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In Memoriam Maria Krawczyk
2



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- (

Ps
eu

do
)s

ca
la

r P
hy

si
cs

 a
t C

M
S 

- S
ca

la
rs

 2
01

7

Outline
✦ (Pseudo)Scalar Physics at CMS

๏ Higgs boson gauge sector interactions
! Mass and width of the Higgs boson

๏ Higgs boson Yukawa sector interactions
๏ Limits on Higgs boson self-coupling
๏ Exotic decays of the Higgs boson

✦ (Pseudo)scalars and Dark Matter
✦ Toward the future
✦ Conclusions

Disclaimer: focus only on the most recent results, most of them with full 2016 data set. 
For a complete list, please refer to: 
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/index.html
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SM Higgs Lagrangian
✦ I organized this talk by the terms of the Higgs Lagrangian
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SM Higgs Lagrangian
✦ I organized this talk by the terms of the Higgs Lagrangian

4

Gauge boson 
interactions

The fact that there are massless excitations associated with the SSB mechanism is a completely
general result, known as the Goldstone theorem [17]: if a Lagrangian is invariant under a continuous
symmetry group G, but the vacuum is only invariant under a subgroup H ⊂ G, then there must exist as
many massless spin–0 particles (Goldstone bosons) as broken generators (i.e. generators of G which do
not belong to H).

4.2 The Higgs–Kibble mechanism
At first sight, the Goldstone theorem has very little to do with our mass problem; in fact, it makes it worse
since we want massive states and not massless ones. However, something very interesting happens when
there is a local gauge symmetry [18].

Let us consider [2] an SU(2)L doublet of complex scalar fields

φ(x) ≡
(
φ(+)(x)
φ(0)(x)

)

. (4.6)

The gauged scalar Lagrangian of the Goldstone model (4.1),

LS = (Dµφ)† Dµφ− µ2φ†φ− h
(
φ†φ

)2
, (h > 0 , µ2 < 0) , (4.7)

Dµφ =
[
∂µ − i g W̃ µ − i g ′ yφ Bµ

]
φ , yφ = Qφ − T3 =

1

2
, (4.8)

is invariant under local SU(2)L ⊗ U(1)Y transformations. The value of the scalar hypercharge is fixed
by the requirement of having the correct couplings between φ(x) and Aµ(x); i.e. that the photon does
not couple to φ(0), and one has the right electric charge for φ(+).

The potential is very similar to the one considered before. There is a infinite set of degenerate
states with minimum energy, satisfying

|⟨0|φ(0)|0⟩| =

√
−µ2

2h
≡

v√
2

. (4.9)

Note that we have made explicit the association of the classical ground state with the quantum vacuum.
Since the electric charge is a conserved quantity, only the neutral scalar field can acquire a vacuum
expectation value. Once we choose a particular ground state, the SU(2)L ⊗ U(1)Y symmetry gets
spontaneously broken to the electromagnetic subgroup U(1)QED, which by construction still remains a
true symmetry of the vacuum. According to Goldstone theorem 3 massless states should then appear.

Now, let us parametrize the scalar doublet in the general form

φ(x) = exp
{

i
σi

2
θi(x)

}
1√
2

(
0

v + H(x)

)

, (4.10)

with 4 real fields θi(x) and H(x). The crucial point to be realized is that the local SU(2)L invariance
of the Lagrangian allows us to rotate away any dependence on θi(x). These 3 fields are precisely the
would-be massless Goldstone bosons associated with the SSB mechanism. The additional ingredient of
gauge symmetry makes these massless excitations unphysical.

The covariant derivative (4.8) couples the scalar multiplet to the SU(2)L ⊗ U(1)Y gauge bosons.
If one takes the physical (unitary) gauge θi(x) = 0 , the kinetic piece of the scalar Lagrangian (4.7)
takes the form:

(Dµφ)† Dµφ
θi=0−→

1

2
∂µH∂µH + (v + H)2

{
g2

4
W †

µW µ +
g2

8 cos2 θW
ZµZµ

}

. (4.11)
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SM Higgs Lagrangian
✦ I organized this talk by the terms of the Higgs Lagrangian

4

Yukawa  
interactions

Gauge boson 
interactions
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Yukawa  
interactions

Gauge boson 
interactions
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takes the form:

(Dµφ)† Dµφ
θi=0−→

1

2
∂µH∂µH + (v + H)2

{
g2

4
W †

µW µ +
g2

8 cos2 θW
ZµZµ

}

. (4.11)

16

Self- 
interaction

V (�) =
M

2
H

2v
H

3 +
M

2
H

8v2
H

4



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- (

Ps
eu

do
)s

ca
la

r P
hy

si
cs

 a
t C

M
S 

- S
ca

la
rs

 2
01

7

SM Higgs Lagrangian
✦ I organized this talk by the terms of the Higgs Lagrangian

4

Yukawa  
interactions

X
Mistake

Gauge boson 
interactions

The fact that there are massless excitations associated with the SSB mechanism is a completely
general result, known as the Goldstone theorem [17]: if a Lagrangian is invariant under a continuous
symmetry group G, but the vacuum is only invariant under a subgroup H ⊂ G, then there must exist as
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not belong to H).
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would-be massless Goldstone bosons associated with the SSB mechanism. The additional ingredient of
gauge symmetry makes these massless excitations unphysical.

The covariant derivative (4.8) couples the scalar multiplet to the SU(2)L ⊗ U(1)Y gauge bosons.
If one takes the physical (unitary) gauge θi(x) = 0 , the kinetic piece of the scalar Lagrangian (4.7)
takes the form:

(Dµφ)† Dµφ
θi=0−→

1

2
∂µH∂µH + (v + H)2

{
g2

4
W †

µW µ +
g2

8 cos2 θW
ZµZµ

}

. (4.11)

16

Self- 
interaction

V (�) =
M

2
H

2v
H

3 +
M

2
H

8v2
H

4



Higgs & 
Gauge Sector



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- (

Ps
eu

do
)s

ca
la

r P
hy

si
cs

 a
t C

M
S 

- S
ca

la
rs

 2
01

7

Seeing Higgs w/ Light
✦ Analysis strategy similar to the one that led to the 

H(125) discovery in 2012:
๏ ggH, VH, ttH, and VBF categories
๏ Use of MVA for particle ID and analysis optimization
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Figure 13: Data points (black) and signal plus background model fits for all categories summed
(left) and where the categories are summed weighted by their sensitivity (right). The one stan-
dard deviation (green) and two standard deviation bands (yellow) include the uncertainties in
the background component of the fit. The bottom plot shows the residuals after background
subtraction.
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Figure 14: Expected fraction of signal events per production mode in the different categories.
For each category, the se f f and sHM of the signal model are given, as described in the text. The
ratio of the number of signal events (S) to the number of signal plus background events (S+B)
is shown on the right hand side.

A likelihood scan of the signal strength is performed, profiling all other nuisances. The results
can be found in Fig. 15. In this scan, the mass of the Higgs boson was profiled in the same way
as other nuisances in the fit. The best-fit signal strength measured for all categories combined
using this method is bµ = 1.16+0.15

�0.14 = 1.16+0.11
�0.10 (stat.) +0.09

�0.08 (syst.) +0.06
�0.05 (theo.)

The results of a fit to the signal strength for each production mode, defined analagously to the
overall µ above, are shown in Fig. 16. We note that the observed best-fit signal strength for the
tt̄H production mode is 2.2+0.9

�0.8, corresponding to a 3.3s excess with respect to the absence of
tt̄H production, compatible within 1.6s with the SM tt̄H prediction. The expected excess, for
the SM with respect to the absence of tt̄H production, is 1.5s. The observed (expected) excess
for VH is 2.4s (1.2s), and for VBF 1.1s (1.9s), in both cases with respect to the absence of that
production mode. Fig. 17 shows the cross section ratios measured for each process in the Stage
0 STXS framework.

A two-dimensional likelihood scan of the signal strength µggH,tt̄H for fermionic production
modes (ggH and tt̄H) and µVBF,VH for vector boson production modes (VBF, ZH, WH), with
the value of the parameter mH profiled in the fit, is performed. Fig. 18 shows the 1s and 2s
contours. The best-fit values for each modifier are µggH,tt̄H = 1.19+0.20

�0.18 and µVBF,VH = 1.01+0.57
�0.51.

Two-dimensional likelihood scans of the Higgs boson coupling modifiers are produced: k f

versus kV , the coupling modifiers to bosons and fermions; and kg and kg, the effective coupling
modifiers to photons and gluons [35]. The k parameters other than those varied are fixed to 1
in each case. Fig. 19 shows the 1s and 2s contours for each scan and shows the test statistic
q, equal to twice the negative log likelihood ratio [36]. The point (kV , k f ) = (1,�1) has an
observed (expected) q of 35.6 (43.6), inconsistent with the best fit to an observed (expected)
level of 5.6s (6.3s).

26 10 Results

10 20 30 40 50 60 70 80 90 100
0

2

4

6

8

10

12

 ggH  VBF  ttH  bbH  tHq  tHW

 WH hadronic  WH leptonic  ZH hadronic  ZH leptonic

0 0.5 1 1.5 2 2.5

effσ HMσ 

0 0.1 0.2 0.3 0.4 0.5 0.6

 S/(S+B)
Untagged 0 45.8 expected events

Untagged 1 480.6 expected events

Untagged 2 670.4 expected events

Untagged 3 610.1 expected events

VBF 0 10.0 expected events

VBF 1 8.6 expected events

VBF 2 27.8 expected events

ttH Hadronic 5.8 expected events

ttH Leptonic 3.8 expected events

ZH Leptonic 0.5 expected events

WH Leptonic 3.6 expected events

VH LeptonicLoose 2.8 expected events

VH Hadronic 9.7 expected events

VH MET 4.2 expected events

Signal Fraction (%) Width (GeV) effσ ±S/(S+B) in 

γγ→   HPreliminary CMS  (13 TeV)-135.9 fb

Figure 14: Expected fraction of signal events per production mode in the different categories.
For each category, the se f f and sHM of the signal model are given, as described in the text. The
ratio of the number of signal events (S) to the number of signal plus background events (S+B)
is shown on the right hand side.

A likelihood scan of the signal strength is performed, profiling all other nuisances. The results
can be found in Fig. 15. In this scan, the mass of the Higgs boson was profiled in the same way
as other nuisances in the fit. The best-fit signal strength measured for all categories combined
using this method is bµ = 1.16+0.15

�0.14 = 1.16+0.11
�0.10 (stat.) +0.09

�0.08 (syst.) +0.06
�0.05 (theo.)

The results of a fit to the signal strength for each production mode, defined analagously to the
overall µ above, are shown in Fig. 16. We note that the observed best-fit signal strength for the
tt̄H production mode is 2.2+0.9

�0.8, corresponding to a 3.3s excess with respect to the absence of
tt̄H production, compatible within 1.6s with the SM tt̄H prediction. The expected excess, for
the SM with respect to the absence of tt̄H production, is 1.5s. The observed (expected) excess
for VH is 2.4s (1.2s), and for VBF 1.1s (1.9s), in both cases with respect to the absence of that
production mode. Fig. 17 shows the cross section ratios measured for each process in the Stage
0 STXS framework.

A two-dimensional likelihood scan of the signal strength µggH,tt̄H for fermionic production
modes (ggH and tt̄H) and µVBF,VH for vector boson production modes (VBF, ZH, WH), with
the value of the parameter mH profiled in the fit, is performed. Fig. 18 shows the 1s and 2s
contours. The best-fit values for each modifier are µggH,tt̄H = 1.19+0.20

�0.18 and µVBF,VH = 1.01+0.57
�0.51.

