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From H → ZZ* → 4ℓ (ℓ=e,µ):

mH = 125.26± 0.21GeV

JHEP 11 (2017) 047 PLB 784 (2018) 345

• Not predicted by SM theory ⇒ once measured by experiment, everything else is determined
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10.3 Higgs boson mass measurement

In this section we show the results of the measurement of the mass of the resonance, using
additional information in the likelihood fit with respect to the signal strength and cross section
measurements.

To improve the four-lepton invariant mass resolution, a kinematic fit is performed using a mass
constraint on the intermediate Z resonance. Previous studies [14] of the Higgs boson mass show
that the selected Z1 has a significant on-shell component, while the invariant mass distribution
for the selected Z2 is wider than the detector resolution. Therefore only the Z1 candidate is
considered when performing the kinematic constraint.

The likelihood to be maximized is constructed as follows:

L( p̂1
T, p̂2

T|p1
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, p2
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T
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where p1
T and a2 are the reconstructed transverse momenta of the two leptons forming the Z1

candidate, sp1
T

and sp2
T

are the corresponding per-lepton resolutions, p̂1
T and p̂2

T are the refitted
transverse momenta, and m12 is the invariant mass calculated from the refitted four-momenta.
The term L(m12|mZ, mH) is the mass constraint term. For a Higgs boson mass near 125 GeV,
the selected Z1 is not always on-shell, so a Breit–Wigner shape does not perfectly describe the
Z1 shape at the generator level. We therefore choose L(m12|mZ, mH) to be the m(Z1) shape
at the generator level from the SM Higgs boson sample with mH = 125 GeV, where the same
algorithm for selecting the Z1 and Z2 candidates, as described in Section 4, is used. For each
event, the likelihood is maximized and the refitted transverse momenta are used to recalculate
the four-lepton mass and mass uncertainty, which are denoted as m0

4` and D0
mass, respectively.

These distributions are then used to build the likelihood used to extract the Higgs boson mass.

The 1D likelihood scans vs. mH, while profiling the signal strength modifier µ along with
all other nuisance parameters for the 1D L(m0

4`), 2D L(m0
4`,D0

mass), and 3D L(m0
4`,D0

mass,Dkin
bkg)

fits, including the m(Z1) constraint, are shown in Fig. 11. All systematic uncertainties described
in Section 9 are included. When estimating separately the systematic and statistical uncertain-
ties, the signal strength is profiled in the likelihood scan with the systematic uncertainties re-
moved, so that its uncertainty is included in the statistical uncertainty. As in the measurement
of the signal strengths, the relative fraction of 4e, 4µ, and 2e2µ signal events is fixed to the SM
prediction. If the relative fractions are allowed to float, the change in the fitted mass value is
much smaller than the uncertainty.

The best fit masses and the expected increase in the uncertainty relative to the 3D fit with
the m(Z1) constraint for each of the six fits are shown in Table 6. The nominal result for
the mass measurement is obtained from the 3D fit with the m(Z1) constraint, for which the
fitted value of mH in the three subchannels is m4µ

H = 124.94 ± 0.25 (stat) ± 0.08 (syst) GeV,
m4e

H = 124.37 ± 0.62 (stat) ± 0.38 (syst) GeV, and m2e2µ
H = 125.95 ± 0.32 (stat) ± 0.14 (syst) GeV

leading to a combined value mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV. The systematic un-
certainty in the mass measurement is completely dominated by the uncertainty in the lepton
momentum scale. The expected uncertainty in the mass measurement using the 3D fit with
the m(Z1) constraint is evaluated with two Asimov data sets. The “prefit” expected uncer-
tainty is ±0.24 (stat) ± 0.09 (syst) GeV. Here mH = 125 GeV, µ = 1, and all nuisance parameters
are fixed to their nominal values. The “postfit” expected uncertainty with mH, µ, and all nui-
sance parameters fixed to their best-fit estimates from the data is ±0.23 (stat) ± 0.08 (syst) GeV.
The probability of the “prefit” uncertainty being less than or equal to the observed value is
determined from an ensemble of pseudo-experiments to be about 18%. The mutual compat-
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ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio �2 ln L(µ, mH) is distributed as a c2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H ! gg
and H ! ZZ ! 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09 ± 0.24 GeV

= 125.09 ± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

where the total uncertainty is dominated by the statistical term, with the systematic uncertainty
dominated by effects related to the photon, electron, and muon energy or momentum scales
and resolutions. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 s, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 s. The combined measurement of the Higgs boson mass improves
upon the results from the individual experiments and is the most precise measurement to date
of this fundamental parameter of the newly discovered particle.
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In this section we show the results of the measurement of the mass of the resonance, using
additional information in the likelihood fit with respect to the signal strength and cross section
measurements.

To improve the four-lepton invariant mass resolution, a kinematic fit is performed using a mass
constraint on the intermediate Z resonance. Previous studies [14] of the Higgs boson mass show
that the selected Z1 has a significant on-shell component, while the invariant mass distribution
for the selected Z2 is wider than the detector resolution. Therefore only the Z1 candidate is
considered when performing the kinematic constraint.

The likelihood to be maximized is constructed as follows:
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T and a2 are the reconstructed transverse momenta of the two leptons forming the Z1
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are the corresponding per-lepton resolutions, p̂1
T and p̂2

T are the refitted
transverse momenta, and m12 is the invariant mass calculated from the refitted four-momenta.
The term L(m12|mZ, mH) is the mass constraint term. For a Higgs boson mass near 125 GeV,
the selected Z1 is not always on-shell, so a Breit–Wigner shape does not perfectly describe the
Z1 shape at the generator level. We therefore choose L(m12|mZ, mH) to be the m(Z1) shape
at the generator level from the SM Higgs boson sample with mH = 125 GeV, where the same
algorithm for selecting the Z1 and Z2 candidates, as described in Section 4, is used. For each
event, the likelihood is maximized and the refitted transverse momenta are used to recalculate
the four-lepton mass and mass uncertainty, which are denoted as m0

4` and D0
mass, respectively.

These distributions are then used to build the likelihood used to extract the Higgs boson mass.

