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Anatomy of a boson
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Production cross sections and branching ratios of the 
H boson depend on its mass 

Two main questions at the start 
of the LHC: 

• Can we observe the H boson? 

• What is its mass?
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Find mH to understand the 
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Two main questions at the start 
of the LHC: 

• Can we observe the H boson? 

• What is its mass?
mH = 125.38 ± 0.14 GeV
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H boson depend on its mass 

Two main questions at the start 
of the LHC: 

• Can we observe the H boson? 

• What is its mass?
mH = 125.38 ± 0.14 GeV

The H boson has a too short lifetime ( ) to be detected directly at the LHC 

 exploit its decay products to reconstruct the final states and characterise it

τH ∼ 2 × 10−22s ⇒ ΓH = 4.1 MeV

⇒

Find mH to understand the 
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Global profile of the Higgs boson
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Higgs boson mass
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14 4 Mass measurement and direct limits on the natural width
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Figure 2: (Left) Scan of the test statistic q(mH) = �2D lnL versus the mass of the boson mH
for the H ! gg and H ! ZZ ! 4` final states separately and for their combination. Three
independent signal strengths, (ggH, ttH) ! gg, (VBF, VH) ! gg, and pp ! H ! ZZ !
4`, are profiled together with all other nuisance parameters. (Right) Scan of the test statistic
q(mgg

H � m4`
H ) versus the difference between two individual mass measurements for the same

model of signal strengths used in the left panel.

is shown by the dashed curve in Fig. 2 (left). The crossings of the dashed curve with the thick
horizontal line define the 68% CL confidence interval for the statistical uncertainty in the mass
measurement: +0.26

�0.27 GeV. We derive the systematic uncertainty assuming that the total uncer-
tainty is the sum in quadrature of the statistical and systematic components; the full result is
mH = 125.02 +0.26

�0.27 (stat) +0.14
�0.15 (syst) GeV. The median expected uncertainty is evaluated using an

Asimov pseudo-data sample [182] constructed from the best-fit values obtained when testing
for the compatibility of the mass measurement in the H ! gg and H ! ZZ ! 4` channels.
The expected uncertainty thus derived is +0.26

�0.25 (stat) ± 0.14 (syst) GeV, in good agreement with
the observation in data. As a comparison, the median expected uncertainty is also derived by
constructing an Asimov pseudo-data sample as above except that the signal strength modifiers
are set to unity (as expected in the SM) and mgg

H = m4`
H = 125 GeV, leading to an expected un-

certainty of ±0.28 (stat) ± 0.13 (syst) GeV. As could be anticipated, the statistical uncertainty
is slightly larger given that the observed signal strength in the H ! gg channel is larger than
unity, and the systematic uncertainty is slightly smaller given the small mass difference be-
tween the two channels that is observed in data.

To quantify the compatibility of the H ! gg and H ! ZZ mass measurements with each other,
we perform a scan of the test statistic q(mgg

H � m4`
H ), as a function of the difference between the

two mass measurements. Besides the three signal strength modifiers, there are two additional
parameters in this test: the mass difference and mgg

H . In the scan, the three signal strengths
and mgg

H are profiled together with all nuisance parameters. The result from the scan shown
in Fig. 2 (right) is mgg

H � m4`
H = �0.89+0.56

�0.57 GeV. From evaluating q(mgg
H � m4`

H = 0) it can be
concluded that the mass measurements in H ! gg and H ! ZZ ! 4` agree at the 1.6s level.

To assess the dependency of the result on the SM Higgs boson hypothesis, the measurement of
the mass is repeated using the same channels, but with the following two sets of assumptions: i)
allowing a common signal strength modifier to float, which corresponds to the result in Fig. 1,
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Higgs boson mass
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unity, and the systematic uncertainty is slightly smaller given the small mass difference be-
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Higgs boson width
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Limited by  invariant mass resolution 
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On-shell and 2016 dataset: only upper limit on 
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4.2 Direct limits on the width of the observed state 15

and ii) constraining the relative production cross sections and branching fractions to the SM
predictions, i.e. µ = 1. The results from these two alternative measurements differ by less than
0.1 GeV from the main result, both in terms of the best-fit value and the uncertainties.

4.2 Direct limits on the width of the observed state

For mH ⇠ 125 GeV the SM Higgs boson is predicted to be narrow, with a total width GSM ⇠
4 MeV. From the study of off-shell Higgs boson production, CMS has previously set an indirect
limit on the total width, Gtot/GSM < 5.4 (8.0) observed (expected) at the 95% CL [27]. While
that result is about two orders of magnitude better than the experimental mass resolution, it
relies on assumptions on the underlying theory, such as the absence of contributions to Higgs
boson off-shell production from particles beyond the standard model. In contrast, a direct limit
does not rely on such assumptions and is only limited by the experimental resolution.

The best experimental mass resolution, achieved in the H ! gg and H ! ZZ ! 4` analyses, is
typically between 1 GeV and 3 GeV, as shown in Table 1. The resolution depends on the energy,
rapidity, and azimuthal angle of the decay products, and on the flavour of the leptons in the
case of the H ! ZZ ! 4` decay. If found inconsistent with the expected detector resolution,
the total width measured in data could suggest the production of a resonance with a greater
intrinsic width or the production of two quasi-degenerate states.

To perform this measurement the signal models in the H ! gg and H ! ZZ ! 4` analy-
ses allow for a natural width using the relativistic Breit–Wigner distribution, as described in
Refs. [16, 18]. Figure 3 shows the likelihood scan as a function of the assumed natural width.
The mass of the boson and a common signal strength are profiled along with all other nui-
sance parameters. The dashed lines show the expected results for the SM Higgs boson. For the
H ! gg channel the observed (expected) upper limit at the 95% CL is 2.4 (3.1) GeV. For the
H ! ZZ ! 4` channel the observed (expected) upper limit at the 95% CL is 3.4 (2.8) GeV. For
the combination of the two analyses, the observed (expected) upper limit at the 95% CL is 1.7
(2.3) GeV.
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Figure 3: Likelihood scan as a function of the width of the boson. The continuous (dashed) lines
show the observed (expected) results for the H ! gg analysis, the H ! ZZ ! 4` analysis, and
their combination. The data are consistent with GSM ⇠ 4 MeV and for the combination of the
two channels the observed (expected) upper limit on the width at the 95% CL is 1.7 (2.3) GeV.
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and ii) constraining the relative production cross sections and branching fractions to the SM
predictions, i.e. µ = 1. The results from these two alternative measurements differ by less than
0.1 GeV from the main result, both in terms of the best-fit value and the uncertainties.

4.2 Direct limits on the width of the observed state

For mH ⇠ 125 GeV the SM Higgs boson is predicted to be narrow, with a total width GSM ⇠
4 MeV. From the study of off-shell Higgs boson production, CMS has previously set an indirect
limit on the total width, Gtot/GSM < 5.4 (8.0) observed (expected) at the 95% CL [27]. While
that result is about two orders of magnitude better than the experimental mass resolution, it
relies on assumptions on the underlying theory, such as the absence of contributions to Higgs
boson off-shell production from particles beyond the standard model. In contrast, a direct limit
does not rely on such assumptions and is only limited by the experimental resolution.

The best experimental mass resolution, achieved in the H ! gg and H ! ZZ ! 4` analyses, is
typically between 1 GeV and 3 GeV, as shown in Table 1. The resolution depends on the energy,
rapidity, and azimuthal angle of the decay products, and on the flavour of the leptons in the
case of the H ! ZZ ! 4` decay. If found inconsistent with the expected detector resolution,
the total width measured in data could suggest the production of a resonance with a greater
intrinsic width or the production of two quasi-degenerate states.

To perform this measurement the signal models in the H ! gg and H ! ZZ ! 4` analy-
ses allow for a natural width using the relativistic Breit–Wigner distribution, as described in
Refs. [16, 18]. Figure 3 shows the likelihood scan as a function of the assumed natural width.
The mass of the boson and a common signal strength are profiled along with all other nui-
sance parameters. The dashed lines show the expected results for the SM Higgs boson. For the
H ! gg channel the observed (expected) upper limit at the 95% CL is 2.4 (3.1) GeV. For the
H ! ZZ ! 4` channel the observed (expected) upper limit at the 95% CL is 3.4 (2.8) GeV. For
the combination of the two analyses, the observed (expected) upper limit at the 95% CL is 1.7
(2.3) GeV.
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and ii) constraining the relative production cross sections and branching fractions to the SM
predictions, i.e. µ = 1. The results from these two alternative measurements differ by less than
0.1 GeV from the main result, both in terms of the best-fit value and the uncertainties.