Two-dimensional likelihood scans of the Higgs boson coupling modifiers are produced: k f

versus kV , the coupling modifiers to bosons and fermions; and kg and kg, the effective coupling
modifiers to photons and gluons [35]. The k parameters other than those varied are fixed to 1
in each case. Fig. 19 shows the 1s and 2s contours for each scan and shows the test statistic
q, equal to twice the negative log likelihood ratio [36]. The point (kV , k f ) = (1,�1) has an
observed (expected) q of 35.6 (43.6), inconsistent with the best fit to an observed (expected)
level of 5.6s (6.3s).

2016

C
M

S 
PA

S 
H

IG
-1

6-
04

0

2016
~1900 events



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- (

Ps
eu

do
)s

ca
la

r P
hy

si
cs

 a
t C

M
S 

- S
ca

la
rs

 2
01

7

H(𝛄𝛄), cont'd
✦ Measurements of signal strength and coupling 

modifiers are consistent with the SM within 1σ
๏ μ = 1.16+0.15-0.14

7
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Figure 19: Two-dimensional likelihood scans of k f versus kV (left) and kg versus kg (right). All
four variables are expressed relative to the SM expectations. The mass of the Higgs boson is
profiled in the fits. The crosses indicate the best-fit values, the diamonds indicate the Standard
Model expectations. The color maps indicate the value of the test statistic q as described in the
text.
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Figure 15: The likelihood scan for the signal strength where the value of the standard model
Higgs boson mass is profiled in the fit.
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line).
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H(𝛄𝛄) Differential dσ/da 
✦ Large number of events observed (S ~ 1900, S/B ~ 1/4) allows for 

fiducial total and differential cross section measurements
๏ Categories changed to classify events by the mass resolution
๏ Fiducial phase space: pT/mγγ < 1/3 (1/4) for the leading (subleading) 

photon; |ηγ| < 2.5; Iso|dR = 0.3 < 10 GeV

✦ Data agree well with the NLO predictions on the fiducial and differential 

cross sections

8

10 9 Results
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H
, profiling mγγ→H

Figure 3: Likelihood scan (black curve) for the fiducial cross section where the value of the
SM Higgs boson mass is profiled in the fit. The measurement is compared to the theoretical
prediction (in red) and shows good agreement within uncertainties.

predictions from Ref. [15]. In practice, the Monte Carlo events were used to compute the fidu-
cial region acceptance predicted for a SM Higgs boson with a mass of 125.09 GeV and such
number was then multiplied by the corresponding total cross section quoted in Ref. [15]. The
fiducial region acceptance was estimated to be 0.60 for the SM Higgs boson. Such quantity has
a small dependence on the assumed Higgs boson production mechanism, and it amounts to
0.60, 0.60, 0.52, and 0.52 for ggH, VBF, VH, and ttH production, respectively. The associated
scale uncertainty was estimated by varying independently the renormalization and factoriza-
tion scales used in the calculation by a factor of 2 upwards and downwards, excluding the
combinations (1/2,2) and (2,1/2), and it amounts to roughly 1% of the acceptance value. If
POWHEG is used to generate ggH events instead of MADGRAPH aMC@NLO, the value of
the estimated acceptance changes by roughly 1%.
The resulting theoretical prediction was found to be s

theory
fiducial = 75+4

�4fb agreeing with the mea-
sured value within uncertainties.

The differential cross sections as a function of the diphoton transverse momentum and the
jet multiplicity are reported in Figure 4, together with the corresponding theoretical predic-
tions. Two sets of predictions are shown in each plot. For the first, shown in orange, MAD-
GRAPH aMC@NLO was used to simulate all the Higgs production processes. The second,
shown in green, and was obtained using POWHEG-generated ggH events, while taking other
production mechanisms from MADGRAPH aMC@NLO. The plots show in blue the sum of the
contributions from VBF, VH and ttH (labeled HX). The uncertainties on the theoretical predic-
tions were estimated by summing in quadrature the uncertainties from Ref. [15] and the scale
uncertainties associated with the MC predictions, computed from the envelope of the predic-
tions obtained varying the renormalization and factorization scales.

The measurements of the fiducial cross sections show a general good agreement with the SM
predictions, both inclusively and as a function of the diphoton transverse momentum and the
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Figure 4: Measured H ! gg differential cross-section (black points) for (a) pT,gg, (b) Njets.
The measurements are compared to the theoretical predictions, combining the Higgs boson
cross sections and branching fraction as in the LHC Higgs Cross Section Working Group [15]
with two different generators for the gluon-gluon fusion process: MADGRAPH aMC@NLO
(in orange) and POWHEG (in green). The sum of the contributions from VBF, VH and ttH
processes, labeled as HX, is generated using MADGRAPH aMC@NLO and is shown in blue in
the plot.
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Figure 4: Measured H ! gg differential cross-section (black points) for (a) pT,gg, (b) Njets.
The measurements are compared to the theoretical predictions, combining the Higgs boson
cross sections and branching fraction as in the LHC Higgs Cross Section Working Group [15]
with two different generators for the gluon-gluon fusion process: MADGRAPH aMC@NLO
(in orange) and POWHEG (in green). The sum of the contributions from VBF, VH and ttH
processes, labeled as HX, is generated using MADGRAPH aMC@NLO and is shown in blue in
the plot.
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Search for Low-Mass H(𝛄𝛄)
✦ First LHC search for additional Higgs bosons at low mass 

(70-110 GeV) in the diphoton channel
๏ Follows closely the strategy of the H(γγ) measurement
๏ Based on the combination of the 8 and 13 TeV data

✦ Slight excess observed around 96 GeV, with an overall local 
(global) significance of about 2.8σ (1.3σ)

9

13

102.8(91.1) GeV. For the 13 TeV dataset, the minimum(maximum) observed upper limits are
26(161) fb corresponding to a mass hypothesis of 103.0(89.9) GeV.
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Figure 4: Expected and observed exclusion limits (95% CL) on the production cross section
times branching ratio into two photons for an SM-like second Higgs boson in the asymptotic
CLs approximation, from the analysis of the 8 TeV (left) and 13 TeV (right) datasets. The in-
ner (green) bands and the outer (yellow) bands indicate the regions containing 68 and 95%,
respectively, of the distribution of limits expected under the background-only hypothesis. The
theoretical prediction for the cross-section times branching ratio into two photons of an SM-
like Higgs boson, sSM ⇥ BR is shown as a blue line, with the red-hatched band indicating its
uncertainty [47, 48].

In addition, the expected and observed 95% confidence level upper limits for the ggH plus ttH
processes and for the VBF plus VH processes are shown in Fig. 5 for each of the 8 and 13 TeV
datasets. For these results involving the sum of two production processes, they are assumed
present according to their relative proportions within the SM.

The results from the 8 and 13 TeV datasets are combined statistically using the same methods
used to obtain the results from each individual dataset, in the diphoton invariant mass range
common to the two datasets, 80 GeV < mgg < 110 GeV. All of the experimental systematic
uncertainties as well as the theoretical uncertainties on the signal acceptance are assumed to be
uncorrelated between the two datasets. The theoretical uncertainties on the production cross
sections at the centre-of-mass energies of 8 and 13 TeV for an SM-like second Higgs boson are
assumed to be 100% correlated. Figure 6 shows the expected and observed 95% confidence
level upper limits on the product of the production cross section times branching ratio into
two photons for a second Higgs boson, relative to the SM-like expectation from the latest LHC
Higgs Cross Section Working Group predictions [48]. No significant excess with respect to the
expected limits is observed. The minimum(maximum) observed upper limit on the production
cross section times branching ratio normalized to the SM-like expectation is approximately
0.17(1.15) corresponding to a mass hypothesis of 103.0(90.0) GeV. Figure 7 shows the expected
and observed local p-values as a function of the mass of an SM-like second Higgs boson, cal-
culated with respect to the background-only hypothesis, from the analyses of the 8 and 13
TeV datasets, and from their combination. The most significant expected sensitivity occurs at

16 8 Conclusion

an hypothesis mass of approximately 110 GeV with a local expected significance close to 3s
(greater than 6s) for the 8 TeV (13 TeV) dataset. The area in the neighborhood of 90 GeV gives
the worst expected significance of approximately 0.4s (slightly above 2s). In the case of the 8
TeV dataset, one excess with approximately 2.0s local significance is observed for an hypoth-
esis mass of 97.6 GeV. For the 13 TeV dataset, one excess with approximately 2.9s local (1.47s
global) significance is observed for an hypothesis mass of 95.3 GeV. For the combination, the
most significant expected sensitivity occurs at an hypothesis mass of 110 GeV with a local ex-
pected significance of approximately 6.8s. The area in the neighborhood of 90 GeV gives the
worst expected significance of slightly above 2s. An excess with approximately 2.8s local (1.3s
global) significance is observed for the same hypothesis mass as for the 13 TeV dataset alone,
95.3 GeV.
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Figure 7: Observed local p-values as a function of mH for the 8 and 13 TeV datasets and their
combination (solid curves) plotted together with the relevant expectations for an SM-like sec-
ond Higgs boson (dotted curves).

8 Conclusion
A search for new low-mass resonances decaying to two photons has been presented. It is based
upon data samples corresponding to integrated luminosities of 19.7 fb�1 and 35.9 fb�1 collected
respectively at center-of-mass energies of 8 TeV in 2012 and 13 TeV in 2016. The search is per-
formed in a mass range between 70 and 110 GeV. The expected and observed 95% confidence
level upper limits on the product of the cross section times branching ratio into two photons
for a second Higgs boson as well as the expected and observed local p-values are presented.
No significant excess with respect to the expected limits is observed. For the 8 TeV dataset,
the minimum(maximum) observed upper limit on the production cross section times branch-
ing ratio is approximately 31(133) fb corresponding to a mass hypothesis of 102.8(91.1) GeV.
For the 13 TeV dataset, the minimum(maximum) observed upper limits are 26(161) fb corre-
sponding to a mass hypothesis of 103.0(89.9) GeV. The statistical combination of the results

SM-like H  
expected
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H(ZZ) Channel
✦ H(ZZ) measurement in the 4-lepton channel also follows 

closely the discovery strategy
๏ Based on the MELA kinematic discriminant and event 

categorization according to the production mechanism
๏ About 70 events observed, with large S/B ratio
๏ Used to measure the signal strength, cross section, mass, and 

set limits on the width and anomalous couplings

10

8 7 Background estimation

signal fraction
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 (13 TeV)-135.9 fbCMS

Figure 1: Relative signal purity in the seven event categories in terms of the five main produc-
tion mechanisms of the Higgs boson in the 118 < m4` < 130 GeV mass window are shown. The
WH, ZH, and ttH processes are split according to the decay of the associated particles, where X
denotes anything other than an electron or a muon. Numbers indicate the total expected signal
event yields in each category.

fully differential cross section for the qq ! ZZ process has been computed at next-to-next-to-
leading order (NNLO) [60], and the NNLO/NLO K-factor as a function of mZZ has been ap-
plied to the POWHEG sample. This K-factor varies from 1.0 to 1.2 and is 1.1 at mZZ = 125 GeV.
Additional NLO electroweak corrections, which depend on the initial state quark flavor and
kinematics, are also applied in the region mZZ > 2mZ where the corrections have been com-
puted [61]. The uncertainty due to missing electroweak corrections in the region mZZ < 2mZ is
expected to be small compared to the uncertainties in the pQCD calculation.

The production of ZZ via gluon fusion contributes at NNLO in pQCD. It has been shown [62]
that the soft-collinear approximation is able to describe the background cross section and the
interference term at NNLO. Further calculations also show that at NLO the K-factor for the sig-
nal and background [63] and at NNLO the K-factor for the signal and interference terms [64]
are very similar. Therefore, the same K-factor used for the signal is also used for the back-
ground [65]. The NNLO K-factor for the signal is obtained as a function of mZZ using the
HNNLO v2 program [40, 66, 67] by calculating the NNLO and LO gg ! H ! 2`2`0 cross sec-
tions at the small H boson decay width of 4.1 MeV and taking their ratios. The NNLO/LO
K-factor for gg ! ZZ varies from 2.0 to 2.6 and is 2.27 at mZZ = 125 GeV; a systematic un-
certainty of 10% in its determination when applied to the background process is used in the
analysis.