The 1D likelihood scans vs. mH, while profiling the signal strength modifier µ along with
all other nuisance parameters for the 1D L(m0

4`), 2D L(m0
4`,D0

mass), and 3D L(m0
4`,D0
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fits, including the m(Z1) constraint, are shown in Fig. 11. All systematic uncertainties described
in Section 9 are included. When estimating separately the systematic and statistical uncertain-
ties, the signal strength is profiled in the likelihood scan with the systematic uncertainties re-
moved, so that its uncertainty is included in the statistical uncertainty. As in the measurement
of the signal strengths, the relative fraction of 4e, 4µ, and 2e2µ signal events is fixed to the SM
prediction. If the relative fractions are allowed to float, the change in the fitted mass value is
much smaller than the uncertainty.

The best fit masses and the expected increase in the uncertainty relative to the 3D fit with
the m(Z1) constraint for each of the six fits are shown in Table 6. The nominal result for
the mass measurement is obtained from the 3D fit with the m(Z1) constraint, for which the
fitted value of mH in the three subchannels is m4µ

H = 124.94 ± 0.25 (stat) ± 0.08 (syst) GeV,
m4e

H = 124.37 ± 0.62 (stat) ± 0.38 (syst) GeV, and m2e2µ
H = 125.95 ± 0.32 (stat) ± 0.14 (syst) GeV

leading to a combined value mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV. The systematic un-
certainty in the mass measurement is completely dominated by the uncertainty in the lepton
momentum scale. The expected uncertainty in the mass measurement using the 3D fit with
the m(Z1) constraint is evaluated with two Asimov data sets. The “prefit” expected uncer-
tainty is ±0.24 (stat) ± 0.09 (syst) GeV. Here mH = 125 GeV, µ = 1, and all nuisance parameters
are fixed to their nominal values. The “postfit” expected uncertainty with mH, µ, and all nui-
sance parameters fixed to their best-fit estimates from the data is ±0.23 (stat) ± 0.08 (syst) GeV.
The probability of the “prefit” uncertainty being less than or equal to the observed value is
determined from an ensemble of pseudo-experiments to be about 18%. The mutual compat-
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Figure 1 illustrates the impact of the Yukawamodification
κc on the normalized pT;h spectrum in inclusive Higgs
production. The results are divided by the SM prediction
and correspond to pp collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 8 TeV, central choice of scales, and MSTW2008NNLO

PDFs [55]. (The ratio of thepT;h spectra to the SMprediction
at

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8 TeV

counterpart, which enhances the sensitivity to κb and κc at
ongoing and upcoming LHC runs as well as possible
future hadron colliders at higher energies.) Notice that for
pT;h ≳ 50 GeV, the asymptotic behavior [Eq. (1)] breaks
down and consequently the gQ → hQ, QQ̄ → hg channels
control the shape of the pT;h distributions.
We stress that for the pT;h distribution, nonperturbative

corrections are small and in the long run, pT;h will be
measured to lower values than pT;j. While the latter
currently gives comparable sensitivity, it is mandatory to
study pT;h to maximize the constraints on κQ in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

ffiffiffi
s

p
¼ 8 TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h → γγ [56,57], h → ZZ" → 4l [58,59]
and h → WW" → eμνeνμ [60,61] channels, using around
20 fb−1 of data in each case. To derive constraints on κb
and κc, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h → γγ and h → ZZ" →
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our χ2 analysis, we include the first seven bins
in the range pT;h ∈ ½0; 100$ GeV whose experimental
uncertainty is dominated by the statistical error. The data
are then compared with the theoretical predictions for the

inclusive pT;h spectrum described in the previous section.
We assume that all the errors are Gaussian in our fit.
The bin-to-bin correlations in the theoretical normalized
distributions are obtained by assuming that the bins of the
unnormalized distributions are uncorrelated and modeled
by means of linear error propagation. This accounts for the
dominant correlations in normalized spectra. For the data,
we used the correlation matrix of Ref. [62].
Figure 2 displays the Δχ2 ¼ 2.3 and Δχ2 ¼ 5.99 con-

tours [corresponding to a 68% and 95% confidence level
(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲ 6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around '50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.

PRL 118, 121801 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

24 MARCH 2017

121801-3

• Coupling-dependent branching fractions
- Total width and overall normalization largely contribute to constraint

a :=
ga

(ga)SM

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-028/index.html
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between charm- and top-mediated contributions in ggF
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Figure 1 illustrates the impact of the Yukawamodification
κc on the normalized pT;h spectrum in inclusive Higgs
production. The results are divided by the SM prediction
and correspond to pp collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 8 TeV, central choice of scales, and MSTW2008NNLO

PDFs [55]. (The ratio of thepT;h spectra to the SMprediction
at

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8 TeV

counterpart, which enhances the sensitivity to κb and κc at
ongoing and upcoming LHC runs as well as possible
future hadron colliders at higher energies.) Notice that for
pT;h ≳ 50 GeV, the asymptotic behavior [Eq. (1)] breaks
down and consequently the gQ → hQ, QQ̄ → hg channels
control the shape of the pT;h distributions.
We stress that for the pT;h distribution, nonperturbative

corrections are small and in the long run, pT;h will be
measured to lower values than pT;j. While the latter
currently gives comparable sensitivity, it is mandatory to
study pT;h to maximize the constraints on κQ in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

ffiffiffi
s

p
¼ 8 TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h → γγ [56,57], h → ZZ" → 4l [58,59]
and h → WW" → eμνeνμ [60,61] channels, using around
20 fb−1 of data in each case. To derive constraints on κb
and κc, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h → γγ and h → ZZ" →
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our χ2 analysis, we include the first seven bins
in the range pT;h ∈ ½0; 100$ GeV whose experimental
uncertainty is dominated by the statistical error. The data
are then compared with the theoretical predictions for the

inclusive pT;h spectrum described in the previous section.
We assume that all the errors are Gaussian in our fit.
The bin-to-bin correlations in the theoretical normalized
distributions are obtained by assuming that the bins of the
unnormalized distributions are uncorrelated and modeled
by means of linear error propagation. This accounts for the
dominant correlations in normalized spectra. For the data,
we used the correlation matrix of Ref. [62].
Figure 2 displays the Δχ2 ¼ 2.3 and Δχ2 ¼ 5.99 con-

tours [corresponding to a 68% and 95% confidence level
(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲ 6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around '50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.