4.2 Direct limits on the width of the observed state

For mH ⇠ 125 GeV the SM Higgs boson is predicted to be narrow, with a total width GSM ⇠
4 MeV. From the study of off-shell Higgs boson production, CMS has previously set an indirect
limit on the total width, Gtot/GSM < 5.4 (8.0) observed (expected) at the 95% CL [27]. While
that result is about two orders of magnitude better than the experimental mass resolution, it
relies on assumptions on the underlying theory, such as the absence of contributions to Higgs
boson off-shell production from particles beyond the standard model. In contrast, a direct limit
does not rely on such assumptions and is only limited by the experimental resolution.

The best experimental mass resolution, achieved in the H ! gg and H ! ZZ ! 4` analyses, is
typically between 1 GeV and 3 GeV, as shown in Table 1. The resolution depends on the energy,
rapidity, and azimuthal angle of the decay products, and on the flavour of the leptons in the
case of the H ! ZZ ! 4` decay. If found inconsistent with the expected detector resolution,
the total width measured in data could suggest the production of a resonance with a greater
intrinsic width or the production of two quasi-degenerate states.

To perform this measurement the signal models in the H ! gg and H ! ZZ ! 4` analy-
ses allow for a natural width using the relativistic Breit–Wigner distribution, as described in
Refs. [16, 18]. Figure 3 shows the likelihood scan as a function of the assumed natural width.
The mass of the boson and a common signal strength are profiled along with all other nui-
sance parameters. The dashed lines show the expected results for the SM Higgs boson. For the
H ! gg channel the observed (expected) upper limit at the 95% CL is 2.4 (3.1) GeV. For the
H ! ZZ ! 4` channel the observed (expected) upper limit at the 95% CL is 3.4 (2.8) GeV. For
the combination of the two analyses, the observed (expected) upper limit at the 95% CL is 1.7
(2.3) GeV.
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Table 1: Summary of results on the off-shell signal strengths and GH. The various fit conditions
are indicated in the column labeled “Cond.”: Results for µoff-shell are with R

off-shell
V,F either un-

constrained (u) or = 1, and constraints on µoff-shell
F and µoff-shell

V are shown with the other signal
strength unconstrained. Results for GH (in units of MeV) are obtained with the on-shell signal
strengths unconstrained, and the different conditions listed for this quantity reflect which off-
shell final states are combined with on-shell 4` data. The expected central values (not shown)
are either unity or GH = 4.1 MeV.

Param. Cond.
Observed Expected

68% | 95% CL 68% | 95% CL
µoff.

F µoff.
V (u) 0.62+0.68

�0.45 |
+1.38
�0.614

+1.1
�0.99998 |< 3.0

µoff.
V µoff.

F (u) 0.90+0.9
�0.59 |

+2.0
�0.849

+2.0
�0.89 |< 4.5

µoff. R
off.
V,F = 1 0.74+0.56

�0.38 |
+1.06
�0.61

+1.0
�0.84 |

+1.7
�0.9914

R
off.
V,F (u) 0.62+0.68

�0.45 |
+1.38
�0.6139

+1.1
�0.99996 |

+2.0
�0.99999

GH 2`2n + 4` 3.2+2.4
�1.7 |

+5.3
�2.7

+4.0
�3.48 |

+7.2
�4.065

GH 2`2n 3.1+3.4
�2.1 |

+7.3
�2.91

+5.1
�3.67 |

+9.1
�4.099

GH 4` 3.8+3.8
�2.7 |

+8.0
�3.727

+5.1
�4.047 |< 13.8
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Figure 4: Left panel: Two-parameter likelihood scan of µoff-shell
F and µoff-shell

V . The dot-dashed
and dashed contours enclose the 68% (�2D lnL = 2.30) and 95% (�2D lnL = 5.99) CL re-
gions. The cross marks the minimum, and the blue diamond marks the SM expectation. The
integrated luminosity reaches only up to 138 fb�1 as on-shell 4` events are not included in per-
forming this scan. Right panel: The observed (solid) and expected (dashed) one-parameter
likelihood scans over GH. Scans are shown for the combination of 4` on-shell data with 4`
off-shell (magenta) or 2`2n off-shell data (green) alone, or with both data sets (black). The hor-
izontal lines indicate the 68% (�2D lnL = 1.00) and 95% (�2D lnL = 3.84) CL regions. The
integrated luminosity reaches up to 140 fb�1 as on-shell 4` events are included in performing
these scans. The exclusion of the no off-shell hypothesis is consistent with 3.6 standard devia-
tions on both panels.
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mτ

v
H(κττ̄τ + κ̃ττ̄iγ5τ)

tan(αHττ) =
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Effective Lagrangian for Yukawa coupling to 
tau leptons parameterized by  
CP-even and CP-odd components
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Figure 1. The decay planes of two τ leptons decaying to a single charged pion. The angle φCP is
the angle between the decay planes. The illustration is in the H rest frame.
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-π+π # -τ+τ  > 33 GeVτ
Tp

ττHα2

Figure 2. The normalised distribution of φCP between the τ lepton decay planes in the H rest
frame at the generator level, for both τ leptons decaying to a charged pion and a neutrino. The
distributions are for a decaying scalar (CP-even, solid red), pseudoscalar (CP-odd, dash blue), a
maximal mixing angle of 45◦ (CP-mix, dash-dot-dot green), and a Z vector boson (black dash-dot).
The transverse momentum of the visible τ decay products pτ

T was required to be larger than 33GeV
during the event generation.

– 4 –

JH
EP 06 (2022) 012

Higgs boson CP properties: Hττ

CP-Properties ` LHC Days, 03/10/22 - M. Bonanomi



16

ℒHττ = −
mτ

v
H(κtτ̄τ + κ̃ττ̄iγ5τ)

Effective Lagrangian for Yukawa coupling to 
tau leptons parameterized by  
CP-even and CP-odd components

αHττ = − 1 ± 19∘ (21∘ exp)
Pure CP-odd coupling excluded at 3σ

JH
EP 06 (2022) 012

Higgs boson CP properties: Hττ

J
H
E
P
0
6
(
2
0
2
2
)
0
1
2

−90 −45 0 45 90
αHττ(degrees)

0

2

4

6

8

10

12

−
2∆

lo
g
L

CMS 137 fb−1 (13 TeV)

68.3%

95.5%

99.7%

Observed: α̂Hττ
obs. = −1± 19 ◦(68.3% CL)

Expected: α̂Hττ
exp. = 0± 21 ◦(68.3% CL)

Observed: α̂Hττ
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Figure 11. Negative log-likelihood scan for the combination of the τeτh, τµτh, and τhτh channels.
The observed (expected) sensitivity to distinguish between the scalar and pseudoscalar hypotheses,
defined at αHττ = 0 and ±90◦, respectively, is 3.0σ (2.6σ). The observed (expected) value for αHττ

is −1± 19◦ (0± 21◦) at the 68.3% CL. At 95.5% CL the range is ±41◦ (±49◦), and at the 99.7%
CL the observed range is ±84◦.

±84◦ at the 99.7% CL. The uncertainty can be decomposed into: statistical; bin-by-
bin fluctuations in the background templates; experimental systematic uncertainties; and
theoretical uncertainties. In this decomposition we obtain

αHττ = −1± 19 (stat)± 1 (syst)± 2 (bin-by-bin)± 1 (theo)◦.

This result is compatible with the SM predictions within the experimental uncertainties.
The expected sensitivities of the τeτh, τµτh, and τhτh channels are 1.0, 1.5, and 1.8σ,

respectively. The µρ mode yields the most sensitive expected contribution of 1.2σ, followed
by the ρρ and πρ modes that contribute 1.1 and 1.0σ, respectively. All other modes have
sensitivities below 1σ.

The statistical uncertainties in the background templates are the subleading source of
systematic uncertainty in this analysis. As the dominant contributions to the backgrounds
are determined themselves from control samples in data, the amount of data is the limiting
factor in this uncertainty. The next most dominant sources of uncertainty are the hadronic
trigger efficiency, theory uncertainties, the τh energy scale, and uncertainties related to the
implementation of the FF method.

It was shown in ref. [36] that in the next-to-minimal supersymmetric model mixing
angles as large as ≈27◦ can be accommodated by the latest electric dipole moment and
Higgs boson measurements. This measurement is thus sensitive to the larger allowed mixing
angles in this model.

– 34 –
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Figure 10: Likelihood scan as a function of kt and ekt . Two-dimensional confidence intervals
at 68% CL are depicted as shaded areas, for multilepton (red), the combination of H ! gg
and H ! ZZ (blue), and the combination of the three channels (black). The 95% CL for the
combination is show as a dashed line. The best fit for each is shown as a cross of the corre-
sponding colour. The plot is symmetric with respect to the line ekt=0, hence there are two points
corresponding to the best fit, here we only show one for simplicity. The black diamond shows
the SM expected value. The nontrivial correlation between the measurements are the source of
the change in the best fit value and shape of the confidence regions. The coupling kV and the
H boson branching fractions are kept to their SM values.

