual
signal strength parameters µ f

i which depend upon the Higgs boson production mode i and the decay
channel f , for a fixed mass hypothesis corresponding to the measured value mH = 125.5 GeV [3]. The
parameters µ and µ f

i are determined from a fit to the data using the profile likelihood ratio ⇤(µ) (see
Eq. 1).

The results are shown in Fig. 1, where the signal strengths measured in the five individual channels
are presented2. The signal strength normalised to the SM expectation, obtained by combining the three
diboson channels, was published in Ref. [3] as µ��,ZZ⇤,WW⇤ = 1.33 ± 0.14 (stat) ± 0.15 (sys). With the
changes described in Section 2, this value is updated to µ��,ZZ⇤,WW⇤ = 1.35 ± 0.14 (stat) +0.16

�0.14 (sys). The
combination of the two fermion channels H ! bb̄ and H ! ⌧⌧ yields a signal strength

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

1Whenever probabilities are translated into the number of Gaussian standard deviations the two-sided convention is chosen.
2The results for H! ��, H!ZZ⇤! 4` and H ! bb̄ are taken from the individual analyses, while the results for

H!WW⇤! `⌫`⌫ and H ! ⌧⌧ are taken from the combination of these two channels with independent signal strengths for
the two final states in order to take the signal cross contamination into account (see Section 2).

4

• 	  Likelihood	  fits	  to	  the	  observed	  data	  are	  done	  for	  the	  parameters	  of	  interest.	  	  

• 	  Systema;c	  uncertain;es	  and	  their	  correla;ons	  are	  modelled	  by	  introducing	  nuisance	  parameters	  
	  θ	  described	  by	  likelihood	  func;ons	  associated	  with	  the	  es;mate	  	  of	  the	  corresponding	  effect	  	  	  

• 	  parameters	  being	  “profiled”,	  i.e.,	  similarly	  to	  nuisance	  parameters	  they	  are	  set	  to	  the	  values	  that	  	  
maximizes	  the	  likelihood	  func;on	  for	  the	  given	  fixed	  values	  of	  the	  parameters	  of	  interest.	  	  

parameters ✓,

⇤(↵) =
L
�
↵ , ˆ̂✓(↵)

�

L(↵̂, ✓̂)
. (1)

The likelihood functions in the numerator and denominator of the above equation are built using sums
of signal and background probability density functions (pdfs) in the discriminating variables. These
variables are the ��, 4` and 2b-jet masses for H! ��, H!ZZ⇤! 4` and H ! bb̄, respectively, the
transverse mass mT (defined in Ref. [3]) for the H!WW⇤! `⌫`⌫ channel and a multivariate discriminant
output distribution for H ! ⌧⌧. The pdfs are derived from MC simulation for the signal and from both
data and simulation for the background. Likelihood fits to the observed data are done for the parameters
of interest. The single circumflex in Eq. 1 denotes the unconditional maximum likelihood estimate of
a parameter and the double circumflex denotes the conditional maximum likelihood estimate for given
fixed values of the parameters of interest ↵.

Systematic uncertainties and their correlations [8] are modelled by introducing nuisance parameters ✓
described by likelihood functions associated with the estimate of the corresponding e↵ect. The choice of
the parameters of interest depends on the test under consideration, with the remaining parameters being
“profiled”, i.e., similarly to nuisance parameters they are set to the values that maximise the likelihood
function for the given fixed values of the parameters of interest.

Asymptotically, a test statistic �2 ln⇤(↵) of several parameters of interest ↵ is distributed as a �2

distribution with n degrees of freedom, where n is the dimensionality of the vector ↵. In particular,
the 100(1 � �)% confidence level (CL) contours are defined by �2 ln⇤(↵) < k�, where k� satisfies
P(�2

n > k�) = �. For two degrees of freedom the 68% and 95% CL contours are given by �2 ln⇤(↵) = 2.3
and 6.0, respectively. All results presented in the following sections are based on likelihood evaluations
and therefore give only approximate CL intervals.1

For the measurements in the following sections the compatibility with the Standard Model, pSM, is
quantified using the p-value obtained from the profile likelihood ratio ⇤(↵ = ↵S M), where ↵ is the set of
parameters of interest and ↵S M are their Standard Model values. For a given coupling benchmark model,
↵ is the set of ki and li j parameters of that model, where the indices i, j refer to the parameters of interest
of the model. All other parameters are treated as independent nuisance parameters.