PRL 118, 121801 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

24 MARCH 2017
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• Coupling-dependent branching fractions
- Total width and overall normalization largely contribute to constraint

• Freely-floating branching fractions

July 

2018

a :=
ga

(ga)SM

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-028/index.html
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Outline
• Introduction

• Mass Measurements

• Differential Cross Sections

• Coupling Combinations and Interpretations

• Summary & Outlook
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Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.
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background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.
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Decay µ  
(assume SM production µi = 1)

CMS-PAS-HIG-17-031

March 

2018

Global signal     (36 fb-1)  
strength:           (36-80 fb-1)

For the systematic uncertainties reported in the detailed breakdowns of Tables 3 and 5, a simpler procedure
is used: in each case the corresponding nuisance parameters are fixed to their best fit values, while other
nuisance parameters are left free, and the resulting uncertainty is subtracted in quadrature from the total
uncertainty.

The compatibility with the Standard Model is quantified using the test statistic �SM = �2 log⇤(↵ =
↵SM), where ↵SM are the Standard Model values of the parameters of interest. A p-value2 pSM for the
compatibility is computed in the asymptotic approximation as pSM = 1 � F�2

n
(�SM), with n equal to the

number of free parameters of interest.

Expected results in the SM hypothesis are obtained using the Asimov dataset technique [70].

5 Combined measurements

5.1 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. The signal yields are expressed in terms of a single parameter defined as the

ratio
µ =

(� ⇥ B)i f
(� ⇥ B)SM

i f

, (3)

of the observed yields to their SM expectations, for all production processes i and decay final states f .
It corresponds to a global scaling of the expected Higgs boson yield in all categories by a single value.
Its definition is dependent on the SM predictions for each production mode cross-section �i and decay
branching ratio Bf , and the uncertainties on these predictions are included as nuisance parameters as
described in Section 4.

It is measured to be

µ = 1.13+0.09
�0.08 = 1.13 ± 0.05 (stat.) ± 0.05 (exp.) +0.05

�0.04 (sig. th.) ± 0.03 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modelling, following the
procedure outlined in Section 4. The signal theory component includes uncertainties due to missing
higher-order perturbative QCD and electroweak corrections in the MC simulation, the choice of the PDF
sets, the matching between the hard-scattering process and the underlying event, the parton shower and
hadronization models, and branching ratio uncertainties. The measurement is consistent with the SM
prediction with a p-value of pSM = 13%. The value of �2 log⇤(µ) as a function of µ is shown in Figure 1,
for the full likelihood and the versions with some nuisance parameters fixed to their best-fit values to
obtain the components of the uncertainty as described in Section 4.

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal
strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the
theory modelling of the signal and background processes in simulation. Further important uncertainties
relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of

2 The p-value is defined as the probability to obtain a value of the test statistic that is at least as high as the observed value,
under the hypothesis that is being tested.

10

i ! H ! f

• Signal strength:

µ :=

�i · Bf

(�i · Bf
)SM

=

observed rate

expected rate

µi :=
�i

(�i)SM

µ := µi · µf =
�i · Bf

(�i · Bf )SM

µf :=
Bf

(Bf )SM

• Define for                           :

⇒ Includes total signal theory uncertainty!
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The κ Framework
Model and fit framework: 
•Once Higgs boson mass is known, all other Higgs-boson parameters are fixed in the SM
•To allow for measurement deviations from SM rates, introduce coupling scale factors:

 13

Assumption: 
•Only one SM Higgs-like state at ~125 GeV with negligible width LHC Higgs XS WG (arxiv:1307.1347)

   Deciphering the Higgs Boson          C. Weiser, Univ. Freiburg         3.3.2016        DPG 2016 Hamburg                  24 

Higgs-Boson Couplings: ATLAS + CMS 
Production and decay involve couplings of Higgs boson to different particles: 
 
 
 
 
  
 
Narrow width approximation:  
 Factorize cross section into production process i and decay into final state f  
 
          
    
         
 

       ! The Higgs width ΓH scales all observed cross sections! 
   ! Cannot interpret cross sections in terms of couplings without assumptions on ΓH 
 
- Kappa framework (observed signals from single resonance; coupling structure as in SM):  
  Introduce LO coupling modifiers:   

gW,gt 

κγ=κγ (κt, κW) 

gt,gb ,b 

, b 

,b 

gW,gZ 
W,Z 

W,Z 

gb H 
b 
 
_ 
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Higgs-Boson Couplings: ATLAS + CMS 
Production and decay involve couplings of Higgs boson to different particles: 
 
 
 
 
  
 
Narrow width approximation:  
 Factorize cross section into production process i and decay into final state f  
 
          
    
         
 

       ! The Higgs width ΓH scales all observed cross sections! 
   ! Cannot interpret cross sections in terms of couplings without assumptions on ΓH 
 
- Kappa framework (observed signals from single resonance; coupling structure as in SM):  
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a :=
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http://arxiv.org/abs/1307.1347
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Mass ~ Coupling Strength?
Assume: SM Higgs only couples to SM particles (no new physics)

- express effective couplings to photons, gluons, and Higgs width only via SM couplings; no BSM contribution in decays

 14

Not model-
independent 

measurement!

⇒ March 

2018

CMS-PAS-HIG-17-031

Include limit on 
H → µµ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
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Invisible Decays of the Higgs Boson
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March 

2018

CMS-PAS-HIG-17-031

• Use effective coupling modifiers to gluons (κg) and photons (κγ) 
• Assume |κZ| ≤ 1 and |κW| ≤ 1
• Include direct searches for invisible decays (CMS)

BRinv. < 0.22 @ 95% C.L.

BRundet. < 0.29 @ 95% C.L.