Table 7: One-dimensional confidence intervals at 68 and 95% CL for kt and ekt .

Parameter 68% CL 95% CL
kt (0.96, 1.16) (0.86, 1.26)
ekt (-0.86, 0.85) (-1.07, 1.07)

arXiv:2208.02686
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Fig. 13 The measured product of cross section times branching frac-
tion for H → ZZ decay (σB)obs and the SM predictions (σB)SM for
the stage 0 STXS production bins and the inclusive measurement at
mH = 125.38 GeV. Points with error bars represent measured values

and black dashed lines with gray uncertainty bands represent the SM
predictions. In the bottom panel ratios of the measured cross sections
and the SM predictions are shown along with the uncertainties for each
of the bins and the inclusive measurement

are the pdfs for the signal, and f jk
B (m4",D) the pdfs for the

background.
The correlation of the kinematic discriminants Dkin

bkg,

DVBF+dec
bkg , and DVH+dec

bkg with the four-lepton invariant mass
is shown in Fig. 9 for the mass interval 105 < m4" <

140 GeV. Their distributions for the mass interval 118 <

m4" < 130 GeV are shown in Fig. 10.

10.1 Signal strength modifier

A simultaneous fit to all categories is performed to extract the
signal strength modifier, defined as the ratio of the observed
H boson yield in the H → 4" decay channel to the standard
model expectation.

The combined measurement of the inclusive signal strength
modifier is measured to be µ = 0.94+0.12

−0.11 or µ = 0.94 ±
0.07 (stat)+0.07

−0.06 (theo)+0.06
−0.05 (exp) at a fixed mass value mH =

125.38 GeV, which is the current most precise measurement
of the H boson mass published by the CMS Collaboration
[119]. In all subsequent fits, mH is fixed to this value. The
dominant experimental sources of systematic uncertainty
are the uncertainties in the lepton identification efficiencies
and luminosity measurement, while the dominant theoretical
source is the uncertainty in the total gluon fusion cross sec-

tion. The contributions to the total uncertainty from exper-
imental and theoretical sources are found to be similar in
magnitude. The signal strength modifiers are further studied
in terms of the five main SM Higgs boson production mech-
anisms, namely ggH, VBF, ZH, WH, and tt H. The contri-
butions of the bbH and tH production modes are also taken
into account. The relative normalizations of the bbH and the
gluon fusion contributions are kept fixed in the fit, and so are
the tH and tt H ones. The results are shown in Fig. 11 for the
observed and expected profile likelihood scans of the inclu-
sive signal strength modifier and those for the signal strength
modifiers of the five main SM Higgs boson production mech-
anisms. The corresponding numerical values, including the
decomposition of the uncertainties into statistical and sys-
tematic components, as well as the expected uncertainties,
are given in Table 4.

The dependence of the measured signal strengths on the
profiling of mH is checked and found to have a small impact
both on the inclusive results and those in terms of the five
main H boson production mechanisms, well within the mea-
surement uncertainties. The best fit signal value changes at
most by 4% and the profiled value of the mass is found to be
mH = 125.09+0.15

−0.14 (stat) GeV. It is important to note here that
the precise determination of mH and the systematic uncer-
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Figure 16. Observed results of the fit to signal strength modifiers of the four principal production
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Fig. 13 The measured product of cross section times branching frac-
tion for H → ZZ decay (σB)obs and the SM predictions (σB)SM for
the stage 0 STXS production bins and the inclusive measurement at
mH = 125.38 GeV. Points with error bars represent measured values

and black dashed lines with gray uncertainty bands represent the SM
predictions. In the bottom panel ratios of the measured cross sections
and the SM predictions are shown along with the uncertainties for each
of the bins and the inclusive measurement

are the pdfs for the signal, and f jk
B (m4",D) the pdfs for the

background.
The correlation of the kinematic discriminants Dkin

bkg,

DVBF+dec
bkg , and DVH+dec

bkg with the four-lepton invariant mass
is shown in Fig. 9 for the mass interval 105 < m4" <

140 GeV. Their distributions for the mass interval 118 <

m4" < 130 GeV are shown in Fig. 10.

10.1 Signal strength modifier

A simultaneous fit to all categories is performed to extract the
signal strength modifier, defined as the ratio of the observed
H boson yield in the H → 4" decay channel to the standard
model expectation.

The combined measurement of the inclusive signal strength
modifier is measured to be µ = 0.94+0.12

−0.11 or µ = 0.94 ±
0.07 (stat)+0.07

−0.06 (theo)+0.06
−0.05 (exp) at a fixed mass value mH =

125.38 GeV, which is the current most precise measurement
of the H boson mass published by the CMS Collaboration
[119]. In all subsequent fits, mH is fixed to this value. The
dominant experimental sources of systematic uncertainty
are the uncertainties in the lepton identification efficiencies
and luminosity measurement, while the dominant theoretical
source is the uncertainty in the total gluon fusion cross sec-

tion. The contributions to the total uncertainty from exper-
imental and theoretical sources are found to be similar in
magnitude. The signal strength modifiers are further studied
in terms of the five main SM Higgs boson production mech-
anisms, namely ggH, VBF, ZH, WH, and tt H. The contri-
butions of the bbH and tH production modes are also taken
into account. The relative normalizations of the bbH and the
gluon fusion contributions are kept fixed in the fit, and so are
the tH and tt H ones. The results are shown in Fig. 11 for the
observed and expected profile likelihood scans of the inclu-
sive signal strength modifier and those for the signal strength
modifiers of the five main SM Higgs boson production mech-
anisms. The corresponding numerical values, including the
decomposition of the uncertainties into statistical and sys-
tematic components, as well as the expected uncertainties,
are given in Table 4.

The dependence of the measured signal strengths on the
profiling of mH is checked and found to have a small impact
both on the inclusive results and those in terms of the five
main H boson production mechanisms, well within the mea-
surement uncertainties. The best fit signal value changes at
most by 4% and the profiled value of the mass is found to be
mH = 125.09+0.15

−0.14 (stat) GeV. It is important to note here that
the precise determination of mH and the systematic uncer-
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Figure 14: Cross section measurements in the (upper left) stage-0 bins, and in the stage-1.2
bins related to the (lower left) VH, (upper right) qqH, and (lower right) ggH processes. The
combination of the CB- and VH-analyses is labeled by CB, the combination of the NN- and VH-
analyses is labeled by NN. Central values and combined statistical and systematic uncertainties
are given for each measurement.
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Figure 16. Observed results of the fit to signal strength modifiers of the four principal production
modes. The contributions to the total uncertainty in each parameter from the theoretical systematic,
experimental systematic, and statistical components are shown. The colour scheme is chosen to
match the diagram presented in figure 1. The compatibility of this fit with respect to the SM
prediction, expressed as a p-value, is approximately 50%. Also shown in black is the result of the
fit to the inclusive signal strength modifier, which has a p-value of 17%.
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Figure 17. A summary of the impact of the main sources of systematic uncertainty in the fit to
signal strength modifiers of the four principal production modes. The observed (expected) impacts
are shown by the solid (empty) bars. The colour scheme is chosen to match the diagram presented
in figure 1.
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Fig. 13 The measured product of cross section times branching frac-
tion for H → ZZ decay (σB)obs and the SM predictions (σB)SM for
the stage 0 STXS production bins and the inclusive measurement at
mH = 125.38 GeV. Points with error bars represent measured values

and black dashed lines with gray uncertainty bands represent the SM
predictions. In the bottom panel ratios of the measured cross sections
and the SM predictions are shown along with the uncertainties for each
of the bins and the inclusive measurement

are the pdfs for the signal, and f jk
B (m4",D) the pdfs for the

background.
The correlation of the kinematic discriminants Dkin

bkg,

DVBF+dec
bkg , and DVH+dec

bkg with the four-lepton invariant mass
is shown in Fig. 9 for the mass interval 105 < m4" <

140 GeV. Their distributions for the mass interval 118 <

m4" < 130 GeV are shown in Fig. 10.