4 Signal Strength in Production and Decay Modes

This section focuses on the measurement of the global signal strength parameter µ and the individual
signal strength parameters µ f

i which depend upon the Higgs boson production mode i and the decay
channel f , for a fixed mass hypothesis corresponding to the measured value mH = 125.5 GeV [3]. The
parameters µ and µ f

i are determined from a fit to the data using the profile likelihood ratio ⇤(µ) (see
Eq. 1).

The results are shown in Fig. 1, where the signal strengths measured in the five individual channels
are presented2. The signal strength normalised to the SM expectation, obtained by combining the three
diboson channels, was published in Ref. [3] as µ��,ZZ⇤,WW⇤ = 1.33 ± 0.14 (stat) ± 0.15 (sys). With the
changes described in Section 2, this value is updated to µ��,ZZ⇤,WW⇤ = 1.35 ± 0.14 (stat) +0.16
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combination of the two fermion channels H ! bb̄ and H ! ⌧⌧ yields a signal strength
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• 	  Test	  sta;s;c	  of	  several	  parameters	  of	  interests	  is	  distributed	  asympto;cally	  as	  χ2	  	  distribu;on	  
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described by likelihood functions associated with the estimate of the corresponding e↵ect. The choice of
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“profiled”, i.e., similarly to nuisance parameters they are set to the values that maximise the likelihood
function for the given fixed values of the parameters of interest.
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distribution with n degrees of freedom, where n is the dimensionality of the vector ↵. In particular,
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P(�2

n > k�) = �. For two degrees of freedom the 68% and 95% CL contours are given by �2 ln⇤(↵) = 2.3
and 6.0, respectively. All results presented in the following sections are based on likelihood evaluations
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parameters of interest and ↵S M are their Standard Model values. For a given coupling benchmark model,
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of the model. All other parameters are treated as independent nuisance parameters.

4 Signal Strength in Production and Decay Modes

This section focuses on the measurement of the global signal strength parameter µ and the individual
signal strength parameters µ f

i which depend upon the Higgs boson production mode i and the decay
channel f , for a fixed mass hypothesis corresponding to the measured value mH = 125.5 GeV [3]. The
parameters µ and µ f

i are determined from a fit to the data using the profile likelihood ratio ⇤(µ) (see
Eq. 1).

The results are shown in Fig. 1, where the signal strengths measured in the five individual channels
are presented2. The signal strength normalised to the SM expectation, obtained by combining the three
diboson channels, was published in Ref. [3] as µ��,ZZ⇤,WW⇤ = 1.33 ± 0.14 (stat) ± 0.15 (sys). With the
changes described in Section 2, this value is updated to µ��,ZZ⇤,WW⇤ = 1.35 ± 0.14 (stat) +0.16

�0.14 (sys). The
combination of the two fermion channels H ! bb̄ and H ! ⌧⌧ yields a signal strength

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

1Whenever probabilities are translated into the number of Gaussian standard deviations the two-sided convention is chosen.
2The results for H! ��, H!ZZ⇤! 4` and H ! bb̄ are taken from the individual analyses, while the results for

H!WW⇤! `⌫`⌫ and H ! ⌧⌧ are taken from the combination of these two channels with independent signal strengths for
the two final states in order to take the signal cross contamination into account (see Section 2).
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The CLs method: information for conference speakers

This note provides a brief description of the CLs procedure used for setting upper limits.
More information can be found in the original references for the method [1]. This is one of the
three methods for setting limits mentioned in the Review of Particle Physics by the PDG [2],
and has been widely used in HEP in recent years. The primary motivation for using CLs at
this time in ATLAS is to allow for comparison with other experiments (CMS and Tevatron).

As with all (frequentist) upper limits, those from the CLs method are desiged to be greater
than the true value of the parameter with a probability at least equal to the stated confidence
level (CL), taken by convention to be 95%. The CLs method is conservative in the sense that
this coverage probability can, depending on the true value of the parameter, be greater than
95% (see below).

Upper limits from the CLs procedure are the same as those from the Bayesian method in
two important special cases, namely, for limits on the mean value of a Poisson or Gaussian
distributed measurement. In both cases, a Bayesian limit based on a constant prior for the
mean leads to the same limit as CLs.