March 

2018

           BRBSM < 0.26 @ 95% C.L., more in backupJuly 

2018

BRBSM = BRundet. + BRinv. 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
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Loop-induced Couplings
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• In SM, ggF and H → γγ are loop-induced 
- New Particles could contribute inside loop
⇒ Test effective coupling modifiers to 

photons and (κγ) gluons (κg)

gluon

gluon
Higgst

t
t

gluon

gluon
Higgs =

?

t,W

t,W

t,W

γ

γ

Higgs

γ

γ

Higgs =
?

           See backupMarch 

2018

ATLAS-CONF-2018-031

July 

2018

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/
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Ratios of Coupling Modifiers
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ATLAS-CONF-2018-031

gluon

gluon
Higgs

t

t

t

July 

2018

• Requires no assumption on total width of Higgs boson; assume all parameters >0
• New ttH result:
⇒ Test compatibility between direct ttH coupling (κt) 

and coupling inside ggF loop, i.e., effective coupling 
modifier to gluons (κg)

gluon

gluon
Higgst

t
t

gluon

gluon
Higgs =

?

                                  , more in backupMarch 

2018 �tg = 0.96+0.16
�0.15

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/
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Coupling to Fermions and Bosons
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Coupling strength to W and Z Bosons

July 

2018

ATLAS-CONF-2018-031

• Scale all fermionic couplings and 
all bosonic couplings to Higgs 
boson by same modifier (κF, κV)

- Good agreement amongst 
individual results and with SM

           See backupMarch 

2018

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/
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Simplified Template Cross Sections (STXS)
• Evolution of Run 1 coupling framework

- Measure cross sections, instead of signal strengths

• Allows for combination across all decay 
modes

 19

(EW qqH)

ggF bb̄H tHtt̄HVBF

(H+ leptonic V )

V H

qq̄ →WH

qq̄ → ZH

gg → ZH

VBF

H+ had. V

(Run1-like)

Stage-0 categories:
separated into production modes

• Stage-0 analysis:  
Combination of main channels

arxiv:1610.07922

March 

2018

CMS-PAS-HIG-17-031

https://arxiv.org/abs/1610.07922
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
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Simplified Template Cross Sections (STXS)
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BSM

pH
T [0, 60]
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= 1-jet
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T [200,∞]

BSM
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T [0, 60]
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T [60, 120]
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(+)

(+)

(+) (+)

(+)

≥ 2-jet

p
Hjj
T [0, 25]

p
Hjj
T [25,∞]

≃ 2j

! 3j

pH
T < 200

VBF cuts

Stage-1 ggF categories:
exclusive phase spaces

Stage-1 analysis: Combination of  
H → γγ and H → ZZ* → 4ℓ

ATLAS-CONF-2017-047

arxiv:1610.07922

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/
https://arxiv.org/abs/1610.07922
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• Extend SM with new Operators:

- Assumes no new particles below Λ=1 TeV

• Use Stage-1 STXS γγ+4ℓ combination:

Effective Field Theory Interpretation

 21

Table 1: Data categories entering the combined measurements for the H ! �� and H ! Z Z⇤ ! 4` decay modes,
as described in Refs. [4] and [5], respectively. The categories are listed in order of prioritization such that events
assigned to a given category are not considered for subsequent categories. The purity of the targeted production
mode varies from category to category.

H ! ��
tt̄H+tH leptonic (two tHX and one ttH categories)
tt̄H+tH hadronic (two tHX and four BDT ttH categories)
VH dilepton
VH one-lepton, p`+E

miss
T

T � 150 GeV
VH one-lepton, p`+E

miss
T

T <150 GeV
VH Emiss

T , Emiss
T � 150 GeV

VH Emiss
T , Emiss

T <150 GeV
VH+VBFpj1

T � 200 GeV
VH hadronic (BDT tight and loose categories)
VBF, p�� j jT � 25 GeV(BDT tight and loose categories)
VBF, p�� j jT <25 GeV(BDT tight and loose categories)
ggF 2-jet, p��T � 200 GeV
ggF 2-jet, 120 GeV p��T <200 GeV
ggF 2-jet, 60 GeV p��T <120 GeV
ggF 2-jet, p��T < 60 GeV
ggF 1-jet, p��T � 200 GeV
ggF 1-jet, 120 GeV p��T <200 GeV
ggF 1-jet, 60 GeV p��T <120 GeV
ggF 1-jet, p��T < 60 GeV
ggF 0-jet (central and forward categories)

H ! Z Z⇤ ! 4`
ttH
VH leptonic
2-jet VH
2-jet VBF, pj1

T � 200 GeV
2-jet VBF, pj1

T <200 GeV
1-jet ggF, p4`

T � 120 GeV
1-jet ggF, 60 GeV<p4`

T <120 GeV
1-jet ggF, p4`

T <60 GeV
0-jet ggF

the corresponding field operators dimension-6 in energy). The general form of the Lagrangian including
dimension-6 operators is [3]:

L = LSM +
’
i

c(6)i O(6)
i /⇤2, (1)

where⇤ is the energy scale of new processes; in the following the parameters are simplified to c̄i = c(6)i /⇤2.
Several bases of these operators are available for gauge-invariant products of SM fields; of these, the
strongly-interacting light Higgs (SILH) [10] and Warsaw [11] bases have the most complete public
implementations. The fit described here focusses on the dominant operator coe�cients in the SILH basis,
based on leading-order predictions and taking into account precision electroweak constraints [12].

There are 59 operators in the dimension-6 basis assuming flavour-universal couplings, with an additional
seventeen operators for the hermitian conjugates. The majority of these operators do not a�ect Higgs
physics or have coe�cients that are tightly constrained by precision electroweak data at leading order.
Constraints on the coe�cients of operators of the SILH implementation in Madgraph (the Higgs E�ective
Lagrangian, or HEL [13]) have been tabulated in an LHC Higgs working group document [14]. Of the
fifteen operators whose coe�cients are constrained by Higgs boson interactions, four are CP-odd and are
neglected because they do not enter any STXS observable at leading order in 1/⇤2 and are degenerate with
corresponding CP-even operators at 1/⇤4. Other operators that do not directly a�ect the H ! �� and
H ! Z Z⇤ measurements are those that a�ect the Higgs boson self-couplings and the Yukawa couplings