10.1 Signal strength modifier

A simultaneous fit to all categories is performed to extract the
signal strength modifier, defined as the ratio of the observed
H boson yield in the H → 4" decay channel to the standard
model expectation.
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−0.11 or µ = 0.94 ±
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−0.06 (theo)+0.06
−0.05 (exp) at a fixed mass value mH =

125.38 GeV, which is the current most precise measurement
of the H boson mass published by the CMS Collaboration
[119]. In all subsequent fits, mH is fixed to this value. The
dominant experimental sources of systematic uncertainty
are the uncertainties in the lepton identification efficiencies
and luminosity measurement, while the dominant theoretical
source is the uncertainty in the total gluon fusion cross sec-

tion. The contributions to the total uncertainty from exper-
imental and theoretical sources are found to be similar in
magnitude. The signal strength modifiers are further studied
in terms of the five main SM Higgs boson production mech-
anisms, namely ggH, VBF, ZH, WH, and tt H. The contri-
butions of the bbH and tH production modes are also taken
into account. The relative normalizations of the bbH and the
gluon fusion contributions are kept fixed in the fit, and so are
the tH and tt H ones. The results are shown in Fig. 11 for the
observed and expected profile likelihood scans of the inclu-
sive signal strength modifier and those for the signal strength
modifiers of the five main SM Higgs boson production mech-
anisms. The corresponding numerical values, including the
decomposition of the uncertainties into statistical and sys-
tematic components, as well as the expected uncertainties,
are given in Table 4.

The dependence of the measured signal strengths on the
profiling of mH is checked and found to have a small impact
both on the inclusive results and those in terms of the five
main H boson production mechanisms, well within the mea-
surement uncertainties. The best fit signal value changes at
most by 4% and the profiled value of the mass is found to be
mH = 125.09+0.15

−0.14 (stat) GeV. It is important to note here that
the precise determination of mH and the systematic uncer-
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Figure 14: Cross section measurements in the (upper left) stage-0 bins, and in the stage-1.2
bins related to the (lower left) VH, (upper right) qqH, and (lower right) ggH processes. The
combination of the CB- and VH-analyses is labeled by CB, the combination of the NN- and VH-
analyses is labeled by NN. Central values and combined statistical and systematic uncertainties
are given for each measurement.
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Figure 16. Observed results of the fit to signal strength modifiers of the four principal production
modes. The contributions to the total uncertainty in each parameter from the theoretical systematic,
experimental systematic, and statistical components are shown. The colour scheme is chosen to
match the diagram presented in figure 1. The compatibility of this fit with respect to the SM
prediction, expressed as a p-value, is approximately 50%. Also shown in black is the result of the
fit to the inclusive signal strength modifier, which has a p-value of 17%.
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Figure 17. A summary of the impact of the main sources of systematic uncertainty in the fit to
signal strength modifiers of the four principal production modes. The observed (expected) impacts
are shown by the solid (empty) bars. The colour scheme is chosen to match the diagram presented
in figure 1.
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Figure 14: Cross section measurements in the (upper left) stage-0 bins, and in the stage-1.2
bins related to the (lower left) VH, (upper right) qqH, and (lower right) ggH processes. The
combination of the CB- and VH-analyses is labeled by CB, the combination of the NN- and VH-
analyses is labeled by NN. Central values and combined statistical and systematic uncertainties
are given for each measurement.
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Figure 26: Observed cross sections in each STXS bin, normalized to the SM expectation.

12 Summary

A measurement of production cross sections for the Higgs boson has been performed target-
ing the gluon fusion, vector boson fusion, and Z or W associated production processes in the
H ! WW decay channel. Results are presented as signal strength modifiers, coupling mod-
ifiers, and differential cross sections in the simplified template cross section Stage 1.2 frame-
work. The measurement has been performed on data from proton-proton collisions recorded
by the CMS detector at a center-of-mass energy of 13 TeV in 2016–2018, corresponding to an
integrated luminosity of 138 fb�1. Specific event selections targeting different final states have
been employed, and results have been extracted via a simultaneous maximum likelihood fit to
all analysis categories. The overall signal strength for production of a Higgs boson is found to
be µ = 0.95+0.10

�0.09. All results are in good agreement with the standard model expectation.
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Figure 26: Observed cross sections in each STXS bin, normalized to the SM expectation.

12 Summary

A measurement of production cross sections for the Higgs boson has been performed target-
ing the gluon fusion, vector boson fusion, and Z or W associated production processes in the
H ! WW decay channel. Results are presented as signal strength modifiers, coupling mod-
ifiers, and differential cross sections in the simplified template cross section Stage 1.2 frame-
work. The measurement has been performed on data from proton-proton collisions recorded
by the CMS detector at a center-of-mass energy of 13 TeV in 2016–2018, corresponding to an
integrated luminosity of 138 fb�1. Specific event selections targeting different final states have
been employed, and results have been extracted via a simultaneous maximum likelihood fit to
all analysis categories. The overall signal strength for production of a Higgs boson is found to
be µ = 0.95+0.10

�0.09. All results are in good agreement with the standard model expectation.
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Figure 14: Cross section measurements in the (upper left) stage-0 bins, and in the stage-1.2
bins related to the (lower left) VH, (upper right) qqH, and (lower right) ggH processes. The
combination of the CB- and VH-analyses is labeled by CB, the combination of the NN- and VH-
analyses is labeled by NN. Central values and combined statistical and systematic uncertainties
are given for each measurement.
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Figure 14: Cross section measurements in the (upper left) stage-0 bins, and in the stage-1.2
bins related to the (lower left) VH, (upper right) qqH, and (lower right) ggH processes. The
combination of the CB- and VH-analyses is labeled by CB, the combination of the NN- and VH-
analyses is labeled by NN. Central values and combined statistical and systematic uncertainties
are given for each measurement.
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Table 9 The measured inclusive fiducial cross section and ±1 standard deviation uncertainties for different final states and data-taking periods at
mH = 125.38 GeV. The statistical and systematic uncertainties are given separately for the inclusive measurements

2e2µ (fb) 4µ (fb) 4e (fb) Inclusive (fb)

2016 1.22+0.38
−0.30 0.89+0.22

−0.19 1.07+0.44
−0.33 3.19+0.68

−0.56 = 3.19+0.48
−0.45 (stat)+0.48

−0.33 (syst)

2017 1.64+0.41
−0.35 0.82+0.21

−0.18 0.56+0.29
−0.22 3.01+0.60

−0.50 = 3.01+0.44
−0.41 (stat)+0.41

−0.27 (syst)

2018 1.17+0.27
−0.24 0.66+0.15

−0.13 0.73+0.24
−0.20 2.57+0.42

−0.38 = 2.57+0.33
−0.31 (stat)+0.27

−0.23 (syst)

2016–2018 1.31+0.20
−0.19 0.78+0.10

−0.10 0.76+0.18
−0.16 2.84+0.34

−0.31 = 2.84+0.23
−0.22 (stat)+0.26

−0.21 (syst)

Fig. 17 Differential cross sections as a function of pH
T (upper) and |yH|

(lower). The acceptance and theoretical uncertainties in the differential
bins are calculated using powheg. The sub-dominant component of the
signal (VBF + VH + t t H) is denoted as XH

Table 10 The measured differential fiducial cross section and ±1
standard deviation uncertainties for the pH

T observable at mH =
125.38 GeV. The breakdown of the total uncertainty (unc.) into sta-
tistical and systematic components is given

Bin range (GeV) dσfid (fb) unc. (stat) (syst)

0–10 0.32 +0.11
−0.10

+0.10
−0.09

+0.04
−0.03

10–20 0.67 +0.14
−0.13

+0.13
−0.12

+0.06
−0.05

20–30 0.41 +0.12
−0.10

+0.11
−0.10

+0.04
−0.04

30–45 0.51 +0.12
−0.10

+0.11
−0.10

+0.04
−0.04

45–80 0.45 +0.10
−0.09

+0.10
−0.09

+0.04
−0.03

80–120 0.30 +0.08
−0.07

+0.07
−0.07

+0.02
−0.02

120–200 0.19 +0.06
−0.05

+0.06
−0.05

+0.01
−0.01

200–13000 0.03 +0.02
−0.02

+0.02
−0.01

+0.00
−0.00

Table 11 The measured differential fiducial cross section and ±1
standard deviation uncertainties for the |yH| observable at mH =
125.38 GeV. The breakdown of the total uncertainty (unc.) into sta-
tistical and systematic components is given

Bin range dσfid (fb) unc. (stat) (syst)