Background information

We assume that the analyst has constructed a test statistic q used to distinguish between the
hypothesis that the data contain signal and background (s + b) and that of background only
(b). These correspond to the distributions f(q|s + b) and f(q|b), as indicated in Fig. 1. For
the moment we leave open the details of how the test statistic q is defined.
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Figure 1: Distributions of the test vari-
able q under the s+b and b hypotheses (see
text).

Suppose the actual data result in a value qobs of the test variable. The p-value of the s+ b
hypothesis is defined as the probability, under assumption of this hypothesis, to find a value
of q with equal or lesser compatibility with the s + b model relative to what is found with
qobs. As the background-only distribution f(q|b) is here shifted to the right, one takes the
p-value of s+b to be the probability to find q greater than or equal to qobs, under assumption
of the s + b hypothesis, i.e.,

1

ps+b = P (q ! qobs|s + b) =
!

!

qobs

f(q|s + b) dq . (1)

In a similar way, one takes the p-value of the background-only hypothesis to be

pb = P (q " qobs|b) =
! qobs

"!

f(q|b) dq . (2)

In what is called the “CLs+b” method, one carries out a standard statistical test of the
s + b hypothesis based on its p-value, ps+b. The signal model is regarded as excluded at a
confidence level of 1 # ! = 95% if one finds

ps+b < ! , (3)

where, e.g., ! = 0.05. A confidence interval at confidence level CL = 1#! for the rate of the
signal process can be constructed from those values of the rate s (or cross section) that are
not excluded, and the upper limit sup is the largest value of s not excluded. By construction,
the interval [0, sup] will cover s with a probability of at least 95%, regardless of the value of
s.

The problem with the CLs+b procedure is that one will exclude, with probability close to
! (i.e, 5%) hypotheses to which one has little or no sensitivity. This corresponds to the case
where the expected number of signal events is much less than that of background. Such a
scenario is illustrated in Fig. 2, and corresponds to having the distributions of q under both
the b and s + b hypotheses almost overlapping with each other.

If, for example, the expected numbers of signal and background events are s and b,
respectively, and one has s $ b, then if the observed number of events has a su!cient
downward fluctuation relative to s + b (which is approximately equal to b), then this value
of s will be excluded. In the limit where s $ b, one might want intuitively this exclusion
probability to go to zero, but in fact in the CLs+b procedure it approaches ! = 5%. Given
that one carries out many tests for di"erent signal models, it is not desirable that one out of
twenty searches where one has no sensitivity should result in exclusion.
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Figure 2: Distributions of the test vari-
able q under the s + b and b hypotheses in
an example where one has very little sen-
sitivity to the signal model.
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Problem:	  one	  will	  exclude	  with	  probability	  close	  to	  α	  (i.e.	  5%)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  hypothesis	  to	  which	  one	  has	  liQle	  or	  no	  sensi;vity	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (s	  <<	  b	  	  -‐>	  f(q|b)	  and	  f(q|s+b)	  almost	  overlapping)	  

-‐>	  Exclude	  model	  if:	  	  

IF:	  	  s	  <<	  b	  	  -‐>	  f(q|b)	  and	  f(q|s+b)	  	  	  then	  1-‐pb	  <<	  1	  	  

CLs !
ps+b

1 " pb
< ! . (4)

That is, the p-value is e!ectively penalized by dividing by 1"pb. If the two distributions f(q|b)
and f(q|s + b) are widely separated, then 1 " pb is only slightly less than unity, the penalty
is slight, and thus exclusion based in CLs is similar to that obtained from the usual p-value
ps+b. If, however, one has little sensitivity to the signal model, then the two distributions are
close together, 1 " pb becomes small, and thus the p-value of s + b is penalized (increased)
more. In this way one is prevented from excluding signal models in cases of low sensitivity.
As previously, one takes the upper limit to be the largest value of the parameter (e.g., the
signal rate s) not excluded.

From the definition (4), one can see that CLs is always greater than the p-value ps+b.
Thus the models excluded by requiring CLs < ! are a subset of those excluded by the usual
criterion ps+b < !, and the upper limit from CLs is therefore higher (weaker). In this sense
the CLs procedure is conservative.