7.2 Reducible backgrounds

Additional backgrounds to the Higgs boson signal in the 4` channel arise from processes in
which heavy flavor jets produce secondary leptons, and also from processes in which decays of
heavy flavor hadrons, in-flight decays of light mesons within jets, or (for electrons) the decay of
charged hadrons overlapping with p0 decays, are misidentified as prompt leptons. We denote
these reducible backgrounds as “Z+X” since the dominant process producing them is Z + jets,
while subdominant processes in order of importance are tt + jets, Zg + jets, WZ + jets, and

13
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Figure 3: Distribution of the reconstructed four-lepton invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected signal and background distributions. The SM Higgs boson signal
with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are normalized to the SM
expectation, whilst the Z+X background is normalized to the estimation from data. The order
in perturbation theory used for the normalization of the irreducible backgrounds is described
in Section 7.1. No events are observed with m4` > 1 TeV.

The number of candidates observed in data and the expected yields for the backgrounds and
the Higgs boson signal after the full event selection are reported in Table 1 for m4` > 70 GeV.
Table 2 shows the expected and observed yields for each of the seven event categories and their
total.

Table 1: The numbers of expected background and signal events and the number of observed
candidate events after the full selection, for each final state, for m4` > 70 GeV. The signal and
ZZ backgrounds are estimated from simulation, while the Z+X event yield is estimated from
data. Uncertainties include statistical and systematic sources.

Channel 4e 4µ 2e2µ 4`
qq ! ZZ 193+19

�20 360+25
�27 471+33

�36 1024+69
�76

gg ! ZZ 41.2+6.3
�6.1 69.0+9.5

�9.0 102+14
�13 212+29

�27
Z+X 21.1+8.5

�10.4 34+14
�13 60+27

�25 115+32
�30

Sum of backgrounds 255+24
�25 463+32

�34 633+44
�46 1351+86

�91
Signal 12.0+1.3

�1.4 23.6 ± 2.1 30.0 ± 2.6 65.7 ± 5.6
Total expected 267+25

�26 487+33
�35 663+46

�47 1417+89
�94

Observed 293 505 681 1479

The reconstructed dilepton invariant masses for the selected Z1 and Z2 candidates are shown
in Fig. 5 for 118 < m4` < 130 GeV, along with their correlation. Figure 6 shows the correlation
between the kinematic discriminant Dkin

bkg with the four-lepton invariant mass, the two variables
used in the likelihood fit to extract the results (see Section 10.1). The gray scale represents the
expected combined relative density of the ZZ background and the Higgs boson signal. The
points show the data and the measured four-lepton mass uncertainties Dmass as horizontal bars.
Different marker colors and styles are used to denote the final state and the categorization of
the events, respectively. This distribution shows that the two observed events around 125 GeV
in the VH-Emiss

T -tagged and ttH-tagged categories (empty star and square markers) have low

~70 events

16 10 Results
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Figure 6: Distribution of Dkin
bkg versus m4` in the mass region 100 < m4` < 170 GeV. The

gray scale represents the expected total number of ZZ background and SM Higgs boson signal
events for mH = 125 GeV. The points show the data and the horizontal bars represent Dmass.
Different marker colors and styles are used to denote final state and the categorization of the
events, respectively.
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Figure 7: Distribution of categorization discriminants in the mass region 118 < m4` < 130 GeV.
(Left) D2 jet . (Middle) D1 jet . (Right) DVH = max(DWH ,DZH ). Points with error bars represent
the data and stacked histograms represent expected signal and background distributions. The
SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are
normalized to the SM expectation, whilst the Z+X background is normalized to the estimation
from data. The vertical gray dashed lines denote the working points used in the event catego-
rization. The SM Higgs boson signal is separated into two components: the production mode
that is targeted by the specific discriminant, and other production modes, where the gluon fu-
sion dominates. The order in perturbation theory used for the normalization of the irreducible
backgrounds is described in Section 7.1.
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H(ZZ) Signal Strength
✦ Signal strength is consistent with the SM prediction within 1 s.d.

๏ Combined μ = 1.05+0.19-0.17

๏ All observed best signal strength fits, except for the ggH channel, 
somewhat curiously are at zero

✦ Fiducial cross section was measured in a simplified kinematic 
parameter space and is consistent with the SM predictions.
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Figure 8: (Top left) Observed values of the signal strength modifier µ = s/sSM for the seven
event categories, compared to the combined µ shown as a vertical line. The horizontal bars
and the filled band indicate the ± 1s uncertainties. (Top right) Results of likelihood scans for
the signal strength modifiers corresponding to the main SM Higgs boson production modes,
compared to the combined µ shown as a vertical line. The horizontal bars and the filled band in-
dicate the ± 1s uncertainties. The uncertainties include both statistical and systematic sources.
(Bottom) Result of the 2D likelihood scan for the µggH, ttH and µVBF,VH signal strength modi-
fiers. The solid and dashed contours show the 68% and 95% CL regions, respectively. The cross
indicates the best fit values, and the diamond represents the expected values for the SM Higgs
boson.

Table 3: Expected and observed signal strength modifiers.

Inclusive µggH µVBF µVHhad µVHlep µttH

Expected 1.00+0.15
�0.14 (stat)+0.10

�0.08 (syst) 1.00+0.23
�0.21 1.00+1.25

�0.97 1.00+3.96
�1.00 1.00+3.76

�1.00 1.00+3.23
�1.00

Observed 1.05+0.15
�0.14 (stat)+0.11

�0.09 (syst) 1.20+0.22
�0.21 0.05+1.03

�0.05 0.00+2.83
�0.00 0.00+2.66

�0.00 0.00+1.19
�0.00
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dicate the ± 1s uncertainties. The uncertainties include both statistical and systematic sources.
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10.2 Cross section measurements

In this section we present various measurements of the cross section for Higgs boson produc-
tion. First we show cross section measurements for five SM Higgs boson production processes
(sggH, sVBF, sVHhad, sVHlep, and sttH) in a simplified fiducial volume defined using a selection
on the Higgs boson rapidity |yH| < 2.5. Outside of this volume the analysis has a negligible
acceptance. The separation of the production processes is achieved through the categorization
of events described in Section 6. This measurement corresponds to the ‘stage-0’ simplified tem-
plate cross sections from Ref. [34]. This approach allows one to reduce the dependence of the
measurements on the theoretical uncertainties in the SM predictions, avoiding extrapolation of
the measurements to the full phase space which carries nontrivial or sizeable theoretical uncer-
tainties. The measured cross sections, normalized to the SM prediction [34], which is denoted
as stheo, are shown in Fig. 9. The dominant sources of experimental systematic uncertainty are
the same as in the measurement of the signal strength modifier, while the dominant theoretical
source is the uncertainty in the category migration for the gluon fusion process.
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Figure 9: Results of the fit for simplified template cross sections for the ‘stage-0 subprocesses’,
normalized to the SM predictions. The grey bands indicate the theoretical uncertainties in
the SM predictions. The orange error bars show the full uncertainty, including experimental
uncertainties and theoretical uncertainties causing migration of events between the various
categories. See Ref. [34] for further details of this approach.

The cross section for the production and decay pp ! H ! 4` in a tight fiducial phase space
is also presented. This measurement has minimal dependence on the assumptions of the rela-
tive fraction or kinematic distributions of the separate production modes. The definition of the
generator-level fiducial volume, chosen to match closely the reconstruction-level selection, is
very similar to the definition used in Ref. [22]. The differences with respect to Ref. [22] are that
leptons are defined as “dressed” leptons, as opposed to Born-level leptons, and the lepton iso-
lation criterion is updated to match the reconstruction-level selection. Leptons are “dressed”
by adding the four-momenta of photons within DR < 0.3 to the bare leptons, and leptons are
considered isolated if the scalar sum of transverse momenta of all stable particles, excluding
electrons, muons, and neutrinos, within DR < 0.3 from the lepton is less than 0.35pT (GeV).
For the measurement of differential cross sections related to jet observables, only well mea-
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Differential Cross Sections
✦ Clean mass peak allows to measure fiducial and differential 

cross sections
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22 10 Results

ing different response matrices created by varying the relative fraction of each SM production
mode within its experimental constraints. The uncertainty is determined to be negligible with
respect to the experimental systematic uncertainties.
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Figure 10: The measured fiducial cross section as a function of
p

s (top left). The acceptance is
calculated using NNLOPS at

p
s = 13 TeV and HRES [39, 40] at

p
s = 7 and 8 TeV and the total

cross sections and uncertainties are taken from Ref. [34]. The fiducial volume for
p

s = 7 and
8 TeV uses the lepton isolation definition from Ref. [22], while for

p
s = 13 TeV the definition

described in the text is used. The results of the differential cross section measurements are
shown for pT(H) (top right), N(jets) (bottom left) and pT(jet) of the leading associated jet (bot-
tom right). The acceptance and theoretical uncertainties in the differential bins are calculated
using POWHEG and NNLOPS. The subdominant component of the signal (VBF + VH + ttH)
is denoted as XH. In the differential cross section measurement for pT(H), the last bin repre-
sents the integrated cross section for pT(H) > 200 GeV and is scaled by 1/50 for presentation
purposes. No events are observed with pT(H) > 200 GeV.
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cross sections
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calculated using NNLOPS at

p
s = 13 TeV and HRES [39, 40] at

p
s = 7 and 8 TeV and the total

cross sections and uncertainties are taken from Ref. [34]. The fiducial volume for
p

s = 7 and
8 TeV uses the lepton isolation definition from Ref. [22], while for

p
s = 13 TeV the definition

described in the text is used. The results of the differential cross section measurements are
shown for pT(H) (top right), N(jets) (bottom left) and pT(jet) of the leading associated jet (bot-
tom right). The acceptance and theoretical uncertainties in the differential bins are calculated
using POWHEG and NNLOPS. The subdominant component of the signal (VBF + VH + ttH)
is denoted as XH. In the differential cross section measurement for pT(H), the last bin repre-
sents the integrated cross section for pT(H) > 200 GeV and is scaled by 1/50 for presentation
purposes. No events are observed with pT(H) > 200 GeV.
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Mass and Width Measurements
✦ Single, most precise Higgs boson mass measurement to date:  

mH = 125.36 ± 0.21 GeV
๏ N.B. also an indirect measurement of the self-coupling in the V(ɸ)

✦ Direct limit on the Higgs boson width of 1.1 GeV (1.6 GeV 
expected) at 95% CL (again, most stringent to date)

13

24 10 Results

ibility of the mH results from the three individual channels is tested using a likelihood ratio
with three masses in the numerator and a common mass in the denominator, and thus two
degrees of freedom. The signal strength is profiled in both the numerator and denominator.
The resulting compatibility, defined as the asymptotic p-value of the fit, is 2.5%. The tension
between the three individual channels is driven by the difference between the 4µ and 2e2µ
channels, where the compatibility of the 1D mass measurements without the m(Z1) constraint
is 8%. In the 1D mass measurement the main potential source of systematic bias is the lepton
momentum scale; this possibility is disfavored by the fact that the measured mass in the 2e2µ
channel is not in between the measurements in the 4e and 4µ channels. This bias has also been
checked by performing the 1D mass measurements without the m(Z1) constraint using Z ! 4`
events, and the resulting mass is measured to be m

4µ
Z = 90.85 ± 0.27 (stat) ± 0.04 (syst) GeV,

m
4e
Z = 90.85± 0.74 (stat)± 0.28 (syst) GeV, and m

2e2µ
Z = 90.61± 0.48 (stat)± 0.10 (syst) GeV lead-

ing to a combined value mZ = 90.84 ± 0.23 (stat) ± 0.07 (syst) GeV. The compatibility with the
nominal Z-boson mass from Ref. [57] is 14% and the mutual compatibility between the three
individual channels is 90%. The modelling of the event-by-event mass uncertainties is a pos-
sible source of systematic bias in the 2D and 3D measurements. It is checked by performing a
Kolmogorov-Smirnov compatibility test of the expected and observed distributions in an ex-
panded m4` range yielding p-values of 10% for the 2e2µ channel, 55% for the 4e channel, and
94% for the 4µ channel.
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Figure 11: Left: 1D likelihood scans as a function of the Higgs boson mass for the 1D, 2D,
and 3D measurement. Right: 1D likelihood scans as a function of mass for the different final
states and the combination of all final states for the 3D mass measurement. The likelihood
scans are shown for the mass measurement using the refitted mass distribution with the m(Z1)
constraint. Solid lines represent scans with all uncertainties included, dashed lines those with
only statistical uncertainties.