0.0–0.15 0.41 +0.10
−0.08

+0.09
−0.08

+0.05
−0.03

0.15–0.3 0.36 +0.08
−0.07

+0.07
−0.07

+0.03
−0.02

0.3–0.6 0.62 +0.13
−0.11

+0.11
−0.10

+0.07
−0.05

0.6–0.9 0.57 +0.12
−0.10

+0.10
−0.10

+0.06
−0.04

0.9–1.2 0.36 +0.10
−0.09

+0.09
−0.08

+0.05
−0.03

1.2–2.5 0.64 +0.15
−0.13

+0.13
−0.12

+0.08
−0.05

Acknowledgements We gratefully acknowledge the LHC Higgs Work-
ing Group for its role in developing stage 1.2 of the simplified template
cross section framework.
We congratulate our colleagues in the CERN accelerator departments
for the excellent performance of the LHC and thank the technical and
administrative staffs at CERN and at other CMS institutes for their con-
tributions to the success of the CMS effort. In addition, we gratefully
acknowledge the computing centers and personnel of the Worldwide
LHC Computing Grid and other centers for delivering so effectively the
computing infrastructure essential to our analyses. Finally, we acknowl-
edge the enduring support for the construction and operation of the
LHC, the CMS detector, and the supporting computing infrastructure
provided by the following funding agencies: BMBWF and FWF (Aus-
tria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, FAPERGS,
and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and

123

J
H
E
P
0
3
(
2
0
2
1
)
0
0
3

ggF

VBF

ZH+WH

Htt

Uncertainty

Observed

regularization

Statistical

Experimental

Theoretical

MG5_aMC@NLO

0 50 100 150 200 250

∞    0 100 200

 (GeV)H
T

p

2−10

1−10

1

10

 (
fb

/G
eV

)
H T

p
/d

σ
d

0

0.5

1

1.5

2

P
O

W
H

E
G

S
M

σ
R

at
io

 t
o
 

CMS

 (13 TeV)-1137 fb

ggF

VBF

ZH+WH

Htt

Uncertainty

Observed

Statistical

Experimental

Theoretical

MG5_aMC@NLO

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 0
1
2
3
4
5
6

1
2
3
4
5

0 1 2 3  4≥

jet
N

1

10

210

) 
(f

b
)

je
t

N(
σ

0

0.5

1

1.5

2

P
O

W
H

E
G

S
M

σ
R

at
io

 t
o
 

CMS

 (13 TeV)-1137 fb

Figure 4. Observed fiducial cross sections in bins of pHT (left) and Njet (right), overlaid with predic-
tions from the nominal and alternative models for signal. The ggF and VBF samples are generated
using powheg in the nominal model and MadGraph5_amc@nlo in the alternative model. The
uncertainty bars on the observed cross sections represent the total uncertainty, with the statisti-
cal, experimental (including luminosity), and theoretical uncertainties also shown separately. The
uncertainty bands on the theoretical predictions correspond to quadratic sums of renormalization-
and factorization-scale uncertainties, PDF uncertainties, and statistical uncertainties of the simu-
lation. The filled histograms in the ratio plots show the relative contributions of the Higgs boson
production modes in each bin.

Njet-binned combined data set, are

µfid=1.05±0.12
(
±0.05(stat)±0.07(exp)±0.01(signal)±0.07(bkg)±0.03(lumi)

)
, (9.3)

σfid=86.5±9.5 fb. (9.4)

where (stat) refers to the statistical uncertainties (including the background normalizations
extracted from control regions), (exp) to the experimental uncertainties excluding those in
the integrated luminosity, (signal) to the theoretical uncertainties in modeling the signal,
(bkg) to the remaining theoretical uncertainties, and (lumi) to the luminosity uncertainty.
Tabulated results are available in the HepData database [84].

10 Summary

Inclusive and differential fiducial cross sections for Higgs boson production have been mea-
sured using H → W+W− → e±µ∓νν decays. The measurements were performed using
pp collisions recorded by the CMS detector at a center-of-mass energy of 13TeV, cor-
responding to a total integrated luminosity of 137 fb−1. Differential cross sections as a
function of the transverse momentum of the Higgs boson and the number of associated
jets produced are determined in a fiducial phase space that is matched to the experimental
kinematic acceptance. The cross sections are extracted through a simultaneous fit to kine-
matic distributions of the signal candidate events categorized to maximize sensitivity to

– 20 –
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Figure 10: Differential fiducial cross sections for p
gg
T , njets, |ygg |, and |cos q⇤|. The observed

differential fiducial cross section values are shown as black points with the vertical error bars
showing the full uncertainty, the horizontal error bars show the width of the respective bin.
The grey shaded areas visualize the systematic component of the uncertainty. The coloured
lines denote the predictions from different setups of the event generator. All of them have the
HX=VBF+VH+ttH component from MADGRAPH5 aMC@NLO in common. The red lines show
the sum of HX and the ggH component from MADGRAPH5 aMC@NLO reweighted to match
the NNLOPS prediction. For the blue lines no NNLOPS reweighting is applied and the green
lines take the prediction for the ggH production mode from POWHEG. The hatched areas show
the uncertainties in theoretical predictions. Only effects coming from varying the set of PDF
replicas, the aS value, and the renormalization and factorization scales that impact the shape
are taken into account here, the total cross section is kept constant at the value from Ref. [15].
The given p-values are calculated for the nominal SM prediction and the bottom panes show
the ratio to the same prediction. If the last particle-level bin expands to infinity is is explicitly
marked on the plot together with the normalization of this bin.

phase space in other final states [6,9], and are attributed to
statistical fluctuations.
The results are dominated by statistical and theoretical

uncertainties. After the maximum likelihood fit described
later in this Letter, the uncertainty in the background with
jets misidentified as τh candidates is at the percent level in
the phase space region with large background contributions,
and up to 10%–15% at high pH

T . The impacts on the template
normalization from the uncertainties for embedded events
without any reconstructed jet are 7% and 4% in the case of
no jets and one jet, respectively, and become negligible at
high jet multiplicity. Acceptance uncertainties for the ggH
signal give the largest contribution to the overall impacts on
the fit results from the theoretical part. The impacts on the
fits from the uncertainties due to migration between different
jet multiplicity bins are less than 8% overall, while the
combined effect of the other theoretical uncertainties is less
than 3%.
The measurement is precise with respect to the measure-

ments in other final states for 120 < pH
T < 600 GeV,

Njets ≥ 2, and pj1
T > 120 GeV. More specifically, this meas-

urement for 120 < pH
T < 200 GeV is comparable in pre-

cision with the measurements by the CMS [10] and ATLAS
[9] Collaborations in theH → ZZ → 4l decay channel with
137–139 fb−1, and 50% more sensitive than the CMS
measurement in the H → WW channel with 137 fb−1 [8]
and the combination performed by the CMS Collaboration
with 36 fb−1 in the bb, γγ, and ZZ decay channels [6]. For
200 < pH

T < 600 GeV, the current measurement has a
significantly higher precision and granularity than the
measurements in Refs. [4–10].
The inclusive fiducial cross section is measured from the

distributions used in the differential measurements of Njets
by reformulating the parameters of interest such that one
modifies the total inclusive fiducial cross section. Its
measured value is 426! 102 fb, compatible with the SM
expectation of 408! 27 fb.
In summary, measurements of the differential fiducial

cross sections of the Higgs boson have been performed for
the first time at the LHC in the decay channel of two τ
leptons. The differential cross sections as functions of the
Higgs boson transverse momentum, the jet multiplicity, and
transverse momentum of the leading jet are in agreement
with the expectations of the standard model, with a com-
petitive precision with respect to measurements in other final
states in the phase spaces with a large jet multiplicity, or with
a Higgs boson transverse momentum above 120 GeV. In
addition, the fiducial inclusive cross section has been
measured to be 426! 102 fb, in agreement with the
standard model expectation of 408! 27 fb.

We congratulate our colleagues in the CERN accelerator
departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and
at other CMS institutes for their contributions to the success
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FIG. 1. Observed and expected differential fiducial cross section
in bins of pH

T (upper), Njets (middle), and pj1
T (lower). Both

regularized (full markers) and unregularized (hollow markers)
are shown. The most-left bin in the pj1

T distribution includes all
events without a jet with pT > 30 GeV. The uncertainty bands in
the theoretical predictions include uncertainties from the following
sources: PDF, renormalization and factorization scale, underlying
event and parton showering, and branching fraction of the Higgs
boson to τ leptons. The last bins include the overflow.
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Table 9 The measured inclusive fiducial cross section and ±1 standard deviation uncertainties for different final states and data-taking periods at
mH = 125.38 GeV. The statistical and systematic uncertainties are given separately for the inclusive measurements

2e2µ (fb) 4µ (fb) 4e (fb) Inclusive (fb)

2016 1.22+0.38
−0.30 0.89+0.22

−0.19 1.07+0.44
−0.33 3.19+0.68

−0.56 = 3.19+0.48
−0.45 (stat)+0.48

−0.33 (syst)

2017 1.64+0.41
−0.35 0.82+0.21

−0.18 0.56+0.29
−0.22 3.01+0.60

−0.50 = 3.01+0.44
−0.41 (stat)+0.41

−0.27 (syst)

2018 1.17+0.27
−0.24 0.66+0.15

−0.13 0.73+0.24
−0.20 2.57+0.42

−0.38 = 2.57+0.33
−0.31 (stat)+0.27

−0.23 (syst)