One can compute, e.g., using Monte Carlo, the coverage probability by generating data
according to the s + b model and for each simulated experiment one can see if the assumed
value of s is above or below the upper limit obtained. The example shown in Fig. 3 shows the
coverage probability of the CLs interval for the case of a Gaussian distributed measurement
with a mean µ # 0 and (known) standard deviation ", here taken to be unity. That is, in
this example the parameter µ takes on the role of s above.
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Figure 3: The coverage probability of the
CLs upper limit for the mean of a Gaussian
distributed measurement (see text).

In the CLs procedure must define the statistic q. In ATLAS, it is recommended to
use either the statistic qµ or q̃µ as described in [3], both of which are based on the profile
likelihood ratio. By using the profile treatment of nuisance parameters one incorporates
systematic uncertainties. This is similar but not identical to the so-called hybrid method,
where the nuisance parameters are treated in a Bayesian fashion.

When using qµ or q̃µ, the parameter on which one sets a limit is µ, defined as the cross
section of the signal process divided by the predicted cross section of the nominal signal
model. For a su"ciently large data sample, the distributions f(qµ|µ) or f(q̃µ|µ) needed to
compute p-values can be written down in closed form as described in Ref. [4], and a simple
formula for the CLs-modified p-value ps/(1" pb) valid for the large-sample case can be found
in Ref. [3]. Otherwise the p-values must be determined by Monte Carlo. Note that the
distributions of qµ and q̃µ are not Gaussian as in the examples of Figs. 1 and 2, but rather
are related to the chi-square distribution.
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3. Statistical method

The analyses described in this Letter rely on discrim-
inant observables chosen to be sensitive to the spin and
parity of the signal while preserving the discrimination
against the various backgrounds, as described in Sec-
tions 4, 5 and 6 for the three final states. A likelihood
function L(JP, µ, ✓) that depends on the spin–parity as-
sumption of the signal is constructed as a product of
conditional probabilities over binned distributions of the
discriminant observables in each channel:

L(JP, µ, ✓) =
Nchann.Y

j

NbinsY

i

P
�
Ni, j | µ j · S (JP)

i, j (✓) + Bi, j(✓)
� ⇥A j(✓) ,

(1)

where µ j represents the nuisance parameter associated
with the signal rate in each channel j. The symbol
✓ represents all other nuisance parameters. The likeli-
hood function is therefore a product of Poisson distribu-
tions P corresponding to the observation of Ni, j events
in each bin i of the discriminant observable(s),1 given
the expectations for the signal, S (JP)

i, j (✓), and for the
background, Bi, j(✓). Some of the nuisance parameters
are constrained by auxiliary measurements through the
functionsA j(✓).

While for the SM Higgs boson the couplings to the
SM particles are predicted, they are not known a priori
for the alternative hypotheses, defined as JP

alt. In order to
be insensitive to such assumptions, the numbers of sig-
nal events in each channel and for each tested hypothe-
sis are treated as an independent nuisance parameters in
the likelihood.

The test statistic q used to distinguish between the
two signal spin–parity hypotheses is based on a ratio of
likelihoods:

q = log
L(JP = 0+, ˆ̂µ0+ ,

ˆ̂✓0+ )

L(JP
alt,

ˆ̂µJP
alt
, ˆ̂✓JP

alt
)
, (2)

where L(JP, ˆ̂µJP , ˆ̂✓JP ) is the maximum likelihood esti-
mator, evaluated under either the 0+ or the JP

alt spin–
parity hypothesis. The ˆ̂µJP , ˆ̂✓JP represent the values
of the signal strength and nuisance parameters fitted

1As explained in the following sections, the sensitivity for spin–
parity separation is improved by a simultaneous fit to two discrim-
inants in the H! �� and H ! WW⇤ decay modes, while in the
H ! ZZ⇤ channel only one discriminant is used.