3

ATL-PHYS-PUB-2017-018

Vertices

Hgg

Hγγ, HZZ

Htt

HWW, HZZ

HZZ

HWW, HZZ

68% C.L.  
intervals

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-018/
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What we know about the Higgs boson
• 2‰ precision on mH measurements
• All measured properties consistent with SM expectations
• Many more √s = 13 TeV results could not be discussed here

Significant advances in theory,  crucial for interpretation of measurements
• e.g., improvement in ggF cross-section calculation (N3LO QCD): theory uncertainty: 8.5% ⟶ 5.0%

Entering new era of interpretation of precise results
• with ~10 million produced Higgs bosons in 150 fb-1 during Run 2
• Differential cross sections
• Simplified Template Cross Sections
• Effective Field Theories

And even ~20 million produced Higgs bosons in 300 fb-1 in Run 3…
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Total Cross Section
• Combination of H → γγ and H → ZZ* → 4ℓ
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4 Statistical procedure

The combined measurement is based on maximizing the profile-likelihood ratio [82]:

⇤(�) = L(�, ˆ̂✓(�))
L(�̂, ✓̂)

.

Here � are the parameters of interest, ✓ are the nuisance parameters, and L represents the likelihood
function. The �̂ and ✓̂ terms denote the unconditional maximum-likelihood estimate of the parameters,
while ˆ̂✓(�) is the conditional maximum-likelihood estimate for given parameter values.

The likelihood function L includes the signal extraction, the correction to particle level, and the extra-
polation to the total phase space in each channel. Therefore, the total cross section as well as the cross
sections in di�erent bins for each observable can be derived directly as parameters of interest � based on
the combined data set from the H ! �� and H ! Z Z⇤ ! 4` channels.

The distribution shape and normalization systematic uncertainties of all components are included in the
likelihood function as nuisance parameters ✓ with constraints from subsidiary measurements. This allows
the uncertainties to be correlated between bins, decay channels, and correction and acceptance factors.
The bin boundaries of all probed observables are consistent between the H ! �� and the H ! Z Z⇤ ! 4`
analyses [10, 11]. Where one bin in one of the measurements corresponds to two bins in the other, the
wider bin size is used. The sum of the cross sections in the finer bins is considered as the parameter of
interest in these cases, and an additional unconstrained nuisance parameter that floats in the fit describes
the di�erence between the merged bins. The normalization and shape uncertainties of the H ! ��
background estimate [10] are fit to the data as nuisance parameters without any initial constraint.

The test statistic �2 ln⇤ is assumed to follow a �2 distribution for constructing confidence intervals [82].
This asymptotic assumption was tested with pseudo-experiments for bins with low numbers of events and
found to be appropriate.

The level of agreement between the two channels in the total phase space is evaluated by using a profiled
likelihood as a function of the di�erence of the cross sections in each bin i, �i

�� � �i
4` . The number of

degrees of freedom is the same as the number of bins in the tested distribution. The probability that a
measured di�erential cross section is compatible with a theoretical prediction is found by computing a
p-value based on the di�erence between the value of �2 ln⇤ at the unconditional maximum-likelihood
estimate and the value obtained by fixing the cross sections in all bins to the ones predicted by the theory.
The uncertainties in the theoretical predictions are ignored when calculating the p-values.

5 Results

The total cross section is measured to be 47.9+9.1
�8.6 pb in the H ! �� decay channel and 68+11

�10 pb in the
H ! Z Z⇤ ! 4` channel. The result of the combined measurement is 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb, in

agreement with the SM prediction of 55.6±2.5 pb [13]. The results from the individual decay channels
are compatible, with a p-value of 14%.

Figure 2 shows the di�erential cross sections in the total phase space measured in the H ! �� and
H ! Z Z⇤ ! 4` decay channels as well as the combined measurement as a function of pH

T , |yH |,
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7. Results 7

(while keeping µF and µR at their central value). The theoretical uncertainties are determined
by applying the default approach of taking the minimum and maximum scale variations per
bin. The resulting uncertainties are shown in Table 5 for the kb/kc spectra and in Table 6 for the
kt/cg spectra.

Bin boundaries (GeV) [0, 15) [15, 30) [30, 45) [45, 80) [80, 120)
Dscale (%) 8.9% 6.6% 18.1% 22.0% 21.6%

Table 5: Theoretical uncertainties for the kb/kc spectra.

Bin boundaries (GeV) [0, 15) [15, 30) [30, 45) [45, 80) [80, 120) [120, 200) [200, 350) [350, 600) [600, 800)
Dscale (%) 12.7% 7.4% 9.5% 12.8% 17.4% 19.3% 20.9% 23.4% 8.2%

Table 6: Theoretical uncertainties for the kt/cg and kt/kb spectra.

Theoretical uncertainties are subject to bin-to-bin correlations, that are notoriously difficult to
calculate. We adopt a procedure that obtains a correlation coefficient directly from the individ-
ual scale variations:

r =
Âi(s1,i � s1)(s2,i � s2)p

Âi(s1,i � s1)2 Âi(s2,i � s2)2
, (7)

where s1(2),i is the cross section in bin 1 (2) of the ith scale variation, s1(2) is the mean cross
section in bin 1 (2), and r is the resulting correlation coefficient between bin 1 and 2. The
correlation structure is characterized by strong correlations among the central bins. Only the
bins below 15 GeV and above 600 GeV in pH

T are anti-correlated with the central region.

7 Results
7.1 Total cross section and BRgg/BRZZ

The total cross section for Higgs production is measured to be 61.1 ± 6.0 (stat.) ± 3.7 (syst.) pb,
based on a combination of the total cross sections from H ! gg (64.0 ± 9.6 pb) and H ! ZZ
(58.2 ± 9.8 pb). The likelihood scans for the individual decay channels and their combination
is shown in Fig. 1 (left). The combination result agrees with the current SM value of 55.6 ±
2.5 pb [49].

A measurement of the branching fraction of one decay channel is degenerate with a measure-
ment of the total cross section. However, the ratio of branching fractions for two decay channels
can be measured while profiling the total cross section. The ratio of the H ! gg and H ! ZZ
branching fractions R is measured to be 0.092 ± 0.018 (stat.) ± 0.010 (syst.), based on a combi-
nation of H ! gg and H ! ZZ. This is in agreement with the SM prediction of 0.086 [49].
The likelihood scan for R is shown in Fig. 1 (right).