26 10 Results

10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]
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ibility of the mH results from the three individual channels is tested using a likelihood ratio
with three masses in the numerator and a common mass in the denominator, and thus two
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between the three individual channels is driven by the difference between the 4µ and 2e2µ
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is 8%. In the 1D mass measurement the main potential source of systematic bias is the lepton
momentum scale; this possibility is disfavored by the fact that the measured mass in the 2e2µ
channel is not in between the measurements in the 4e and 4µ channels. This bias has also been
checked by performing the 1D mass measurements without the m(Z1) constraint using Z ! 4`
events, and the resulting mass is measured to be m
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ing to a combined value mZ = 90.84 ± 0.23 (stat) ± 0.07 (syst) GeV. The compatibility with the
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sible source of systematic bias in the 2D and 3D measurements. It is checked by performing a
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Figure 11: Left: 1D likelihood scans as a function of the Higgs boson mass for the 1D, 2D,
and 3D measurement. Right: 1D likelihood scans as a function of mass for the different final
states and the combination of all final states for the 3D mass measurement. The likelihood
scans are shown for the mass measurement using the refitted mass distribution with the m(Z1)
constraint. Solid lines represent scans with all uncertainties included, dashed lines those with
only statistical uncertainties.

26 10 Results

10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]
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Mass and Width Measurements
✦ Single, most precise Higgs boson mass measurement to date:  

mH = 125.36 ± 0.21 GeV
๏ N.B. also an indirect measurement of the self-coupling in the V(ɸ)

✦ Direct limit on the Higgs boson width of 1.1 GeV (1.6 GeV 
expected) at 95% CL (again, most stringent to date)

13

24 10 Results

ibility of the mH results from the three individual channels is tested using a likelihood ratio
with three masses in the numerator and a common mass in the denominator, and thus two
degrees of freedom. The signal strength is profiled in both the numerator and denominator.
The resulting compatibility, defined as the asymptotic p-value of the fit, is 2.5%. The tension
between the three individual channels is driven by the difference between the 4µ and 2e2µ
channels, where the compatibility of the 1D mass measurements without the m(Z1) constraint
is 8%. In the 1D mass measurement the main potential source of systematic bias is the lepton
momentum scale; this possibility is disfavored by the fact that the measured mass in the 2e2µ
channel is not in between the measurements in the 4e and 4µ channels. This bias has also been
checked by performing the 1D mass measurements without the m(Z1) constraint using Z ! 4`
events, and the resulting mass is measured to be m

4µ
Z = 90.85 ± 0.27 (stat) ± 0.04 (syst) GeV,

m
4e
Z = 90.85± 0.74 (stat)± 0.28 (syst) GeV, and m

2e2µ
Z = 90.61± 0.48 (stat)± 0.10 (syst) GeV lead-

ing to a combined value mZ = 90.84 ± 0.23 (stat) ± 0.07 (syst) GeV. The compatibility with the
nominal Z-boson mass from Ref. [57] is 14% and the mutual compatibility between the three
individual channels is 90%. The modelling of the event-by-event mass uncertainties is a pos-
sible source of systematic bias in the 2D and 3D measurements. It is checked by performing a
Kolmogorov-Smirnov compatibility test of the expected and observed distributions in an ex-
panded m4` range yielding p-values of 10% for the 2e2µ channel, 55% for the 4e channel, and
94% for the 4µ channel.

 (GeV)Hm
124.5 125 125.5 126

 ln
L

Δ
-2

 

0

1

2

3

4

5

6

7

8
4lm'

massD', 4lm'

bkg
kinD, massD', 4lm'

 (stat. only)bkg
kinD, massD', 4lm'

 (13 TeV)-135.9 fbCMS

 (GeV)Hm
120 121 122 123 124 125 126 127

 ln
L

Δ
-2

 

0

1

2

3

4

5

6

7

8

µ4
µ2e2

4e
Combined
Combined (stat. only)

 (13 TeV)-135.9 fbCMS

Figure 11: Left: 1D likelihood scans as a function of the Higgs boson mass for the 1D, 2D,
and 3D measurement. Right: 1D likelihood scans as a function of mass for the different final
states and the combination of all final states for the 3D mass measurement. The likelihood
scans are shown for the mass measurement using the refitted mass distribution with the m(Z1)
constraint. Solid lines represent scans with all uncertainties included, dashed lines those with
only statistical uncertainties.
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10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]
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10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]
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Mass and Width Measurements
✦ Single, most precise Higgs boson mass measurement to date:  

mH = 125.36 ± 0.21 GeV
๏ N.B. also an indirect measurement of the self-coupling in the V(ɸ)

✦ Direct limit on the Higgs boson width of 1.1 GeV (1.6 GeV 
expected) at 95% CL (again, most stringent to date)
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ibility of the mH results from the three individual channels is tested using a likelihood ratio
with three masses in the numerator and a common mass in the denominator, and thus two
degrees of freedom. The signal strength is profiled in both the numerator and denominator.
The resulting compatibility, defined as the asymptotic p-value of the fit, is 2.5%. The tension
between the three individual channels is driven by the difference between the 4µ and 2e2µ
channels, where the compatibility of the 1D mass measurements without the m(Z1) constraint
is 8%. In the 1D mass measurement the main potential source of systematic bias is the lepton
momentum scale; this possibility is disfavored by the fact that the measured mass in the 2e2µ
channel is not in between the measurements in the 4e and 4µ channels. This bias has also been
checked by performing the 1D mass measurements without the m(Z1) constraint using Z ! 4`
events, and the resulting mass is measured to be m

4µ
Z = 90.85 ± 0.27 (stat) ± 0.04 (syst) GeV,

m
4e
Z = 90.85± 0.74 (stat)± 0.28 (syst) GeV, and m

2e2µ
Z = 90.61± 0.48 (stat)± 0.10 (syst) GeV lead-

ing to a combined value mZ = 90.84 ± 0.23 (stat) ± 0.07 (syst) GeV. The compatibility with the
nominal Z-boson mass from Ref. [57] is 14% and the mutual compatibility between the three
individual channels is 90%. The modelling of the event-by-event mass uncertainties is a pos-
sible source of systematic bias in the 2D and 3D measurements. It is checked by performing a
Kolmogorov-Smirnov compatibility test of the expected and observed distributions in an ex-
panded m4` range yielding p-values of 10% for the 2e2µ channel, 55% for the 4e channel, and
94% for the 4µ channel.
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Figure 11: Left: 1D likelihood scans as a function of the Higgs boson mass for the 1D, 2D,
and 3D measurement. Right: 1D likelihood scans as a function of mass for the different final
states and the combination of all final states for the 3D mass measurement. The likelihood
scans are shown for the mass measurement using the refitted mass distribution with the m(Z1)
constraint. Solid lines represent scans with all uncertainties included, dashed lines those with
only statistical uncertainties.
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10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]
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10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
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Anomalous HVV Couplings
✦ Combined with Run 1 data, can set limits on anomalous HVV 

couplings:

✦ Custodial symmetry dictates for tree-level terms:
๏ We additionally assume:               ; 

✦ Gauge invariance and Bose-Einstein symmetry require:

✦ That leaves us w/ 4 anomalous couplings:
✦ Express everything in terms of fractional cross sections: 
 
where ai refers to all four couplings

✦ Define several MELA-like kinematic discriminants, separately 
for ggH, VBF, and VH production and perform a likelihood fit14

2 2 Phenomenology of anomalous H boson interactions

2 Phenomenology of anomalous H boson interactions
We assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg, gg, WW, or
gg, which in turn couple to quarks or leptons [19–34]. Three general tensor structures that are
allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2

1, q
2
2), where

q1 and q2 are the four-momenta of the two difermion states, such as e+e� and µ+µ� in the
H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated by a
new heavy state V0, generating the so-called contact terms [35, 36]. We therefore study the pro-
cess H ! VV ! 4f and the equivalent processes in production, rather than H ! VV0 ! 4f or
equivalent processes. Nonetheless, those contact terms are equivalent to the anomalous HVV
couplings already tested using the fL1 and f

Zg
L1 parameters, defined below. It is assumed that

all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
Only the lowest order operators, or lowest order terms in the (q2

j
/L2) form-factor expansion,

are tested, where L is an energy scale of new physics.

Anomalous interactions of a spin-zero H boson with two spin-one gauge bosons VV, such as
ZZ, Zg, gg, WW, and gg, are parameterized with a scattering amplitude that includes three
tensor structures with expansion of coefficients up to (q2/L2):

A(HVV) ⇠
"

a
VV
1 +

kVV
1 q

2
1 + kVV

2 q
2
2�

LVV
1

�2

#
m

2
V1e⇤V1e⇤V2 + a

VV
2 f

⇤(1)
µn f

⇤(2),µn + a
VV
3 f

⇤(1)
µn f̃

⇤(2),µn, (1)

where qi, eVi, and mV1 are the four-momentum, polarization vector, and pole mass of a gauge
boson, f

(i)µn = e
µ
Vi

q
n
i
� en

Vi
q

µ
i
, f̃

(i)
µn = 1

2 eµnrs f
(i),rs [13, 33], and a

VV
i

and kVV
i

/
�
LVV

1
�2 are param-

eters to be determined from data.

In Eq. (1), the only leading tree-level contributions are a
ZZ
1 6= 0 and a

WW
1 6= 0, and we assume

custodial symmetry, so that a
ZZ
1 = a

WW
1 . The rest of the couplings are considered anomalous

contributions. Tiny anomalous terms arise in the SM due to loop effects, and new, beyond stan-
dard model (BSM) contributions could make them larger. The SM values of those couplings
are not yet accessible experimentally. Considerations of gauge invariance and symmetry be-
tween two identical bosons require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1,2 = k

gg
1,2 = kZg

1 = 0, and
kZg

2 = � exp(ifZg
L1), where fVV

L1 is the phase of the corresponding coupling. The a
Zg
2,3 and a

gg
2,3

terms were tested in the Run 1 analysis [13], but have tighter constraints from on-shell pho-
ton measurements in H ! Zg and gg. We therefore do not repeat those measurements. The
HWW couplings appear in VBF and WH production. We relate those couplings to the HZZ
measurements assuming a

WW
i

= a
ZZ
i

and drop the ZZ labels in what follows. Four anomalous

couplings are left to be tested: a2, a3, k2/L2
1, and kZg

2 /
⇣

LZg
1

⌘2
. The generic notation ai refers to

all four of these couplings, as well as the SM coupling a1.

Equation (1) parameterizes both the H ! VV decay and the production of the H boson via
either VBF or VH. All three of these processes, which are illustrated in Fig. 1, are considered.
While q

2
i

in the H ! VV process does not exceed (100 GeV)2 due to the kinematic bound, in
associated production no such bound exists. In the present analysis it is assumed that the q

2
i

range is not restricted within the allowed phase space.