to the data under each JP hypothesis. The distribu-
tions of the test statistics for each of the two hypothe-
ses are obtained using ensemble tests (Monte Carlo
pseudo-experiments). The generation of the pseudo-
experiments uses the numbers of signal and background
events in each channel obtained from maximum likeli-
hood fits to data. In the fits of each pseudo-experiment,
these and all other nuisance parameters are profiled, i.e.
fitted to the value that maximises the likelihood for each
value of the parameter of interest. When generating the
distributions of the test statistics for a given spin–parity
hypothesis, the signal strength µ is fixed to the value ob-
tained in the fit to the data under the same spin–parity
assumption. The distributions of q are used to deter-
mine the corresponding p0-values p0(0+) and p0(JP

alt).
For a tested hypothesis JP

alt, the observed (expected)
p0-values are obtained by integrating the corresponding
test-statistic distributions above the observed value of q
(above the median of the JP = 0+ q distribution). When
the measured data are in agreement with the tested hy-
pothesis, the observed value of q is expected to be close
to the median, corresponding to a p0-value around 50%.
Very small values of the integral of the JP

alt distribution,
corresponding to large values of q, are interpreted as the
data being in disagreement with the tested hypothesis
in favour of the SM hypothesis. An example of such
distributions is shown in Section 7 for the 0+ and 0�
hypotheses.

The exclusion of the alternative JP
alt hypothesis in

favour of the Standard Model 0+ hypothesis is evaluated
in terms of the corresponding CLs(JP

alt), defined as:

CLs(JP
alt) =

p0(JP
alt)

1 � p0(0+)
. (3)

4. H! �� Analysis

The H! �� decay mode is sensitive to the spin of
the Higgs boson through the measurement of the po-
lar angular distribution of the photons in the resonance
rest frame. For this channel, the SM spin hypothesis
is compared only to the JP = 2+ hypothesis. Spin in-
formation can be extracted from the distribution of the
absolute value of the cosine of the polar angle ✓⇤ of the
photons with respect to the z-axis of the Collins–Soper
frame [27]:

| cos ✓⇤| = | sinh(�⌘��)|
q

1 + (p��T /m��)2

2p�1T p�2T

m2
��

, (4)

where m�� and p��T are the invariant mass and the trans-
verse momentum of the photon pair, �⌘�� is the separa-
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tained in the fit to the data under the same spin–parity
assumption. The distributions of q are used to deter-
mine the corresponding p0-values p0(0+) and p0(JP

alt).
For a tested hypothesis JP

alt, the observed (expected)
p0-values are obtained by integrating the corresponding
test-statistic distributions above the observed value of q
(above the median of the JP = 0+ q distribution). When
the measured data are in agreement with the tested hy-
pothesis, the observed value of q is expected to be close
to the median, corresponding to a p0-value around 50%.
Very small values of the integral of the JP

alt distribution,
corresponding to large values of q, are interpreted as the
data being in disagreement with the tested hypothesis
in favour of the SM hypothesis. An example of such
distributions is shown in Section 7 for the 0+ and 0�
hypotheses.

The exclusion of the alternative JP
alt hypothesis in

favour of the Standard Model 0+ hypothesis is evaluated
in terms of the corresponding CLs(JP

alt), defined as:

CLs(JP
alt) =

p0(JP
alt)

1 � p0(0+)
. (3)

4. H! �� Analysis

The H! �� decay mode is sensitive to the spin of
the Higgs boson through the measurement of the po-
lar angular distribution of the photons in the resonance
rest frame. For this channel, the SM spin hypothesis
is compared only to the JP = 2+ hypothesis. Spin in-
formation can be extracted from the distribution of the
absolute value of the cosine of the polar angle ✓⇤ of the
photons with respect to the z-axis of the Collins–Soper
frame [27]:

| cos ✓⇤| = | sinh(�⌘��)|
q

1 + (p��T /m��)2

2p�1T p�2T

m2
��

, (4)

where m�� and p��T are the invariant mass and the trans-
verse momentum of the photon pair, �⌘�� is the separa-
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tested hypotheses, the combined rejection significance
is found to be degraded by less than 0.3� when includ-
ing all nuisance parameters in the fit with respect to fix-
ing them at their nominal values.