7.2 Combinations of differential observables

The differential cross sections for the observables pH
T , Njets, |yH| and pjet

T are shown in Fig 2, 3,
4, and 5, including differential cross sections for Higgs production through gluon fusion for
the observable pH

T . Corresponding bin-to-bin correlation matrices are given in Appendix A.
For the observables pH

T , Njets and pjet
T , the last bin is an overflow bin; here the cross section

is given in pb, and is divided by the bin width of the second-to-last bin (ensuring that if the
integrated cross sections in the last and second-to-last bin are equal, the value in the histogram
is the same). Overall no significant deviations from the SM prediction are observed. For the pH

T

SM:

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-028/index.html
https://arxiv.org/abs/1805.10197
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Extracting Light-Quark Couplings from pT(H)
• Idea (PRL 118, 121801, 2017):

- pT(H) sensitive to charm-Yukawa due to interference 
between charm- and top-mediated contributions in ggF
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Figure 1 illustrates the impact of the Yukawamodification
κc on the normalized pT;h spectrum in inclusive Higgs
production. The results are divided by the SM prediction
and correspond to pp collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 8 TeV, central choice of scales, and MSTW2008NNLO

PDFs [55]. (The ratio of thepT;h spectra to the SMprediction
at

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8 TeV

counterpart, which enhances the sensitivity to κb and κc at
ongoing and upcoming LHC runs as well as possible
future hadron colliders at higher energies.) Notice that for
pT;h ≳ 50 GeV, the asymptotic behavior [Eq. (1)] breaks
down and consequently the gQ → hQ, QQ̄ → hg channels
control the shape of the pT;h distributions.
We stress that for the pT;h distribution, nonperturbative

corrections are small and in the long run, pT;h will be
measured to lower values than pT;j. While the latter
currently gives comparable sensitivity, it is mandatory to
study pT;h to maximize the constraints on κQ in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

ffiffiffi
s

p
¼ 8 TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h → γγ [56,57], h → ZZ" → 4l [58,59]
and h → WW" → eμνeνμ [60,61] channels, using around
20 fb−1 of data in each case. To derive constraints on κb
and κc, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h → γγ and h → ZZ" →
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our χ2 analysis, we include the first seven bins
in the range pT;h ∈ ½0; 100$ GeV whose experimental
uncertainty is dominated by the statistical error. The data
are then compared with the theoretical predictions for the

inclusive pT;h spectrum described in the previous section.
We assume that all the errors are Gaussian in our fit.
The bin-to-bin correlations in the theoretical normalized
distributions are obtained by assuming that the bins of the
unnormalized distributions are uncorrelated and modeled
by means of linear error propagation. This accounts for the
dominant correlations in normalized spectra. For the data,
we used the correlation matrix of Ref. [62].
Figure 2 displays the Δχ2 ¼ 2.3 and Δχ2 ¼ 5.99 con-

tours [corresponding to a 68% and 95% confidence level
(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲ 6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around '50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.

PRL 118, 121801 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

24 MARCH 2017

121801-3

• Coupling-dependent branching fractions
- Total width and overall normalization largely contribute to constraint
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Figure 1: (left) Scan of the total cross section stot, based on a combination of the total cross
sections from H ! gg (64.0 ± 9.6 pb) and H ! ZZ (58.2 ± 9.8 pb. (right) Scan of the ratio of
branching fractions R based on a combination of H ! gg and H ! ZZ, while profiling all
other parameters. The filled markers indicate the one standard deviation interval.

spectrum, the uncertainties are strongly statistically dominated; in particular, the systematic
uncertainty is about half the statistical uncertainty in the last bin, and much smaller in all other
bins. The uncertainty in the combination per bin varies between 30% and 40%. Relative to
the spectrum of H ! gg alone, the uncertainty decrease achieved by the combination is most
notable in the lower pT region. The contribution of H ! bb̄ to the overall precision of the
combination is strongest in the last pH

T bin.

7.3 Fits of Higgs coupling modifiers: kb vs. kc

Figure 6(left) shows the one and two standard deviation contours of the fit of the kb/kc parametriza-
tion from Ref. [13] to data. The calculations from Ref. [13] are given up to the scale of the Higgs
mass, and thus H ! bb̄ (whose pH

T spectrum starts at pH
T = 350 GeV) is not used as input for

the results obtained here. The bin-to-bin correlations of the theoretical uncertainties are im-
plemented as described in Sec. 6. The substructure on the combined scan shows a ring shape
around the origin, and an almost one standard deviation agreement with the SM prediction.

In order to evaluate the effect of the shape on the constraints on kb and kc, the procedure is
repeated with freely floating branching fractions, effectively removing constraints from the
total width and from the overall normalization. The result of this fit is shown in Fig. 6(left). As
expected, the range of allowed values of kb and kc is much wider than in the case of coupling-
dependent branching fractions.

Separate limits can be set on kb and kc by profiling one coupling and scanning over the other.
The results of these single-coupling scans are shown in Fig. 7 and Fig. 8. The observed uncer-
tainties in the one-dimensional scans are:

�0.9 < kb < 0.9 (�1.2 < kb < 1.2 expected) ,

�4.3 < kc < 4.3 (�5.4 < kc < 5.3 expected) ,
(8)

Scan one κq; profile other
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Figure 6: Simultaneous fit results for kb and kc. (left) One and two standard deviation contours
are shown for the combined (H ! gg and H ! ZZ) fit to data and for H ! gg and H ! ZZ
separately, assuming a coupling dependency of the branching fractions. (right) One and two
standard deviation contours are shown for the combined (H ! gg and H ! ZZ) fit to data
and for H ! gg and H ! ZZ separately, assuming freely floating branching fractions.

in the case of branching fractions that depend on kb and kc, and

�2.8 < kb < 9.9 (�3.7 < kb < 7.3 expected) ,

�18.0 < kc < 22.9 (�15.7 < kc < 19.3 expected) ,
(9)

in the case of freely floated branching fractions. For the coupling-dependent branching frac-
tions, the results are shaped predominantly by constraints from the total width rather than by
distortions of the pH

T spectrum. If the branching fractions are fixed to their SM expectations, the
one-dimensional scans yield the following expected uncertainties:

�1.9 < kb < 2.9 (expected) ,

�8.7 < kc < 10.6 (expected) .
(10)

These limits are comparable to those in Ref. [13], where kc 2 [�16, 18], noting that the results
here are based on a larger data set. The limits obtained are competitive with the limits from
other direct search channels summarized in Sec. 1.