2016–2018 1.31+0.20
−0.19 0.78+0.10

−0.10 0.76+0.18
−0.16 2.84+0.34

−0.31 = 2.84+0.23
−0.22 (stat)+0.26

−0.21 (syst)

Fig. 17 Differential cross sections as a function of pH
T (upper) and |yH|

(lower). The acceptance and theoretical uncertainties in the differential
bins are calculated using powheg. The sub-dominant component of the
signal (VBF + VH + t t H) is denoted as XH

Table 10 The measured differential fiducial cross section and ±1
standard deviation uncertainties for the pH

T observable at mH =
125.38 GeV. The breakdown of the total uncertainty (unc.) into sta-
tistical and systematic components is given

Bin range (GeV) dσfid (fb) unc. (stat) (syst)

0–10 0.32 +0.11
−0.10

+0.10
−0.09

+0.04
−0.03

10–20 0.67 +0.14
−0.13

+0.13
−0.12

+0.06
−0.05

20–30 0.41 +0.12
−0.10

+0.11
−0.10

+0.04
−0.04

30–45 0.51 +0.12
−0.10

+0.11
−0.10

+0.04
−0.04

45–80 0.45 +0.10
−0.09

+0.10
−0.09

+0.04
−0.03

80–120 0.30 +0.08
−0.07

+0.07
−0.07

+0.02
−0.02

120–200 0.19 +0.06
−0.05

+0.06
−0.05

+0.01
−0.01

200–13000 0.03 +0.02
−0.02

+0.02
−0.01

+0.00
−0.00

Table 11 The measured differential fiducial cross section and ±1
standard deviation uncertainties for the |yH| observable at mH =
125.38 GeV. The breakdown of the total uncertainty (unc.) into sta-
tistical and systematic components is given

Bin range dσfid (fb) unc. (stat) (syst)

0.0–0.15 0.41 +0.10
−0.08

+0.09
−0.08

+0.05
−0.03

0.15–0.3 0.36 +0.08
−0.07

+0.07
−0.07

+0.03
−0.02

0.3–0.6 0.62 +0.13
−0.11

+0.11
−0.10

+0.07
−0.05

0.6–0.9 0.57 +0.12
−0.10

+0.10
−0.10

+0.06
−0.04

0.9–1.2 0.36 +0.10
−0.09

+0.09
−0.08

+0.05
−0.03

1.2–2.5 0.64 +0.15
−0.13

+0.13
−0.12

+0.08
−0.05
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Figure 10: Differential fiducial cross sections for p
gg
T , njets, |ygg |, and |cos q⇤|. The observed

differential fiducial cross section values are shown as black points with the vertical error bars
showing the full uncertainty, the horizontal error bars show the width of the respective bin.
The grey shaded areas visualize the systematic component of the uncertainty. The coloured
lines denote the predictions from different setups of the event generator. All of them have the
HX=VBF+VH+ttH component from MADGRAPH5 aMC@NLO in common. The red lines show
the sum of HX and the ggH component from MADGRAPH5 aMC@NLO reweighted to match
the NNLOPS prediction. For the blue lines no NNLOPS reweighting is applied and the green
lines take the prediction for the ggH production mode from POWHEG. The hatched areas show
the uncertainties in theoretical predictions. Only effects coming from varying the set of PDF
replicas, the aS value, and the renormalization and factorization scales that impact the shape
are taken into account here, the total cross section is kept constant at the value from Ref. [15].
The given p-values are calculated for the nominal SM prediction and the bottom panes show
the ratio to the same prediction. If the last particle-level bin expands to infinity is is explicitly
marked on the plot together with the normalization of this bin.

phase space in other final states [6,9], and are attributed to
statistical fluctuations.
The results are dominated by statistical and theoretical

uncertainties. After the maximum likelihood fit described
later in this Letter, the uncertainty in the background with
jets misidentified as τh candidates is at the percent level in
the phase space region with large background contributions,
and up to 10%–15% at high pH

T . The impacts on the template
normalization from the uncertainties for embedded events
without any reconstructed jet are 7% and 4% in the case of
no jets and one jet, respectively, and become negligible at
high jet multiplicity. Acceptance uncertainties for the ggH
signal give the largest contribution to the overall impacts on
the fit results from the theoretical part. The impacts on the
fits from the uncertainties due to migration between different
jet multiplicity bins are less than 8% overall, while the
combined effect of the other theoretical uncertainties is less
than 3%.
The measurement is precise with respect to the measure-

ments in other final states for 120 < pH
T < 600 GeV,

Njets ≥ 2, and pj1
T > 120 GeV. More specifically, this meas-

urement for 120 < pH
T < 200 GeV is comparable in pre-

cision with the measurements by the CMS [10] and ATLAS
[9] Collaborations in theH → ZZ → 4l decay channel with
137–139 fb−1, and 50% more sensitive than the CMS
measurement in the H → WW channel with 137 fb−1 [8]
and the combination performed by the CMS Collaboration
with 36 fb−1 in the bb, γγ, and ZZ decay channels [6]. For
200 < pH

T < 600 GeV, the current measurement has a
significantly higher precision and granularity than the
measurements in Refs. [4–10].
The inclusive fiducial cross section is measured from the

distributions used in the differential measurements of Njets
by reformulating the parameters of interest such that one
modifies the total inclusive fiducial cross section. Its
measured value is 426! 102 fb, compatible with the SM
expectation of 408! 27 fb.
In summary, measurements of the differential fiducial

cross sections of the Higgs boson have been performed for
the first time at the LHC in the decay channel of two τ
leptons. The differential cross sections as functions of the
Higgs boson transverse momentum, the jet multiplicity, and
transverse momentum of the leading jet are in agreement
with the expectations of the standard model, with a com-
petitive precision with respect to measurements in other final
states in the phase spaces with a large jet multiplicity, or with
a Higgs boson transverse momentum above 120 GeV. In
addition, the fiducial inclusive cross section has been
measured to be 426! 102 fb, in agreement with the
standard model expectation of 408! 27 fb.

We congratulate our colleagues in the CERN accelerator
departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and
at other CMS institutes for their contributions to the success
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FIG. 1. Observed and expected differential fiducial cross section
in bins of pH

T (upper), Njets (middle), and pj1
T (lower). Both

regularized (full markers) and unregularized (hollow markers)
are shown. The most-left bin in the pj1

T distribution includes all
events without a jet with pT > 30 GeV. The uncertainty bands in
the theoretical predictions include uncertainties from the following
sources: PDF, renormalization and factorization scale, underlying
event and parton showering, and branching fraction of the Higgs
boson to τ leptons. The last bins include the overflow.
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081805-5

Large set of observables measured in  
several decay channels  

 comprehensive characterisation  
of Higgs’ production and decay

→

Unfold detector effects to measure cross sections in a 
fiducial phase space that matches analysis acceptance 

Sensitivity limited by the statistics available  
 fundamental measurements in the next years 

Direct assessment of theoretical predictions 

High sensitivity to BSM/EFT effects (e.g. w/ pT(H)) 

→

HZZ: Eur. Phys. J. C 81 (2021) 488
Hgg: arXiv:2208.12279
HWW: JHEP 03 (2021) 003

Htt: arXiv:2204.12957

Fiducial ` LHC Days, 03/10/22 - M. Bonanomi

QCD emissions
2D measurements

Njets

Njets
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How to probe       couplings?
The -framework facilitates the characterisation of Higgs couplings in terms of 

a series of coupling modifiers* 
κ

κi

LHC Days, 03/10/22 - M. Bonanomi
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How to probe       couplings?
The -framework facilitates the characterisation of Higgs couplings in terms of 

a series of coupling modifiers* 
κ

κi

Coupling modifiers  for production, decay, and total width, defined as the 
ratio w.r.t. the SM prediction (i.e. )

κi
κi = 1 = SM

LHC Days, 03/10/22 - M. Bonanomi
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Figure 22. Observed two-dimensional likelihood scans performed in the κ-framework: κV -vs-κF
in the resolved κ model (upper) and κγ -vs-κg in the unresolved κ model (lower). The 68 and 95%
CL regions are given by the solid and dashed contours, respectively. The best fit and SM points
are shown by the black cross and red diamond, respectively. The colour scale indicates the value of
the test statistic.
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Figure 15: Most probable values, 68, and 95% confidence interval contours obtained from a
negative log-likelihood scan, for a model treating the H couplings to vector bosons (kV) and
fermions (kF) as POIs. The combination of the CB- (NN-) with VH-analyses is shown in light
red (dark blue). For the likelihood evaluation all nuisance parameters are profiled in each point
in the plane. The H ! WW decay is treated as signal.