The production mode has a significant impact on the
underlying pT spectrum of the Higgs boson. For signals
produced through gluon fusion, the dependence on the
pT modelling was studied by comparing the discrimi-
nant observables before and after re-weighting the sig-
nal to the POWHEG+PYTHIA8 spectrum. However,
the impact on the discriminant observables is found
to be negligible compared to other sources of system-
atic uncertainty and therefore is neglected. For the qq̄-
initiated processes the pT spectrum is expected to be
softer than for processes produced via gluon fusion.
Since no higher-order QCD predictions are available for
the qq̄ annihilation production process, no specific sys-
tematic uncertainty is assigned to the pT spectrum of
such signals. The impact of the large variation obtained
by re-weighting the signals produced at leading order
in qq̄ annihilation for the JP = 2+ model to the PO-
HWEG+PYTHIA8 gluon-fusion prediction was evalu-
ated. The resulting weights increase from about unity at
low transverse momentum to about four near 100 GeV.
The H ! WW⇤ and H ! ZZ⇤ channels are almost in-
sensitive to such re-weighting, which leads to changes
in the BDT discriminant shapes of the order of a few
percent. The H! �� channel is more sensitive to the
signal pT spectrum due to the impact on its acceptance
at high | cos ✓⇤| values. For this channel, the expected
sensitivity for the spin-2 rejection is reduced by about
30% for fqq̄ = 100%, when the re-weighting is applied.
Since the combined result for this case is dominated by
the H ! ZZ⇤ and H ! WW⇤ channels, the overall
impact of this re-weighting on the combined JP = 2+
rejection is negligible, below 0.1�.

7.2. Test of SM JP = 0+ against JP = 0�

The distributions of the test statistics q from the H !
ZZ⇤ channel for the JP = 0+ and 0� hypotheses are
shown in Fig. 7 together with the observed value.

The expected and observed rejections of the JP = 0+
and 0� hypotheses are summarised in Table 1. The data
are in agreement with the JP = 0+ hypothesis, while the
0� hypothesis is excluded at 97.8% CL.

7.3. Test of SM JP = 0+ against JP = 1+

The expected and observed rejections of the JP = 0+
and 1+ hypotheses in the H ! ZZ⇤ and H ! WW⇤
channels and their combination are summarised in Ta-
ble 2. For both channels, the results are in agreement

q
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Figure 7: Expected distributions of q = log(L(JP = 0+)/L(JP = 0�)),
the logarithm of the ratio of profiled likelihoods, under the JP = 0+
and 0� hypotheses for the Standard Model JP = 0+ (blue/solid line
distribution) or 0� (red/dashed line distribution) signals. The observed
value is indicated by the vertical solid line and the expected medians
by the dashed lines. The coloured areas correspond to the integrals
of the expected distributions up to the observed value and are used to
compute the p0-values for the rejection of each hypothesis.

with the JP = 0+ hypothesis. In the H ! ZZ⇤ channel,
the 1+ hypothesis is excluded at 99.8% CL, while in the
H ! WW⇤ channel, it is excluded at 92% CL. The com-
bination excludes this hypothesis at 99.97% CL.

7.4. Test of SM JP = 0+ against JP = 1�

The expected and observed rejections of the JP = 0+
and 1� hypotheses in the H ! ZZ⇤ and H ! WW⇤
channels and their combination are summarised in Ta-
ble 3. For both channels, the results are in agreement
with the JP = 0+ hypothesis. In the H ! ZZ⇤ chan-
nel, the 1� hypothesis is excluded at 94% CL. In the
H ! WW⇤ channel, the 1� hypothesis is excluded
at 98% CL. The combination excludes this hypothesis
at 99.7% CL.

7.5. Test of SM JP = 0+ against JP = 2+

The expected and observed rejections of the JP = 0+
and 2+ hypotheses in the three channels are summarised
in Table 4, for all fqq̄ values of the spin-2 particle con-
sidered. For all three channels, the results are in agree-
ment with the spin-0 hypothesis. The results from the
H! �� channel exclude a spin-2 particle produced via
gluon fusion ( fqq̄ = 0) at 99.3% CL. The separation be-
tween the two spin hypotheses in this channel decreases
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3. Statistical method

The analyses described in this Letter rely on discrim-
inant observables chosen to be sensitive to the spin and
parity of the signal while preserving the discrimination
against the various backgrounds, as described in Sec-
tions 4, 5 and 6 for the three final states. A likelihood
function L(JP, µ, ✓) that depends on the spin–parity as-
sumption of the signal is constructed as a product of
conditional probabilities over binned distributions of the
discriminant observables in each channel:

L(JP, µ, ✓) =
Nchann.Y

j

NbinsY

i

P
�
Ni, j | µ j · S (JP)

i, j (✓) + Bi, j(✓)
� ⇥A j(✓) ,

(1)

where µ j represents the nuisance parameter associated
with the signal rate in each channel j. The symbol
✓ represents all other nuisance parameters. The likeli-
hood function is therefore a product of Poisson distribu-
tions P corresponding to the observation of Ni, j events
in each bin i of the discriminant observable(s),1 given
the expectations for the signal, S (JP)

i, j (✓), and for the
background, Bi, j(✓). Some of the nuisance parameters
are constrained by auxiliary measurements through the
functionsA j(✓).