7.4 Fits of Higgs coupling modifiers: kt vs. cg and kt vs. kb

The fits are repeated in a way analogous to that of Sec. 7.3 but with kt, cg and kb as the parame-
ters of the fit, using the parametrization obtained from Ref. [44]. The combined log-likelihood
scan for kt vs. cg, assuming branching fractions that depend on the couplings, is shown in
Fig. 9(left). The normalization of the spectrum is, by construction, equal to the SM normaliza-
tion for the points (kt = 1.0, cg = 0.0) and (kt = 0.0, cg ' 0.08). The differential shape of the
parametrization s is calculated by normalizing the differential cross section to one:

si(kt, cg) =
si(kt, cg)

Âj sj(kt, cg)
, (11)

• Freely-floating branching fractions
- Only pT(H) influence
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are shown for the combined (H ! gg and H ! ZZ) fit to data and for H ! gg and H ! ZZ
separately, assuming a coupling dependency of the branching fractions. (right) One and two
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in the case of branching fractions that depend on kb and kc, and

�2.8 < kb < 9.9 (�3.7 < kb < 7.3 expected) ,

�18.0 < kc < 22.9 (�15.7 < kc < 19.3 expected) ,
(9)

in the case of freely floated branching fractions. For the coupling-dependent branching frac-
tions, the results are shaped predominantly by constraints from the total width rather than by
distortions of the pH

T spectrum. If the branching fractions are fixed to their SM expectations, the
one-dimensional scans yield the following expected uncertainties:

�1.9 < kb < 2.9 (expected) ,

�8.7 < kc < 10.6 (expected) .
(10)

These limits are comparable to those in Ref. [13], where kc 2 [�16, 18], noting that the results
here are based on a larger data set. The limits obtained are competitive with the limits from
other direct search channels summarized in Sec. 1.

7.4 Fits of Higgs coupling modifiers: kt vs. cg and kt vs. kb

The fits are repeated in a way analogous to that of Sec. 7.3 but with kt, cg and kb as the parame-
ters of the fit, using the parametrization obtained from Ref. [44]. The combined log-likelihood
scan for kt vs. cg, assuming branching fractions that depend on the couplings, is shown in
Fig. 9(left). The normalization of the spectrum is, by construction, equal to the SM normaliza-
tion for the points (kt = 1.0, cg = 0.0) and (kt = 0.0, cg ' 0.08). The differential shape of the
parametrization s is calculated by normalizing the differential cross section to one:

si(kt, cg) =
si(kt, cg)

Âj sj(kt, cg)
, (11)

• Branching fractions fixed to SM

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-028/index.html
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Invisible Decays of the Higgs Boson
• Search for new  

invisible decays
- e.g., VBF topology:

 26

• or combined analysis 
- with assumptions

CMS-PAS-HIG-17-023

0.24

BRinv. < 0.22 @ 95% C.L.

BRundet. < 0.29 @ 95% C.L.March 

2018

CMS-PAS-HIG-17-031

https://cds.cern.ch/record/2308434?ln=de
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
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BSM Interpretations
• Models with second Higgs doublet without tree-level FCNC 
• Assume: Higgs boson with mH = 125 GeV is lightest CP-even neutral Higgs boson
⇒ Production and decay rates are (at tree level) only sensitive to α and β. 
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March 

2018

July 

2018

tan β = ratio of vevs

α = mixing angle  
between h and H

mA = mass of  
CP-odd Higgs boson

ATLAS-CONF-2018-031CMS-PAS-HIG-17-031

cos(β-α) ≈ 0 
Some fermion 
couplings have 

same magnitude 
as in SM, but 
opposite sign

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
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Production and Decay Modes
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html


Karsten Köneke /22

Ratios of Cross-Sections and Branching Fractions
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ATLAS-CONF-2018-031
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2018
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2018

CMS-PAS-HIG-17-031

• No assumption on total width of Higgs boson
• Partial cancelation of systematics

 B normalized to SM value× σ
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0.001
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Figure 5: Cross-sections times branching fraction for ggF, VBF, VH and ttH+tH production in each relevant decay
modes, normalized to their SM predictions. The values are obtained from a simultaneous fit to all decay channels.
The cross-section for the VH, H ! ⌧⌧ process is fixed to its SM prediction. Combined results for each production
mode are also shown, assuming SM values for the branching ratios into each decay mode. The black error bars, blue
boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements, respectively.
The grey bands show the theory uncertainties in the predictions.

5.3 Ratios of cross-sections and branching fractions

Ratios of cross-sections and of branching fractions are measured using as reference the cross-section of
the gg ! H ! Z Z⇤ process, �ZZ

ggF . The products (� ⇥ B)i f of production cross-sections in the process i
and branching fraction into the final state f are expressed as

(� ⇥ B)i f = �ZZ
ggF ·

✓
�i
�ggF

◆
·
✓ B f

BZZ

◆
, (4)

16

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html


Karsten Köneke /22

Branching Fractions
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Decay µ  
(assume SM production µi = 1)

i ! H ! f

• Signal strength:

µ :=

�i · Bf

(�i · Bf
)SM

=

observed rate

expected rate

µi :=
�i

(�i)SM
µf :=

Bf

(Bf )SM
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limit of 0.37. In the model with BBSM = 0, the compatibility of the measurement with the SM prediction
corresponds to a p-value of pSM = 87%.

Table 9: Fit results for Higgs boson coupling modifiers per particle type with e�ective photon and gluon couplings
and either (a) BBSM = 0 or (b) BBSM included as a free parameter. The SM corresponds to BBSM = 0 and all 
parameters set to unity. All parameters except t are assumed to be positive. For (b), the conditions W ,Z  1 are
also applied.