 : bosonic- and fermionic-like coupling modifiers measured from pT(H) spectrum (re-)interpretation 
 

Measured in Run-I and gave hints of the existence of these couplings, nailed down with Run-II dataset 

Substantial improvement in precision with respect to Discovery : now agreement with the SM at level of 10% 

κV, κf

Htt: arXiv:2204.12957
Hgg: JHEP 07 (2021) 27

LHC Days, 03/10/22 - M. Bonanomi

“LO” Couplings: κV, κf
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7.5 Test for the presence of BSM particles in loops 35
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Figure 12: (Left) Results of likelihood scans for a model where the gluon and photon loop-
induced interactions with the Higgs boson are resolved in terms of the couplings of other SM
particles. The inner bars represent the 68% CL confidence intervals while the outer bars repre-
sent the 95% CL confidence intervals. When performing the scan for one parameter, the other
parameters in the model are profiled. (Right) The 2D likelihood scan for the M and e parame-
ters of the model detailed in the text. The cross indicates the best-fit values. The solid, dashed,
and dotted contours show the 68%, 95%, and 99.7% CL confidence regions, respectively. The
diamond represents the SM expectation, (M, e) = (v, 0), where v is the SM Higgs vacuum
expectation value, v = 246.22 GeV.
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Figure 13: Graphical representation of the results obtained for the models considered in Fig. 12.
The dashed line corresponds to the SM expectation. The points from the fit in Fig. 12 (left)
are placed at particle mass values chosen as explained in the text. The ordinates are differ-
ent for fermions and massive vector bosons to take into account the expected SM scaling of
the coupling with mass, depending on the type of particle. The result of the (M, e) fit from
Fig. 12 (right) is shown as the continuous line while the inner and outer bands represent the
68% and 95% CL confidence regions.

Particle mass [GeV]
1−10 1 10 210

vV
m V

κ
 o

r 
vF

m F
κ

4−10

3−10

2−10

1−10

1
W

t
Z

b

µ

τ

ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL

Run 1 LHC
CMS and ATLAS
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(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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The power of Run-II : Hμμ
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Tiny BR of  @  GeV 

Most experimentally sensitive probe of the Higgs 
boson couplings to second-generation fermions 

First observation of  only possible with full 
Run-II statistics 

2.18 × 10−4 mH = 125

H → μμ

Run-II

JH
EP 01 (2021) 148
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The power of Run-II : Hμμ
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Tiny BR of  @  GeV 

Most experimentally sensitive probe of the Higgs 
boson couplings to second-generation fermions 

First observation of  only possible with full 
Run-II statistics 

2.18 × 10−4 mH = 125

H → μμ

Observed sensitivity = 3σ

Run-II

JH
EP 01 (2021) 148

LHC Days, 03/10/22 - M. Bonanomi



The power of Run-II : HZγ
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Possible portal to BSM physics from the  measurement 

Good channel to test SM predictions and identify possible new physics arising from loop 
corrections 

BR(H → Zγ)/BR(H → γγ)
ar

Xi
v:
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45

2.7  excess  

at 125 GeV

σ
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Conclusion
2012: The LHC sees something 

• Observation of a scalar particle (q=0, JPC = 0++) compatible with the SM Higgs boson 

• Run-I measurements, yet largely dominated by stat, confirmed the agreement with the SM predictions 

2022: The LHC sees (way) better 

• All the production modes (except for tH) have been observed with > 5SDs 

• Many decay channels entered the realm of precision physics and we started probing new couplings 

• Combining all the channels, excellent agreement with SM predictions at 10% level 

• Overall, fourfold improvement in precision with respect to the discovery 

2040: The LHC sees at High-Luminosity 

• Observation of couplings to 2nd generation fermions and stress tests of the SM 

• Observation of HH production and stringent constraints on the trilinear self-coupling 

(see J. Malcle’s talk) 

LHC Days, 03/10/22 - M. Bonanomi
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Conclusion

“It is widely understood that the standard model is but a low energy approximation 
of a more comprehensive theory. CMS is entering into the era of precision Higgs 

physics that may shed light on the physics beyond the standard model.”

LHC Days, 03/10/22 - M. Bonanomi
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Global profile of the Higgs boson

41

HZZ 

• Matrix element discriminants to separate signal from bkg 

• Maximum likelihood fit in 2D/3D to extract the results 

• Main qq/ggZZ backgrounds: MC, Z+jets bkg:  
Data driven

Hgg 

• Boosted Decision Trees (BDT) to separate signal from 
background 

• Maximum likelihood fit on mgg to extract the results 

• Envelope method to estimate exponentially falling 
background

HWW 

• Combination of reconstructed observables and MVA 
techniques (BDT/DNN) to separate signal from background 

• Maximum likelihood fit on different observables according to the 
analysis category  

• Complex background modelling: MC, data driven estimates, rates 
from dedicated CRs

Htt/ttH 

• Combination of reconstructed observables and MVA 
techniques (BDT/DNN) to separate signal from background and 
categorise events 

• Maximum likelihood fit on MVA score to extract results of the 
analysis 

• MC and data driven estimates (e.g. fake rates method)

• Envelope method to estimate exponentially falling 
background

LHC Days, 03/10/22 - M. Bonanomi
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5.6 Alternative analyses 27
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Figure 13: The diphoton invariant-mass distribution for the 7 and 8 TeV data sets (points), with
each event weighted by the predicted S/(S + B) ratio of its event class. The solid and dotted
lines give the results of the signal-plus-background and background-only fit, respectively. The
light and dark bands represent the ±1 and ±2 standard deviation uncertainties respectively
on the background estimate. The inset shows the corresponding unweighted invariant-mass
distribution around mgg = 125 GeV.

36 7 H ! WW

The distributions of the reconstructed Z1 and Z2 dilepton invariant masses for the events in the
signal region are shown in the left and right plots of Fig. 19, respectively. The Z1 distribution
has a tail towards low invariant mass, indicative that also the highest mass Z is often off-shell.
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Figure 18: Distribution of the observed four-lepton invariant mass from the combined 7 and
8 TeV data for the H ! ZZ ! 4` analysis (points). The prediction for the expected Z+X and
ZZ(Zg⇤) background are shown by the dark and light histogram, respectively. The open his-
togram gives the expected distribution for a Higgs boson of mass 125 GeV.

The two-dimensional distribution of the kinematic discriminant KD versus the four-lepton re-
constructed mass m4` is shown in Fig. 20 for the individual selected events. Superimposed on
this figure are the contours of the expected event density for the background (upper) and a SM
Higgs boson at mH = 125 GeV (lower). A clustering of events is observed in the region around
m4` = 125 GeV with KD � 0.7. The background expectation is low in this region and the sig-
nal expectation is high, corresponding to the excess of events above background seen in the
one-dimensional m4` distribution.

The observed distribution of the KD discriminant values for invariant masses in the signal
range 121.5 < m4` < 130.5 GeV is shown in Fig. 21 (left). The m4` distribution of events sat-
isfying KD > 0.5 is shown in Fig. 21 (right). The clustering of events is clearly visible near
m4`⇡125 GeV.

7 H ! WW
The decay mode H ! WW is highly sensitive to a SM Higgs boson with a mass around the
WW threshold of 160 GeV. With the lepton identification and E

miss
T reconstruction optimized

for LHC pileup conditions, it is possible to extend the sensitivity down to 120 GeV. The search

42 7 H ! WW

7.2 H ! WW search strategy

To enhance the sensitivity for a Higgs boson signal, a cut-based approach is chosen for the fi-
nal event selection. Because the kinematics of signal events change as a function of the Higgs
boson mass, separate optimizations are performed for different mH hypotheses. The extra re-
quirements, designed to optimize the sensitivity for a SM Higgs boson, are placed on p

`,max
T ,

p
`,min
T , m``, Df`` and the transverse mass mT, defined as

q
2p``

T E
miss
T (1 � cos Df

E
miss
T ``), where

Df
E

miss
T `` is the difference in azimuthal angle between the E

miss
T direction, and the transverse

momentum of the dilepton system. The requirements, which are the same for both the 0- and
1-jet categories, are summarized in Table 6. The m`` distribution in the 0-jet (left) and 1-jet
(right) categories for the eµ candidate events are shown in Fig. 24, along with the predictions
for the background and a SM Higgs boson with mH = 125 GeV.