While for the SM Higgs boson the couplings to the
SM particles are predicted, they are not known a priori
for the alternative hypotheses, defined as JP

alt. In order to
be insensitive to such assumptions, the numbers of sig-
nal events in each channel and for each tested hypothe-
sis are treated as an independent nuisance parameters in
the likelihood.

The test statistic q used to distinguish between the
two signal spin–parity hypotheses is based on a ratio of
likelihoods:

q = log
L(JP = 0+, ˆ̂µ0+ ,

ˆ̂✓0+ )

L(JP
alt,

ˆ̂µJP
alt
, ˆ̂✓JP

alt
)
, (2)

where L(JP, ˆ̂µJP , ˆ̂✓JP ) is the maximum likelihood esti-
mator, evaluated under either the 0+ or the JP

alt spin–
parity hypothesis. The ˆ̂µJP , ˆ̂✓JP represent the values
of the signal strength and nuisance parameters fitted

1As explained in the following sections, the sensitivity for spin–
parity separation is improved by a simultaneous fit to two discrim-
inants in the H! �� and H ! WW⇤ decay modes, while in the
H ! ZZ⇤ channel only one discriminant is used.

to the data under each JP hypothesis. The distribu-
tions of the test statistics for each of the two hypothe-
ses are obtained using ensemble tests (Monte Carlo
pseudo-experiments). The generation of the pseudo-
experiments uses the numbers of signal and background
events in each channel obtained from maximum likeli-
hood fits to data. In the fits of each pseudo-experiment,
these and all other nuisance parameters are profiled, i.e.
fitted to the value that maximises the likelihood for each
value of the parameter of interest. When generating the
distributions of the test statistics for a given spin–parity
hypothesis, the signal strength µ is fixed to the value ob-
tained in the fit to the data under the same spin–parity
assumption. The distributions of q are used to deter-
mine the corresponding p0-values p0(0+) and p0(JP

alt).
For a tested hypothesis JP

alt, the observed (expected)
p0-values are obtained by integrating the corresponding
test-statistic distributions above the observed value of q
(above the median of the JP = 0+ q distribution). When
the measured data are in agreement with the tested hy-
pothesis, the observed value of q is expected to be close
to the median, corresponding to a p0-value around 50%.
Very small values of the integral of the JP

alt distribution,
corresponding to large values of q, are interpreted as the
data being in disagreement with the tested hypothesis
in favour of the SM hypothesis. An example of such
distributions is shown in Section 7 for the 0+ and 0�
hypotheses.

The exclusion of the alternative JP
alt hypothesis in

favour of the Standard Model 0+ hypothesis is evaluated
in terms of the corresponding CLs(JP

alt), defined as:

CLs(JP
alt) =

p0(JP
alt)

1 � p0(0+)
. (3)

4. H! �� Analysis

The H! �� decay mode is sensitive to the spin of
the Higgs boson through the measurement of the po-
lar angular distribution of the photons in the resonance
rest frame. For this channel, the SM spin hypothesis
is compared only to the JP = 2+ hypothesis. Spin in-
formation can be extracted from the distribution of the
absolute value of the cosine of the polar angle ✓⇤ of the
photons with respect to the z-axis of the Collins–Soper
frame [27]:

| cos ✓⇤| = | sinh(�⌘��)|
q

1 + (p��T /m��)2

2p�1T p�2T

m2
��

, (4)

where m�� and p��T are the invariant mass and the trans-
verse momentum of the photon pair, �⌘�� is the separa-
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Likelihood	  func;on	  that	  depends	  on	  the	  spin-‐parity	  	  
assump;on	  of	  the	  signal	  is	  constructed	  as	  a	  product	  of	  
Condi;onal	  probabili;es	  over	  binned	  distribu;ons	  of	  the	  
discriminant	  variables	  