The effective fractional cross sections fai and phases fai are defined as follows:

fai = |ai|2si

.
Â |aj|2sj, and fai = arg (ai/a1) . (2)

2 2 Phenomenology of anomalous H boson interactions

2 Phenomenology of anomalous H boson interactions
We assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg, gg, WW, or
gg, which in turn couple to quarks or leptons [19–34]. Three general tensor structures that are
allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2
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2
2), where

q1 and q2 are the four-momenta of the two difermion states, such as e+e� and µ+µ� in the
H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated by a
new heavy state V0, generating the so-called contact terms [35, 36]. We therefore study the pro-
cess H ! VV ! 4f and the equivalent processes in production, rather than H ! VV0 ! 4f or
equivalent processes. Nonetheless, those contact terms are equivalent to the anomalous HVV
couplings already tested using the fL1 and f

Zg
L1 parameters, defined below. It is assumed that

all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
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Anomalous HVV Couplings
✦ Combined with Run 1 data, can set limits on anomalous HVV 

couplings:

✦ Custodial symmetry dictates for tree-level terms:
๏ We additionally assume:               ; 

✦ Gauge invariance and Bose-Einstein symmetry require:

✦ That leaves us w/ 4 anomalous couplings:
✦ Express everything in terms of fractional cross sections: 
 
where ai refers to all four couplings

✦ Define several MELA-like kinematic discriminants, separately 
for ggH, VBF, and VH production and perform a likelihood fit14
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new heavy state V0, generating the so-called contact terms [35, 36]. We therefore study the pro-
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couplings already tested using the fL1 and f
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L1 parameters, defined below. It is assumed that

all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
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Anomalous Coupling Limits
✦ The results are as follows (a slight improvement 

seen in combination with Run 1 data)

15

10 5 Results and discussion
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Figure 3: Observed (solid) and expected (dashed) likelihood scans of fa3 cos(fa3) (a),
fa2 cos(fa2) (b), fL1 cos(fL1) (c), and f

Zg
L1 cos(fZg

L1) (d). Results of the Run 2 only and the com-
bined Run 1 and Run 2 analyses are shown.

The improvement in the 95% CL constraints with respect to Run 1 is mostly due to the increase
in the number of events with H ! 4` decay information by about a factor of four. Another
factor of four increase in the data sample size is expected by the end of 2018, under similar
running conditions. At that time, the inclusion of production information is expected to result
in improvements to the 95% CL constraints in line with the improvements already seen in the
68% CL constraints.

Other features in Fig. 3 can be explained by examining the kinematic distributions in Fig. 2.
The Ddec

0� distribution in Fig. 2 (e) favors a mixture of the fa3 = 0 and fa3 = 1 models, resulting
in the best fit value of fa3 = 0.30 ± 0.21 in Run 2. The Ddec

CP
distribution in Fig. 2 (h) has a

small forward-backward asymmetry, with more events at Ddec
CP

> 0 than Ddec
CP

< 0, which gives
preference to the fa3 cos(fa3) = +0.30 value as opposed to �0.30. The narrow local minimum
at fa3 = 0 corresponds to the distribution of events in the tagged categories in Fig. 2 (f), (g),
which favors the SM hypothesis. The Run 1 result [13] favors the SM strongly, and therefore
combining the two data sets results in a global minimum at fa3 = 0.

Certain values of anomalous couplings, such as fa2 cos(fa2) ⇠ �0.5 and fL1 cos(fL1) ⇠ +0.5,
lead to strong interference effects between the SM and anomalous amplitudes in Eq. (1). There-
fore, kinematic distributions of such models are easily distinguished from SM distributions,
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Heavy H(ZZ) Search
✦ The ZZ channel has high sensitivity to additional high-mass 

Higgs bosons
๏ To maximize the sensitivity, the search is conducted in the 

Z(ll)Z(jj) channel, with two jets merged in a single large-radius jet
๏ Categorization based on ggH and VBF production, as well as  

b-tagged jets from Z(bb)
๏ Use of BDT improves the sensitivity 

 by ~20%
๏ Analysis is based on a partial  

2016 data set (12.9 fb-1)
✦ Limits set on the production cross  

section time branching fraction to  
ZZ of narrow scalar (and tensor) 
resonances, significantly extending  
Run 1 limits

16
16 9 Conclusion

8 Results
The comparison between the two-dimensional (MZZ, DZjj) distribution observed in data and
the standard model background prediction is made to test for the presence of a new reso-
nance in the X ! ZZ channel. We set upper limits on the production cross section of such a
resonance by combining all the event categories – VBF-tagged, b-tagged and untagged – for
both lepton flavours and both merged and resolved topologies. We follow the modified fre-
quentist prescription described in Ref. [56, 57] (CLS method), and the test statistic chosen is
the profile likelihood modified for upper limits. Systematic uncertainties are treated as nui-
sance parameters and profiled using lognormal priors. Figure 4 shows the expected limits for
550 < mX < 2000 GeV, for the spin-0 and spin-2 hypotheses respectively; the usage of the
angular discriminant improves the expected limits by about 20% depending on mX.
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Figure 4: Expected limits (dashed black line) and observed limits (continuous black line) for
the cross-section of the process X ! ZZ, for a spin-0 resonance (left plot) and spin-2 resonance
(right plot) with 550 < mX < 2000 GeV. For the spin-0 resonance, the ratio between production
by gluon fusion and by vector boson fusion is treated as a nuisance parameter and profiled.

9 Conclusion
A search for diboson resonances in the mass range 550 GeV to 2000 GeV in the semileptonic
X ! ZZ ! `+`� + jets final state, where one Z boson decays hadronically, appearing as either
one or two jets in the detector, and the other Z decays to two leptons, has been presented. Data
corresponding to an integrated luminosity of 12.9 fb�1 of proton-proton collisions at centre-of-
mass energy of 13 TeV have been analysed. A set of limits on production cross section times
decay branching fraction of a scalar boson or spin-2 boson in the model with gravity propagat-
ing in the bulk of extra dimensions is obtained. The range of excluded cross-sections is 5.0 to
130 fb in the former hypothesis and 3.3 to 110 fb in the latter.

CMS PAS HIG-16-034

2016, 12.9 fb-1



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- (

Ps
eu

do
)s

ca
la

r P
hy

si
cs

 a
t C

M
S 

- S
ca

la
rs

 2
01

7

H(WW) Channel
✦ The analysis is based on 2015 (2.3 fb-1) and partial 2016  

(12.9 fb-1) data at 13 TeV
๏ Only uses the eµ channel, which offers by far the best sensitivity
๏ Several event categories: ggH (0, 1, and ≥2 jets), VBF and VH (≥2 

jets), and WH (trilepton)
๏ Signal is extracted via fitting a 2D distribution of dilepton mass and 

Higgs transverse mass: 
๏ Combined signal strength: μ = 1.05+0.27-0.25, with 4.3σ significance

17

mH

T
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22 6 Results

Figure 12: The m`` distribution for the 0, 1 and 2 jets categories weighted and combined. For
each window in m

H
T , and for each category and data taking period, a weight is calculated as the

ratio of the expected signal to the sum of background events. The different m`` distributions
in windows in m

H
T , and for each category, are then summed and normalized to the expected

total signal yield. The weighted distribution is shown on the left, and the background sub-
tracted distribution on the right: the red line is the expected signal distribution, while the black
points represent the data subtracted distribution. The shaded grey area is the uncertainty on
the expected background.

Figure 13: Likelihood scan on the signal strength for gluon fusion and VBF/VH, including one
and two s contours. The red circle represents the minimum of the likelihood scan, while the
black triangle is the [1,1] coordinate, corresponding to the SM prediction.

CMS PAS HIG-16-021
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Figure 12: The m`` distribution for the 0, 1 and 2 jets categories weighted and combined. For
each window in m

H
T , and for each category and data taking period, a weight is calculated as the

ratio of the expected signal to the sum of background events. The different m`` distributions
in windows in m

H
T , and for each category, are then summed and normalized to the expected

total signal yield. The weighted distribution is shown on the left, and the background sub-
tracted distribution on the right: the red line is the expected signal distribution, while the black
points represent the data subtracted distribution. The shaded grey area is the uncertainty on
the expected background.

Figure 13: Likelihood scan on the signal strength for gluon fusion and VBF/VH, including one
and two s contours. The red circle represents the minimum of the likelihood scan, while the
black triangle is the [1,1] coordinate, corresponding to the SM prediction.
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Probing Yukawa Couplings
✦ Going after four Yukawa couplings: yt, yb, yτ, and yμ

19
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Probing Yukawa Couplings
✦ Going after four Yukawa couplings: yt, yb, yτ, and yμ
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✦ Going after four Yukawa couplings: yt, yb, yτ, and yμ
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Probing Yukawa Couplings
✦ Going after four Yukawa couplings: yt, yb, yτ, and yμ
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Evidence for ttH Production
✦ Search conducted in multilepton and τ lepton 

channels; the former dominates the sensitivity
✦ Split by (τ) lepton multiplicity; use of BDT to extract 

signal
✦ Multilepton: μ = 1.5 +-/- 0.5 (3.3/2.5σ) observed/

expected significance
✦ τ lepton: μ = 0.72+0.62-0.53 (1.4/1.8σ)
✦ Finalizing the combination; expect ~3σ significance

20

16 9 Results

SM
σ/σ = µBest fit 

2− 0 2

Best fit
SM Expectation

CMSPreliminary  (13 TeV)-135.9 fb

hτ1l+2

-1.47
+1.50 = -1.20µ

hτ2lss+1

-0.66
+0.79 = 0.86µ

hτ3l+1

-1.01
+1.33 = 1.22µ

Combined
-0.53
+0.62 = 0.72µ

Figure 3: Signal rates µ, in units of the SM ttH production rate, measured in each of the cat-
egories 2`ss + 1th, 3` + 1th, and 1` + 2th individually and for the combination of all three
categories.

hτ1l+2
 < 2.6 (3.4 exp)µ

hτ2lss+1
 < 2.4 (1.4 exp)µ

hτ3l+1
 < 4.0 (2.7 exp)µ

Combined
 < 2.0 (1.1 exp)µ

SM
σ/σ = µ95% CL upper limit on 

0 5 10

Observed
Expected

 Expectedσ1±
 Expectedσ2±

CMS Preliminary  (13 TeV)-135.9 fb

Figure 4: 95% CL upper limits on the ttH signal rate, obtained in each of the categories 2`ss +
1th, 3`+ 1th, and 1`+ 2th individually and for the combination of all three event categories.
The expected limits are computed for the background-only (µ = 0) hypothesis.

1

1 Introduction
The observation of a Higgs (H) boson by the ATLAS and the CMS experiments [1, 2] repre-
sents a major step towards our understanding of the mechanism for electroweak symmetry
breaking (EWSB). In a combined analysis of the data recorded by ATLAS and CMS, the mass of
the H boson has been measured to be 125.09 ± 0.24 GeV [3]. The standard model (SM) makes
precise predictions for all properties of the H boson, given its mass. Within uncertainties, all
measured properties of the discovered resonance are consistent with expectations for the SM H
boson, corroborating the mechanism for EWSB of the SM. In particular, the discovered particle
is known to have a zero spin and a positive parity. Within the present experimental uncertain-
ties, its coupling to fermions is found to be proportional to fermion mass, as predicted by the
SM. In order to conclude that the mechanism for EWSB predicted by the SM is indeed realized
in nature, it is important to measure the Higgs boson properties precisely.

The measurement of the Yukawa coupling of the H boson to the top quark, yt, is of high phe-
nomenological interest for several reasons. The extraordinarily large value of the top quark
mass, compared to the masses of all other known fermions, may indicate that the top quark
has a still-unknown special role in the EWSB mechanism. The measurement of the rate by
which H bosons are produced in association with top quark pairs (ttH production) provides
the most precise model independent determination of yt. A typical Feynman diagram for ttH
production in proton-proton (pp) collisions is shown in Fig. 1. A comparison of yt measured
in ttH production with the H boson production rate measured in the gluon-fusion process, in
which yt enters via top quark loops, will allow to set powerful constraints on new physics that,
if present, would alter the gluon-fusion production rate via loop contributions.
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Figure 1: A typical Feynman diagram for ttH production with subsequent decay of the H boson
to a pair of t leptons.