Parameter (a) no BSM (b) with BSM
Z 1.07 ± 0.10 restricted to Z  1
W 1.07 ± 0.11 restricted to W  1
b 0.97+0.24

�0.22 0.85+0.13
�0.14

t 1.09+0.15
�0.14 1.05+0.14

�0.13

⌧ 1.02+0.17
�0.16 0.95 ± 0.13

� 1.02+0.09
�0.12 0.98+0.05

�0.08

g 1.00+0.12
�0.11 0.97+0.10

�0.09

BBSM - < 0.26 at 95% CL
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Figure 10: Left: Likelihood scan in the M-e plane. The best-fit point and, 1s, 2s CL regions are
shown, along with the SM prediction. Right: Result of the phenomenological M, e fit overlayed
with the resolved k-framework model.

7.2 Generic model within k framework with effective loops

The results of the fits to the generic k model where the ggH and H ! gg loops are scaled
using the effective couplings kg and kg are given in Figure 11 and Table 9. Two different model
assumptions are made concerning the BSM branching fraction. In the first parametrization it
is assumed that BRBSM = 0, whereas in the second, BRinv. and BRundet. are allowed to vary as
POIs, and instead the constraint |kW|, |kZ|  1 is imposed. The parameter BRundet. represents
the total branching ratio to any final state which is not detected by the channels included in
this combined analysis. The likelihood scan for the BRinv. parameter in this model, and the 2D
likelihood scan of BRinv. vs BRundet. are given in Figure 12. The 68% and 95% CL regions for the
right panel in Figure 12 are determined as the regions for which q(BRundet.,BRinv. ) < 2.28 and
q(BRundet.,BRinv. ) < 5.99, respectively. A 95% CL upper limit of BRinv. < 0.22 is determined,
corresponding to the value for which q < 3.84 [75]. The uncertainty on the measurement of
kt is reduced by nearly 40% compared to Ref. [30]. This improvement is due to the improved
sensitivity to the ttH production mode as described in Section 6.

Accounting for the additional contribution from BSM decays, the total width of the Higgs bo-
son, relative to its SM value can be written as,

GH

GSM
H

=
k2

H
1 � (BRundet. + BRinv.)

(7)

Using Equation 7, this model is also reinterpreted as a constraint on the total Higgs boson
width, and the corresponding likelihood scan is shown in Figure 13.

An additional fit is performed assuming the only BSM contributions to the Higgs couplings
appear in the the loop-induced processes ggH and H ! gg. In this fit, kg and kg are the POIs,
BRinv. and BRundet. are freely floated, and the other couplings are fixed to their SM predictions.
The best-fit point and 1s, 2s CL regions in the kg � kg plane for this model are shown in Fig-
ure 14.

• Reinterpret limit on BRBSM  
as limit on total width
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Expand 𝜙(𝑥) around new vacuum:

�(x) =
1p
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✓
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v +H(x)
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Production Cross-Sections   
(assume SM decay BRs)
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Figure 2: Cross-sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions.

Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.
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Figure 2: Cross-sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions.

Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.
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Figure 2: Cross-sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions.

Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.
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i ! H ! f

• Signal strength:

µ :=

�i · Bf

(�i · Bf
)SM

=

observed rate

expected rate

µi :=
�i

(�i)SM

µ := µi · µf =
�i · Bf

(�i · Bf )SM

µf :=
Bf

(Bf )SM

• Define for                           :

⇒ Includes total signal theory uncertainty!
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Decay µ  
(assume SM production µi = 1)
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Global signal     (36 fb-1)  
strength:           (36-80 fb-1)

For the systematic uncertainties reported in the detailed breakdowns of Tables 3 and 5, a simpler procedure
is used: in each case the corresponding nuisance parameters are fixed to their best fit values, while other
nuisance parameters are left free, and the resulting uncertainty is subtracted in quadrature from the total
uncertainty.

The compatibility with the Standard Model is quantified using the test statistic �SM = �2 log⇤(↵ =
↵SM), where ↵SM are the Standard Model values of the parameters of interest. A p-value2 pSM for the
compatibility is computed in the asymptotic approximation as pSM = 1 � F�2

n
(�SM), with n equal to the

number of free parameters of interest.

Expected results in the SM hypothesis are obtained using the Asimov dataset technique [70].

5 Combined measurements

5.1 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. The signal yields are expressed in terms of a single parameter defined as the

ratio
µ =

(� ⇥ B)i f
(� ⇥ B)SM

i f

, (3)

of the observed yields to their SM expectations, for all production processes i and decay final states f .
It corresponds to a global scaling of the expected Higgs boson yield in all categories by a single value.
Its definition is dependent on the SM predictions for each production mode cross-section �i and decay
branching ratio Bf , and the uncertainties on these predictions are included as nuisance parameters as
described in Section 4.

It is measured to be

µ = 1.13+0.09
�0.08 = 1.13 ± 0.05 (stat.) ± 0.05 (exp.) +0.05

�0.04 (sig. th.) ± 0.03 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modelling, following the
procedure outlined in Section 4. The signal theory component includes uncertainties due to missing
higher-order perturbative QCD and electroweak corrections in the MC simulation, the choice of the PDF
sets, the matching between the hard-scattering process and the underlying event, the parton shower and
hadronization models, and branching ratio uncertainties. The measurement is consistent with the SM
prediction with a p-value of pSM = 13%. The value of �2 log⇤(µ) as a function of µ is shown in Figure 1,
for the full likelihood and the versions with some nuisance parameters fixed to their best-fit values to
obtain the components of the uncertainty as described in Section 4.

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal
strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the
theory modelling of the signal and background processes in simulation. Further important uncertainties
relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of

2 The p-value is defined as the probability to obtain a value of the test statistic that is at least as high as the observed value,
under the hypothesis that is being tested.
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Figure 2: Cross-sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions.

Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.
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assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
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Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.
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• In SM, ggF and H → γγ are loop-induced 
- New Particles could contribute inside loop
⇒ Test effective coupling modifiers to gluons 

(κg) and photons (κγ)
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