Test	  sta;s;c	  used	  to	  dis;nguish	  between	  two	  signal	  spin-‐	  
Parity	  hypothesis	  based	  on	  the	  ra;o	  of	  likelihoods	  
With	  values	  of	  the	  signal	  strength	  and	  nuisance	  parameters	  
FiQed	  to	  data	  under	  eack	  Spin-‐CP	  hypothesis	  	  	  
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Mass	  Difference	  



Spin	  and	  Parity	  Measurement	  

4/28/14	   30	  N.	  Venturi,	  DIS	  2014,	  Warsaw	  

Distribu;on	  of	  |cosθ*|	  background	  
	  subtracted	  data.	  Expected	  Jp	  	  
distribu;on	  normalized	  to	  the	  fiQed	  	  
Data	  is	  overlaid	  as	  solid	  line	  

0+	  

2+	   0+	  vs	  1+	  

0+	  vs	  0-‐	  

BDT	  output	  for	  
	  m34	  and	  cosθ1.Signal	  
contribu;ons	  for	  each	  
spin	  is	  scaled	  using	  the	  
profiled	  value	  of	  μ	  	  

0+	  	  

2+	  	  

1-‐dim	  BDT	  output	  for	  
background	  subtracted	  
data	  using	  best	  fit	  values	  
for	  the	  spin	  hypothesis	  
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Spin	  and	  Parity	  Measurement	  



H	  -‐>	  ZZ*-‐>	  4l	  

4/28/14	   32	  N.	  Venturi,	  DIS	  2014,	  Warsaw	  

• 	  4	  lepton	  selec;on:	  2	  pairs	  OS	  with	  pT	  >	  20,15,10,7(e)/6(μ)	  GeV	  	  
• 	  	  Events	  are	  split	  into	  3	  categories	  based	  on	  their	  produc;on	  modes	  ggF,	  VBF	  
and	  VH	  	  
• 	  Background	  (ZZ,	  Z+jets,	  V)	  es;mated	  from	  control	  regions,	  data	  or	  MC	  
• 	  Signal	  extracted	  by	  fit	  to	  m4l	  	  	  

Observed:	  6.6	  σ	  	  
Expected:	  4.4	  σ	  	  

@	  124.3	  GeV,	  best	  fit	  μ	  =	  1.7	  +0.5	  -‐0.4	  	  



H	  -‐>	  γγ	  

4/28/14	   33	  N.	  Venturi,	  DIS	  2014,	  Warsaw	  

• 	  	  Select	  two	  high	  ET	  (30,40	  GeV)	  isolated	  photons	  	  
• 	  	  Backgrounds	  (background	  extrapolated	  from	  side	  bands	  in	  data:	  γγ,	  	  
	  	  	  	  	  γ-‐jet	  and	  jet-‐jet	  	  

• 	  Use	  14	  different	  categories	  to	  increase	  sensi;vity	  and	  to	  separate	  produc;on	  
mode	  mode	  

• 	  Signal	  extracted	  with	  mγγ	  fit:	  	  

	  ~21	  pb-‐1	  

of	  8	  TeV	  	  
	  ~5	  pb-‐1	  

	  of	  7	  TeV	  	  

Observed:	  7.4	  σ	  	  
Expected:	  4.1	  σ	  	  

@	  126.8	  GeV,	  best	  fit	  μ	  =	  1.65	  +0.34	  -‐0.30	  	  



H	  -‐>	  WW*	  -‐>	  lνlν	  

4/28/14	   34	  N.	  Venturi,	  DIS	  2014,	  Warsaw	  

• 	  	  Select	  two	  opposite	  sign	  well	  isolated	  leptons	  	  
• 	  	  Missing	  transverse	  momentum	  (from	  2	  ν’s)	  -‐>	  low	  mass	  resolu;on	  
• 	  Background	  (WW,	  top,	  Wjets,	  Zjets)	  es;mated	  from	  control	  regions	  and	  data	  	  
• 	  Separate	  events	  into	  3	  different	  jet	  bin	  (0,1,2)	  to	  ggF	  and	  VBF	  produc;on	  mode	  
• 	  Signal	  extracted	  with	  mT	  fit	  	  

Observed:	  3.8	  σ	  	  
Expected:	  3.7	  σ	  	  

@	  125	  GeV,	  best	  fit	  μ	  =	  1.01	  +0.31	  -‐0.31	  