The associated production of a H boson with a top quark pair in pp collisions at
p

s = 8 and
13 TeV center-of-mass energies has been studied in the H ! bb and H ! gg decay modes as
well as in final states with multiple leptons by the ATLAS and the CMS collaborations [4–13].
The final states with multiple leptons cover the decay modes H ! WW, H ! ZZ, and H ! tt.
So far the ttH process has been studied in the following final states with t leptons: in events
containing two leptons (electrons or muons) of the same charge and one hadronically decaying
t lepton (th) and in events containing one lepton and two th. The first final state has been
analyzed by the ATLAS collaboration at

p
s = 8 and 13 TeV and by the CMS collaboration atp

s = 13 TeV and the second final state by the CMS collaboration at
p

s = 8 TeV. In this note

3

output is used to train the algorithm. In particular, the ratio between the lepton pT and the
reconstructed jet pT, and the transverse momentum of the lepton with respect to the jet axis
complement more traditional observables like the relative isolation of the lepton (calculated in
a variable cone size depending on the lepton pT [23, 24]), and the impact parameters of the
lepton trajectory. The BDT algorithm is trained on prompt leptons in simulated ttH signal and
non-prompt leptons in tt background events and validated using data in various control re-
gions. Leptons are then selected for the final analysis if they pass a given threshold of the BDT
output, referred to as “tight selection” in the following.

3 Event selection

Events are selected using triggers based on the presence of one, two or three reconstructed
electrons or muons. The minimum pT thresholds in single lepton triggers are 24 GeV for muons,
27 GeV for electrons. For double lepton triggers, the pT thresholds on the leading and sub-
leading leptons are 17 and 8 GeV for muons, 23 and 12 GeV for electrons. Three lepton triggers
record events where the third hardest lepton pT exceeds 5 GeV for muons, 9 GeV for electrons.

Events are categorized as a function of the lepton multiplicity, targeting different ttH leptonic
final states. In case of a H ! WW⇤ decay, for instance, two pairs of opposite-sign W bosons
and two b quarks from top quark decays are produced (Fig. 1, left). We target events where
at least two W bosons decay to leptons. In a similar way, Higgs decays to ZZ⇤ or tt can yield
leptons in the final state, always produced in association with b-jets (Fig. 1, right).
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Figure 1: Possible Feynman diagrams for ttH production at the LHC, where the Higgs boson
decays to WW⇤ (left) or ZZ⇤ (right). Subsequent W and Z decays are shown by representing
examples of leptonic final states.

We require at least two of the reconstructed hadronic jets to pass the loose working point of the
CSV discriminator, or at least one of them to pass the medium working point. Reconstructed
t decays to hadrons are vetoed in all categories, since those events are studied by a different
analysis. Events where a pair of leptons passing the loose selection has an invariant mass of
less than 12 GeV are rejected, as they are not well modeled by the simulation. Events where
at least one of the selected leptons satisfies requirements aimed at tagging products of photon
conversions are equally removed.

Same-sign dilepton channel Events with exactly two leptons of the same charge passing
the tight selection criteria fall into the same-sign dilepton (2LSS) category of the analysis. We
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Search for tH Production
✦ Associated production w/ 

single top quark is 
suppressed in the SM due 
to negative interference 
between the two diagrams
๏ Would be significantly 

enhanced if couplings  
to fermion and bosons 
have opposite sign (or  
if the ratio is modified 
compared to the SM)

✦ Use likesign eμ and μμ, 
and trilepton events, w/ 
BDT-based analysis21
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1 Introduction
The discovery of a Higgs boson by the CMS and ATLAS experiments in 2012 [1, 2] opened a
new field for exploration in the realm of particle physics. It is critical to study the couplings of
this new particle to other elementary particles to test whether it is the Higgs boson as predicted
by the standard model (SM). Of particular interest is the Yukawa coupling of the Higgs boson
to top quarks, yt, as the top quark is widely believed to play a special role in the mechanism
of electroweak symmetry breaking due to its large mass [3]. Most measurements of the top-
Higgs coupling are sensitive only to the magnitude of the coupling, rather than its sign, as
processes such as Higgs production associated with top quark pairs (ttH) depend only on |y2

t |.
Constraints on the sign of yt can be derived from the decay rate of Higgs bosons to photon
pairs [4] and from the cross section for associated production of Higgs and Z bosons via gluon
fusion [5], with recent results disfavoring negative signs of the coupling [6–8]. But further
measurements of the relative phase between the fermion and boson couplings of the Higgs
boson are warranted, in particular in scenarios with contributions from possible new particles
in the loop amplitudes [9].

The production of a single top quark in the t channel, where a Higgs boson can be radiated
either from the top quark or from the exchanged W boson in the two dominant leading order
diagrams (see Fig. 1) provides a unique opportunity to study the relative sign of the coupling.
Any deviation from the standard model coupling structure, where the two diagrams strongly
interfere negatively and thereby suppress the production cross section, can lead to a large en-
hancement of the event rate [10–12]. Other production modes of Higgs bosons and single top
quarks are the W associated process (tHW), and the s channel. While the s channel cross section
is negligible at the LHC [13], the associated tHW production is comparable and can contribute
significantly [14].

q q’
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b

q q’

t

HW

b

Figure 1: Dominant leading order Feynman diagrams for the production of tHq events. The
Higgs boson is either radiated from the W boson (left) or the top quark (right).

Direct searches for tHq production using all relevant Higgs decay modes have previously been
carried out by CMS in the 8 TeV dataset [15] and in the 2015 13 TeV dataset using the H !
bb channel [16]. In the full 2016 13 TeV dataset, a search for ttH production in multilepton
final states recently produced first evidence for associated production of top quarks and Higgs
bosons [17].

This note reports a search for tHq production in leptonic final states using the full 2016 LHC
dataset of at 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. Multilepton final
states with either two same-sign leptons or three leptons target the case where the Higgs boson
decays to a pair of W bosons, t leptons, or Z bosons, and where the top quark decays lepton-
ically. The results are interpreted as a function of the ratio of two dimensionless modifiers of
Higgs couplings: that of the top-Higgs coupling, kt, and of the coupling of vector bosons and
the Higgs, kV. A description of the CMS detector can be found in Ref. [18].

12 7 Conclusions

Scenario Channel Obs. Limit Exp. Limit (pb)
(pb) Median ±1s ±2s

kt/kV = �1 µµ 1.00 0.58 [0.42, 0.83] [0.31, 1.15]
eµ 0.84 0.54 [0.39, 0.76] [0.29, 1.03]
``` 0.70 0.38 [0.26, 0.56] [0.19, 0.79]
Combined 0.64 0.32 [0.22, 0.46] [0.16, 0.64]

kt/kV = 1 µµ 0.87 0.41 [0.29, 0.58] [0.22, 0.82]
(SM-like) eµ 0.59 0.37 [0.26, 0.53] [0.20, 0.73]

``` 0.54 0.31 [0.22, 0.43] [0.16, 0.62]
Combined 0.56 0.24 [0.17, 0.35] [0.13, 0.49]

Table 4: Expected and observed 95% C.L. upper limits on the tH+ ttH production cross section
times H ! WW⇤ + tt + ZZ⇤ branching ratio for a scenario of inverted couplings (kt/kV =
�1.0, top rows) and for a standard-model-like signal (kt/kV = 1.0, bottom rows), in pb. The
expected limit is calculated on a background-only MC dataset.
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Figure 7: Observed and expected 95% C.L. upper limit on the tH + ttH cross section times
H ! WW⇤ + tt + ZZ⇤ branching fraction for different values of the coupling ratio kt/kV. The
expected limit is derived from a background-only MC dataset.

couplings, and the results are used to constrain these couplings.

Combining the results from all three channels yields a 95% confidence level (C.L.) upper limit

Bkg only
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1 Introduction
The discovery of a Higgs boson by the CMS and ATLAS experiments in 2012 [1, 2] opened a
new field for exploration in the realm of particle physics. It is critical to study the couplings of
this new particle to other elementary particles to test whether it is the Higgs boson as predicted
by the standard model (SM). Of particular interest is the Yukawa coupling of the Higgs boson
to top quarks, yt, as the top quark is widely believed to play a special role in the mechanism
of electroweak symmetry breaking due to its large mass [3]. Most measurements of the top-
Higgs coupling are sensitive only to the magnitude of the coupling, rather than its sign, as
processes such as Higgs production associated with top quark pairs (ttH) depend only on |y2

t |.
Constraints on the sign of yt can be derived from the decay rate of Higgs bosons to photon
pairs [4] and from the cross section for associated production of Higgs and Z bosons via gluon
fusion [5], with recent results disfavoring negative signs of the coupling [6–8]. But further
measurements of the relative phase between the fermion and boson couplings of the Higgs
boson are warranted, in particular in scenarios with contributions from possible new particles
in the loop amplitudes [9].

The production of a single top quark in the t channel, where a Higgs boson can be radiated
either from the top quark or from the exchanged W boson in the two dominant leading order
diagrams (see Fig. 1) provides a unique opportunity to study the relative sign of the coupling.
Any deviation from the standard model coupling structure, where the two diagrams strongly
interfere negatively and thereby suppress the production cross section, can lead to a large en-
hancement of the event rate [10–12]. Other production modes of Higgs bosons and single top
quarks are the W associated process (tHW), and the s channel. While the s channel cross section
is negligible at the LHC [13], the associated tHW production is comparable and can contribute
significantly [14].
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Figure 1: Dominant leading order Feynman diagrams for the production of tHq events. The
Higgs boson is either radiated from the W boson (left) or the top quark (right).

Direct searches for tHq production using all relevant Higgs decay modes have previously been
carried out by CMS in the 8 TeV dataset [15] and in the 2015 13 TeV dataset using the H !
bb channel [16]. In the full 2016 13 TeV dataset, a search for ttH production in multilepton
final states recently produced first evidence for associated production of top quarks and Higgs
bosons [17].

This note reports a search for tHq production in leptonic final states using the full 2016 LHC
dataset of at 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. Multilepton final
states with either two same-sign leptons or three leptons target the case where the Higgs boson
decays to a pair of W bosons, t leptons, or Z bosons, and where the top quark decays lepton-
ically. The results are interpreted as a function of the ratio of two dimensionless modifiers of
Higgs couplings: that of the top-Higgs coupling, kt, and of the coupling of vector bosons and
the Higgs, kV. A description of the CMS detector can be found in Ref. [18].

12 7 Conclusions

Scenario Channel Obs. Limit Exp. Limit (pb)
(pb) Median ±1s ±2s

kt/kV = �1 µµ 1.00 0.58 [0.42, 0.83] [0.31, 1.15]
eµ 0.84 0.54 [0.39, 0.76] [0.29, 1.03]
``` 0.70 0.38 [0.26, 0.56] [0.19, 0.79]
Combined 0.64 0.32 [0.22, 0.46] [0.16, 0.64]

kt/kV = 1 µµ 0.87 0.41 [0.29, 0.58] [0.22, 0.82]
(SM-like) eµ 0.59 0.37 [0.26, 0.53] [0.20, 0.73]

``` 0.54 0.31 [0.22, 0.43] [0.16, 0.62]
Combined 0.56 0.24 [0.17, 0.35] [0.13, 0.49]

Table 4: Expected and observed 95% C.L. upper limits on the tH+ ttH production cross section
times H ! WW⇤ + tt + ZZ⇤ branching ratio for a scenario of inverted couplings (kt/kV =
�1.0, top rows) and for a standard-model-like signal (kt/kV = 1.0, bottom rows), in pb. The
expected limit is calculated on a background-only MC dataset.
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Figure 20: Local p-value and significance as a function of the SM Higgs boson mass hypothesis.
The observation (red, solid) is compared to the expectation (blue, dashed) for a Higgs boson
with a mass mH = 125.09 GeV. The background includes Higgs boson decays to pairs of W
bosons, with mH = 125.09 GeV.