Table 6: Final event selection requirements for the cut-based analysis of the 0- and 1-jet event
samples. Values for other Higgs boson mass hypotheses follow a smooth behavior with respect
to the reported values.

mH (GeV) p
`,max
T (GeV) p

`,min
T (GeV) m`` (GeV) Df`` (�) mT (GeV)

125 >23 >10 <43 <100 80–123
130 >25 >10 <45 <90 80–125

 (GeV)µem
0 50 100 150 200

En
tri

es
 / 

10
 G

eV

0

50

100 0-jet data
 = 125 GeVHm

 WW
 VV
 top
 Z+jets
 W+jets

CMS -1 = 8 TeV, L = 5.1 fbs

 (GeV)µem
0 50 100 150 200

En
tri

es
 / 

10
 G

eV

0

20

40

1-jet data
 = 125 GeVHm

 WW
 VV
 top
 Z+jets
 W+jets

CMS -1 = 8 TeV, L = 5.1 fbs

Figure 24: Dilepton invariant mass distribution from the 0-jet (left) and 1-jet (right) eµ events
from the 8 TeV data (points with error bars), and the prediction for the various backgrounds
(solid histograms), and for a SM Higgs boson with mH = 125 GeV (hatched histogram) at 8 TeV.
The cut-based H ! WW selection, except for the requirement on the dilepton mass itself, is
applied.

The 2-jet category is mainly sensitive to VBF production [74, 75, 77, 138], whose cross section is
roughly ten times smaller than that from gluon-gluon fusion. The VBF channel offers a different
production mechanism to test the consistency of a signal with the SM Higgs boson hypothesis.
The VBF signal can be extracted using simple selection criteria, especially in the relatively low-
background environment of the fully leptonic WW decay mode, providing additional search

H → ZZ

H
→

γγ
H

→
W

W

Three leading channels for the discovery: complementary 
in many aspects but all very sensitive to the possible 
presence of a resonance at around 125 GeV 

The discovery channels
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H → γγ

5.6 Alternative analyses 27
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Figure 13: The diphoton invariant-mass distribution for the 7 and 8 TeV data sets (points), with
each event weighted by the predicted S/(S + B) ratio of its event class. The solid and dotted
lines give the results of the signal-plus-background and background-only fit, respectively. The
light and dark bands represent the ±1 and ±2 standard deviation uncertainties respectively
on the background estimate. The inset shows the corresponding unweighted invariant-mass
distribution around mgg = 125 GeV.
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H → ZZ

H
→

γγ
H

→
W

W

• Small signal yield due to the small BR (0.2%) 

• Large background, dominated by non-resonant 
production 

• Need to suppress by O(1000) the large  
background 

• Excellent resolution: optimal for measurement of the  
H boson mass

γγ

π0 → γγ
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42 7 H ! WW

7.2 H ! WW search strategy

To enhance the sensitivity for a Higgs boson signal, a cut-based approach is chosen for the fi-
nal event selection. Because the kinematics of signal events change as a function of the Higgs
boson mass, separate optimizations are performed for different mH hypotheses. The extra re-
quirements, designed to optimize the sensitivity for a SM Higgs boson, are placed on p

`,max
T ,

p
`,min
T , m``, Df`` and the transverse mass mT, defined as

q
2p``

T E
miss
T (1 � cos Df

E
miss
T ``), where

Df
E

miss
T `` is the difference in azimuthal angle between the E

miss
T direction, and the transverse

momentum of the dilepton system. The requirements, which are the same for both the 0- and
1-jet categories, are summarized in Table 6. The m`` distribution in the 0-jet (left) and 1-jet
(right) categories for the eµ candidate events are shown in Fig. 24, along with the predictions
for the background and a SM Higgs boson with mH = 125 GeV.

Table 6: Final event selection requirements for the cut-based analysis of the 0- and 1-jet event
samples. Values for other Higgs boson mass hypotheses follow a smooth behavior with respect
to the reported values.

mH (GeV) p
`,max
T (GeV) p

`,min
T (GeV) m`` (GeV) Df`` (�) mT (GeV)

125 >23 >10 <43 <100 80–123
130 >25 >10 <45 <90 80–125
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Figure 24: Dilepton invariant mass distribution from the 0-jet (left) and 1-jet (right) eµ events
from the 8 TeV data (points with error bars), and the prediction for the various backgrounds
(solid histograms), and for a SM Higgs boson with mH = 125 GeV (hatched histogram) at 8 TeV.
The cut-based H ! WW selection, except for the requirement on the dilepton mass itself, is
applied.

The 2-jet category is mainly sensitive to VBF production [74, 75, 77, 138], whose cross section is
roughly ten times smaller than that from gluon-gluon fusion. The VBF channel offers a different
production mechanism to test the consistency of a signal with the SM Higgs boson hypothesis.
The VBF signal can be extracted using simple selection criteria, especially in the relatively low-
background environment of the fully leptonic WW decay mode, providing additional search

H → ZZ

H
→

γγ
H

→
W

W

• Large signal yield due to the large BR (~20%) 

• Large backgrounds from and non-resonant 
production 

•  background challenging to be reduced 

• Suboptimal resolution due to the presence of missing 
energy in the final state

WW* tt̄

W + j
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36 7 H ! WW

The distributions of the reconstructed Z1 and Z2 dilepton invariant masses for the events in the
signal region are shown in the left and right plots of Fig. 19, respectively. The Z1 distribution
has a tail towards low invariant mass, indicative that also the highest mass Z is often off-shell.
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Figure 18: Distribution of the observed four-lepton invariant mass from the combined 7 and
8 TeV data for the H ! ZZ ! 4` analysis (points). The prediction for the expected Z+X and
ZZ(Zg⇤) background are shown by the dark and light histogram, respectively. The open his-
togram gives the expected distribution for a Higgs boson of mass 125 GeV.

The two-dimensional distribution of the kinematic discriminant KD versus the four-lepton re-
constructed mass m4` is shown in Fig. 20 for the individual selected events. Superimposed on
this figure are the contours of the expected event density for the background (upper) and a SM
Higgs boson at mH = 125 GeV (lower). A clustering of events is observed in the region around
m4` = 125 GeV with KD � 0.7. The background expectation is low in this region and the sig-
nal expectation is high, corresponding to the excess of events above background seen in the
one-dimensional m4` distribution.

The observed distribution of the KD discriminant values for invariant masses in the signal
range 121.5 < m4` < 130.5 GeV is shown in Fig. 21 (left). The m4` distribution of events sat-
isfying KD > 0.5 is shown in Fig. 21 (right). The clustering of events is clearly visible near
m4`⇡125 GeV.

7 H ! WW
The decay mode H ! WW is highly sensitive to a SM Higgs boson with a mass around the
WW threshold of 160 GeV. With the lepton identification and E

miss
T reconstruction optimized

for LHC pileup conditions, it is possible to extend the sensitivity down to 120 GeV. The search
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H → ZZ

H
→

γγ
H

→
W

W

• Small signal yield due to the tiny BR (~2%) 

• The irreducible background from non-resonant  
production has a small yield under the peak 

•  reducible background: challenging to model but 
tiny yield 

• Excellent S/B ratio and mass resolution & completely 
resolved final state

ZZ

Z + j

H → ZZ
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Higgs boson CP properties: Hττ
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Figure 11. Negative log-likelihood scan for the combination of the τeτh, τµτh, and τhτh channels.
The observed (expected) sensitivity to distinguish between the scalar and pseudoscalar hypotheses,
defined at αHττ = 0 and ±90◦, respectively, is 3.0σ (2.6σ). The observed (expected) value for αHττ

is −1± 19◦ (0± 21◦) at the 68.3% CL. At 95.5% CL the range is ±41◦ (±49◦), and at the 99.7%
CL the observed range is ±84◦.

±84◦ at the 99.7% CL. The uncertainty can be decomposed into: statistical; bin-by-
bin fluctuations in the background templates; experimental systematic uncertainties; and
theoretical uncertainties. In this decomposition we obtain

αHττ = −1± 19 (stat)± 1 (syst)± 2 (bin-by-bin)± 1 (theo)◦.

This result is compatible with the SM predictions within the experimental uncertainties.
The expected sensitivities of the τeτh, τµτh, and τhτh channels are 1.0, 1.5, and 1.8σ,

respectively. The µρ mode yields the most sensitive expected contribution of 1.2σ, followed
by the ρρ and πρ modes that contribute 1.1 and 1.0σ, respectively. All other modes have
sensitivities below 1σ.

The statistical uncertainties in the background templates are the subleading source of
systematic uncertainty in this analysis. As the dominant contributions to the backgrounds
are determined themselves from control samples in data, the amount of data is the limiting
factor in this uncertainty. The next most dominant sources of uncertainty are the hadronic
trigger efficiency, theory uncertainties, the τh energy scale, and uncertainties related to the
implementation of the FF method.

It was shown in ref. [36] that in the next-to-minimal supersymmetric model mixing
angles as large as ≈27◦ can be accommodated by the latest electric dipole moment and
Higgs boson measurements. This measurement is thus sensitive to the larger allowed mixing
angles in this model.
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