SM
σ/σ = µBest fit 

0 1 2 3

0-jet
 -0.89
 +0.89=0.84µ

Boosted
 -0.40
 +0.47=1.17µ

VBF
 -0.35
 +0.34=1.11µ

Combined
 -0.26
 +0.27=1.09µ

CMS
 (13 TeV)-135.9 fb

SM
σ/σ = µBest fit 

0 1 2 3

hτhτ

 -0.35
 +0.40=1.36µ

h
τµ

 -0.42
 +0.44=1.14µ

hτe
 -0.58
 +0.60=0.58µ

µe
 -0.68
 +0.69=0.68µ

Combined
 -0.26
 +0.27=1.09µ

CMS
 (13 TeV)-135.9 fb

Figure 21: Best fit signal strength per category (left) and channel (right), for mH = 125.09 GeV.
The constraints from the global fit are used to extract each of the individual best fit signal
strengths. The combined best fit signal strength is µ = 1.09+0.27
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Figure 19: Combined observed and predicted mtt distributions. The leftpane includes the VBF
category of the µth, eth and eµ channels, and the rightpane includes all other channels that
make use of mtt instead of mvis for the signal strength fit. The binning reflects the one used in
the 2D distributions, and does not allow merging of the two figures. The normalization of the
predicted background distributions corresponds to the result of the global fit, while the signal
is normalized to its best fit signal strength. The mass distributions for a constant range of the
second dimension of the signal distributions are weighted according to S/(S + B), where S

and B are computed, respectively, as the signal or background contribution in the mass distri-
bution excluding the first and last bins. The “Others” background contribution includes events
from diboson, tt, and single top quark production, as well as Higgs boson decay to a pair of
W bosons and Z bosons decaying to a pair of light leptons. The background uncertainty band
accounts for all sources of background uncertainty, systematic as well as statistical, after the
global fit. The inset shows the corresponding difference between the observed data and ex-
pected background distributions, together with the signal expectation. The signal yield is not
affected by the reweighting.
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Observation of H(𝛕𝛕)
✦ Measurement in four most important channels: τhτh, µτh, eτh, eµ

๏ 0-jet, VBF-like, and boosted categories
๏ Use of the SVFIT technique for most precise mττ reconstruction

✦ Observed signal strength μ = 1.09+0.27-0.26, 4.9σ significance
✦ Combination with Run 1: μ = 0.98 ± 0.18, 5.9σ significance
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Figure 20: Local p-value and significance as a function of the SM Higgs boson mass hypothesis.
The observation (red, solid) is compared to the expectation (blue, dashed) for a Higgs boson
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Evidence for H(bb)
✦ Similar strategy as used for Run 1 "legacy" paper:

๏ Target associate VH production, with high pT(H)
๏ 0-, 1-, and 2-lepton categories, use of b-jet energy scale regression, and 

analysis BDT
๏ Z(bb) validation; seen at 5σ significance

✦ Observed signal strength μ = 1.19+0.40-0.38; 3.3σ (2.8σ) observed 
(expected) significance

✦ Combined with Run 1 result, obtain: μ = 1.06+0.31-0.29; at 3.8σ (3.8σ)
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Figure 5: Combination of all channels into a single event BDT distribution. Events are sorted in
bins of similar expected signal-to-background ratio, as given by the value of the output of their
corresponding BDT discriminant (trained with a Higgs boson mass hypothesis of 125 GeV).
The bottom plots show the ratio of the data to the background-only prediction.

channels. The observed signal strengths of the three channels are consistent with the com-
bined best fit signal strength with a probability of 5%. In the upper portion of Fig. 6 the signal
strengths for the separate WH and ZH production processes are shown. The two production
modes are consistent with the SM expectations within uncertainties. The fit for the WH and ZH
production modes is not fully correlated to the analysis channels because the analysis channels
contain mixed processes. The WH process contributes approximately 15% of the Higgs boson
signal event yields in the 0-lepton channel, resulting from events in which the lepton is outside
the detector acceptance, and the ZH process contributes less than 3% to the 1-lepton channel
when one of the leptons is outside the detector acceptance.

Figure 7 shows a dijet invariant mass distribution, combined for all channels, for data and for
the VH and VZ processes, with all other background processes subtracted. The distribution
is constructed from all events that populate the signal region event BDT distributions shown
in Fig. 4. The values of the scale factors and nuisance parameters from the fit used to extract
the VH signal are propagated to this distribution. To better visualize the contribution of events
from signal, all events are weighted by S/(S+B), where S and B are the numbers of expected
signal and total post-fit background events in the bin of the output of the BDT distribution
in which each event is contained. The data are consistent with the production of a standard
model Higgs boson decaying to bb. In the Figure, aside from the weights, which favor the VH
process, the event yield from VZ processes is reduced significantly due to the pT(V) and M(jj)
selection requirements for the VH signal region, and from the training of the BDT that further
discriminates against diboson processes.

7.1 Extraction of VZ with Z ! bb

The VZ process with Z ! bb, having a nearly identical final state as VH with H ! bb, serves
as a validation of the methodology used in the search for the latter process. To extract this
diboson signal, event BDT discriminants are trained using as signal the simulated samples
for this process. All other processes, including VH production (at the predicted SM rate), are

7.1 Extraction of VZ with Z ! bb 21
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Figure 6: The best fit value of the signal strength µ, at mH = 125.09 GeV, is shown in black
with a green uncertainty band. Also shown are the results of a separate fit where each channel
is assigned an independent signal strength parameter. Above the dashed line are the WH and
ZH signal strengths derived from a fit where each production mode is assigned an independent
signal strength parameter.
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Figure 7: The 95% CL upper limits on the Z0 boson production cross section compared to the-
oretical cross sections (left) and on the quark coupling gq0 as a function of resonance mass for
a leptophobic Z0 resonance that only couples to quarks (right). The observed limits (solid),
expected limits (dashed) and their variation at the 1 and 2 standard deviation levels (shaded
bands) are shown. Limits from other relevant searches and an indirect constraint on a potential
Z0 signal from the SM Z boson width [72] are also shown.

quark coupling gq = 0.25 and a DM coupling gDM = 1.0. The difference in limits between axial-
vector and vector mediator couplings is small and thus only constraints for the latter coupling
scenario are shown. The excluded range of mediator mass (red) is between 50 and 300 GeV.
The upper bound decreases to 240 GeV when mMed > 2mDM, because the branching fraction
(BR) to qq decreases as the BR to DM becomes kinematically favorable. If mMed < 2mDM, the
mediator cannot decay to DM particles and the dijet cross section from the mediator model
becomes identical to that in the leptophobic Z0 model, meaning that the limits on the mediator
mass in Fig. 8 are identical to the limits on the Z0 mass with a coupling gq0 = gq = 0.25. For
axial-vector mediators, the excluded values of mediator mass are expected to be identical to the
excluded values in Fig. 8 when mDM > mMed/2 or mDM = 0, with differences only expected
in the transition region mMed ' 2mDM. Additional limits (blue) in Fig. 8 come from traditional
dijet searches [35].

7 Summary
A search for a vector resonance (Z0) decaying into a quark-antiquark pair and reconstructed
as a single jet has been presented, using a data set comprising proton-proton collisions atp

s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. Novel substructure tech-
niques are employed to identify a jet containing a Z0 boson candidate over a smoothly falling
soft-drop jet mass distribution in data. No significant excess above the SM prediction is ob-
served, and 95% confidence level upper limits are set on the Z0 boson coupling to quarks, gq0 ,
as a function of the Z0 boson mass. Coupling values of gq0 > 0.25 are excluded over the Z0 mass
range from 50 to 300 GeV, with strong constraints for masses less than 200 GeV. The results
obtained for masses from 50 to 100 GeV represent the first direct limits to be published in this
range. Limits are set on a simplified model of dark matter mediators that only couple to quarks
and dark matter particles, excluding vector mediators with masses between 50 and 300 GeV,
and using a universal quark coupling gq = 0.25 and a dark matter coupling gDM = 1.0.
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Figure 6: Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to
1000 GeV. Data are shown as black points. The multijet background prediction, including
uncertainties, is shown by the shaded bands. Contributions from the W and Z boson, and top
quark background processes, and a hypothetical Z0 boson signal at a mass of 135 GeV are also
indicated. In the bottom panel, the ratio of the data to the background prediction, including
uncertainties, is shown. The scale on the x-axis differs for each pT range due to the kinematic
selection on r.

Trijets as Dijet Proxies
✦ Standard approach fails for ggH(bb) production, due to overwhelming 

backgrounds
๏ Thought to be impossible, until recent advances in jet substructure techniques

✦ ISR to rescue: look at low-mass dijets recoiling against an ISR jet to aid 
triggering and utilize jet substructure techniques to reconstruct boosted dijet 
mass

✦ Allows to lower the dijet mass reach to ~50 GeV, as demonstrated with the W/Z 
peak observation in CMS in a low-mass dijet search, validating the technique
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Figure 2: The mSD distributions in data for the failing (left) and passing (right) regions and
combined pT categories. The QCD multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f. The features at 166 and 180 GeV in the mSD
distribution are due to the kinematic selection on r, which affects each pT category differently.
In the bottom panel, the ratio of the data to its statistical uncertainty, after subtracting the
nonresonant backgrounds, is shown.
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Table 2: Fitted signal strength, expected and observed significance of the Higgs and Z boson
signal. The 95% confidence level upper limit (UL) on the Higgs boson signal strength is also
listed.

H H no pT corr. Z
Observed signal strength 2.3+1.8

�1.6 3.2+2.2
�2.0 0.78+0.23

�0.19
Expected UL signal strength < 3.3 < 4.1 —
Observed UL signal strength < 5.8 < 7.2 —
Expected significance 0.7s 0.5s 5.8s
Observed significance 1.5s 1.6s 5.1s

6

 (GeV)PUPPI
SDm

Ev
en

ts
 / 

7 
G

eV

0

100

200

300

400

500

310×

W
Z
tt

Multijet
Total background

)bH(b
Data

 (13 TeV)-135.9 fb

CMS  < 1000 GeV
T

450 < p
double-b tagger
failing region

 (GeV)SD m
40 60 80 100 120 140 160 180 200

D
at

a
σ

t t−
 m

ul
tij

et
 

−
D

at
a 

 

0
20
40
60

 (GeV)PUPPI
SDm

Ev
en

ts
 / 

7 
G

eV

0

1000

2000

3000

4000

5000

6000

7000

8000
W
Z
tt

Multijet
Total background

)bH(b
Data

 (13 TeV)-135.9 fb

CMS  < 1000 GeV
T

450 < p
double-b tagger
passing region

 (GeV)SD m
40 60 80 100 120 140 160 180 200

D
at

a
σ

t t−
 m

ul
tij

et
 

−
D

at
a 

 

5−
0
5

10

Figure 2: The mSD distributions in data for the failing (left) and passing (right) regions and
combined pT categories. The QCD multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f. The features at 166 and 180 GeV in the mSD
distribution are due to the kinematic selection on r, which affects each pT category differently.
In the bottom panel, the ratio of the data to its statistical uncertainty, after subtracting the
nonresonant backgrounds, is shown.
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Table 2: Fitted signal strength, expected and observed significance of the Higgs and Z boson
signal. The 95% confidence level upper limit (UL) on the Higgs boson signal strength is also
listed.

H H no pT corr. Z
Observed signal strength 2.3+1.8

�1.6 3.2+2.2
�2.0 0.78+0.23

�0.19
Expected UL signal strength < 3.3 < 4.1 —
Observed UL signal strength < 5.8 < 7.2 —
Expected significance 0.7s 0.5s 5.8s
Observed significance 1.5s 1.6s 5.1s

H(bb) in Boosted Channel
✦ Could use the same approach to look for H(bb) decays in a b-tagged large-cone 

jet using advanced substructure (decorrelated tagger) and b tagging techniques
๏ Currently limited by the trigger; work on specialized triggers is ongoing

✦ First results are very promising: achieved ~1σ sensitivity w/ 2016 data
✦ Ultimately would like to probe the H(gg) decay, which can't be seen otherwise at 

a hadron machine
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Search for H(µµ) Decay
✦ H(μμ) offers most promising way to look for Higgs boson couplings to the 

lighter two generations of fermions
๏ Capitalize on excellent CMS muon momentum resolution translating in 2% 

mass resolution
๏ Use BDT with variables targeting ggH, ttH, and VBF production

✦ Observed (expected) 95% CL  limit of μ < 2.64 (2.08);  
observed (expected) significance 0.74σ (0.98σ)

✦ Can combine with the Run 1 analysis, which yields 95% CL limit of  
μ < 2.64 (1.89) or μ = 0.9+1.0-0.9 and significance 0.98σ (1.09σ)

๏ This is the best limit on the H(μμ) decay to date: B(H →μμ) < 5.7 x 10-4

26
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boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130

Bernsteins (Bdeg n):B(x) =
n

Â
i=0

ai

✓
n
i

◆
xi(1 � x)n�i

�
(1)

Sum of exponentials (Sum Exp):B(x) =
n

Â
i=1

bieai x (2)

Breit–Wigner:B(x) =
eaxsz

(x � µz)2 + ( sz
2 )2 (3)

Modified Breit–Wigner (mBW):B(x) =
ea2x+a3x2

(x � µz)a1 + ( sz
2 )a1

(4)

In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 4: The weighted sum of individual fits to each category of the signal-plus-background
fits (solid) and the background-only components (dashed). Events are weighted according to
the expected signal-to-background ratio in the category to which they belong (left). The 95%
CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).
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boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 4: The weighted sum of individual fits to each category of the signal-plus-background
fits (solid) and the background-only components (dashed). Events are weighted according to
the expected signal-to-background ratio in the category to which they belong (left). The 95%
CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).
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The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.
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Search for H(µµ) Decay
✦ H(μμ) offers most promising way to look for Higgs boson couplings to the 

lighter two generations of fermions
๏ Capitalize on excellent CMS muon momentum resolution translating in 2% 

mass resolution
๏ Use BDT with variables targeting ggH, ttH, and VBF production

✦ Observed (expected) 95% CL  limit of μ < 2.64 (2.08);  
observed (expected) significance 0.74σ (0.98σ)

✦ Can combine with the Run 1 analysis, which yields 95% CL limit of  
μ < 2.64 (1.89) or μ = 0.9+1.0-0.9 and significance 0.98σ (1.09σ)

๏ This is the best limit on the H(μμ) decay to date: B(H →μμ) < 5.7 x 10-4
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boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 4: The weighted sum of individual fits to each category of the signal-plus-background
fits (solid) and the background-only components (dashed). Events are weighted according to
the expected signal-to-background ratio in the category to which they belong (left). The 95%
CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).
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boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 4: The weighted sum of individual fits to each category of the signal-plus-background
fits (solid) and the background-only components (dashed). Events are weighted according to
the expected signal-to-background ratio in the category to which they belong (left). The 95%
CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).
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Figure 5: The 95% CL upper limit on the signal strength modifier, µ, for the combination of the
7, 8, and 13 TeV datasets (left) together with the expected limit obtained background hypothesis
and in the signal-plus-background hypothesis (red-line) for a SM Higgs boson with mH =
125 GeV. The combined local p-value and significance as a function of the SM Higgs boson
mass hypothesis (right). The observation (black) is compared to the expectation (red) for the
Higgs boson, and (blue) for the Higgs boson mass of 125 GeV.

The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.
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Search for H(µµ) Decay
✦ H(μμ) offers most promising way to look for Higgs boson couplings to the 

lighter two generations of fermions
๏ Capitalize on excellent CMS muon momentum resolution translating in 2% 

mass resolution
๏ Use BDT with variables targeting ggH, ttH, and VBF production

✦ Observed (expected) 95% CL  limit of μ < 2.64 (2.08);  
observed (expected) significance 0.74σ (0.98σ)

✦ Can combine with the Run 1 analysis, which yields 95% CL limit of  
μ < 2.64 (1.89) or μ = 0.9+1.0-0.9 and significance 0.98σ (1.09σ)

๏ This is the best limit on the H(μμ) decay to date: B(H →μμ) < 5.7 x 10-4

26

6

boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

0.
5 

G
eV

0

2000

4000

6000

8000

10000

Data
S+B fit
B component

σ 1±
σ 2±

S/(S+B) weighted
All categories=0.7µ=125.0 GeV, Hm

Preliminary CMS TeV)  (13-1 35.9 fb
µµ→H

 [GeV]µµm
110 115 120 125 130 135 140 145 150

200−

100−

0

100

200 B component subtracted

125 =0.7 for mH=125 GeV

5

shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 4: The weighted sum of individual fits to each category of the signal-plus-background
fits (solid) and the background-only components (dashed). Events are weighted according to
the expected signal-to-background ratio in the category to which they belong (left). The 95%
CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).
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boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 4: The weighted sum of individual fits to each category of the signal-plus-background
fits (solid) and the background-only components (dashed). Events are weighted according to
the expected signal-to-background ratio in the category to which they belong (left). The 95%
CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).
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Figure 5: The 95% CL upper limit on the signal strength modifier, µ, for the combination of the
7, 8, and 13 TeV datasets (left) together with the expected limit obtained background hypothesis
and in the signal-plus-background hypothesis (red-line) for a SM Higgs boson with mH =
125 GeV. The combined local p-value and significance as a function of the SM Higgs boson
mass hypothesis (right). The observation (black) is compared to the expectation (red) for the
Higgs boson, and (blue) for the Higgs boson mass of 125 GeV.

The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.
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Figure 5: The 95% CL upper limit on the signal strength modifier, µ, for the combination of the
7, 8, and 13 TeV datasets (left) together with the expected limit obtained background hypothesis
and in the signal-plus-background hypothesis (red-line) for a SM Higgs boson with mH =
125 GeV. The combined local p-value and significance as a function of the SM Higgs boson
mass hypothesis (right). The observation (black) is compared to the expectation (red) for the
Higgs boson, and (blue) for the Higgs boson mass of 125 GeV.

The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.
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Search for H(µµ) Decay
✦ H(μμ) offers most promising way to look for Higgs boson couplings to the 

lighter two generations of fermions
๏ Capitalize on excellent CMS muon momentum resolution translating in 2% 

mass resolution
๏ Use BDT with variables targeting ggH, ttH, and VBF production

✦ Observed (expected) 95% CL  limit of μ < 2.64 (2.08);  
observed (expected) significance 0.74σ (0.98σ)

✦ Can combine with the Run 1 analysis, which yields 95% CL limit of  
μ < 2.64 (1.89) or μ = 0.9+1.0-0.9 and significance 0.98σ (1.09σ)

๏ This is the best limit on the H(μμ) decay to date: B(H →μμ) < 5.7 x 10-4
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boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^

 [GeV]Hm
120 121 122 123 124 125 126 127 128 129 130

SM
σ/

σ
95

%
 C

L 
Li

m
it 

on
 

1
2
3
4
5
6
7
8
9 Supplementary CMS

 (13 TeV)-135.9 fb

Observed

Expected

=125 GeV)
H

Expected (SM m

σ 1 ±

σ 2 ±

Expected background only

 [GeV]Hm
120 121 122 123 124 125 126 127 128 129 130

SM
σ/

σ
95

%
 C

L 
Li

m
it 

on
 

1
2
3
4
5
6
7
8
9 Supplementary CMS

 (13 TeV)-135.9 fb

Observed

Expected

=125 GeV)
H

Expected (SM m

σ 1 ±

σ 2 ±

Preliminary

 [GeV]Hm
120 121 122 123 124 125 126 127 128 129 130

SM
σ/

σ
95

%
 C

L 
Li

m
it 

on
 

1
2
3
4
5
6
7
8
9 Supplementary CMS

 (13 TeV)-135.9 fb

Observed

Expected

=125 GeV)
H

Expected (SM m

σ 1 ±

σ 2 ±

Expected (SM mH = 125 GeV)
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fits (solid) and the background-only components (dashed). Events are weighted according to
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CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).
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boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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(4)

In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 4: The weighted sum of individual fits to each category of the signal-plus-background
fits (solid) and the background-only components (dashed). Events are weighted according to
the expected signal-to-background ratio in the category to which they belong (left). The 95%
CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).
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Figure 5: The 95% CL upper limit on the signal strength modifier, µ, for the combination of the
7, 8, and 13 TeV datasets (left) together with the expected limit obtained background hypothesis
and in the signal-plus-background hypothesis (red-line) for a SM Higgs boson with mH =
125 GeV. The combined local p-value and significance as a function of the SM Higgs boson
mass hypothesis (right). The observation (black) is compared to the expectation (red) for the
Higgs boson, and (blue) for the Higgs boson mass of 125 GeV.

The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.
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Figure 5: The 95% CL upper limit on the signal strength modifier, µ, for the combination of the
7, 8, and 13 TeV datasets (left) together with the expected limit obtained background hypothesis
and in the signal-plus-background hypothesis (red-line) for a SM Higgs boson with mH =
125 GeV. The combined local p-value and significance as a function of the SM Higgs boson
mass hypothesis (right). The observation (black) is compared to the expectation (red) for the
Higgs boson, and (blue) for the Higgs boson mass of 125 GeV.

The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.
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Higgs Pair Production
✦ The only way to directly measure the self-coupling 

term in the Lagrangian
✦ Rates are extremely small - need full HL-LHC data set 

to be able to see SM diHiggs production
๏ Nevertheless, it can be enhanced in a variety of BSM 

models
✦ Look for both resonant and non-resonant HH 

production in various channels: HH(4b, bbWW, bbγγ, 
bbττ,...)
๏ Most sensitive channels are bbγγ (low masses) and 4b 

(high masses); the former also gives best sensitivity to 
SM HH production

๏ Will highlight only these analyses

28
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Grand Picture: X → HH
29
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Grand Picture: X → HH
29

 [GeV]Xm
300 400 500 1000 2000 3000

H
H

) [
fb

]
→X

→
(p

p
σ

 9
5%

 C
L 

lim
it 

on
 

10

210

310

410

35.9 fb-1 (13 TeV)CMS

Spin-0

bbVV arXiv:1708.04188

bb!! arXiv:1707.02909

bbbb PAS-HIG-17-009

bbbb PAS-B2G-16-026

bb"" PAS-HIG-17-008

Expected

Observed

Spin-0

2016



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- (

Ps
eu

do
)s

ca
la

r P
hy

si
cs

 a
t C

M
S 

- S
ca

la
rs

 2
01

7

Grand Picture: X → HH
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H(bb)H(𝛄𝛄) Search
✦ Low backgrounds; sensitive to both resonant and non-resonant 

production
๏ Use BDT unbiased in M(bb) and M(γγ) to reduce backgrounds
๏ Eight optimizations: low- and high-mass; medium- and high-purity; 

and resonance and non-resonance analysis
✦ Results: μHH < 19.2 (16.5) observed (expected) @95% CL 

[σ95(pp→HH→bbγγ)  < 1.67 (1.44) fb] - the most stringent limit on 
HH production to date!

30
7.2 Nonresonant signal 15
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Figure 11: Observed and expected 95% C.L. upper limits on the product of cross section and
the branching fraction s(pp ! X)⇥ B(X ! HH ! bbgg) obtained through a combination
of the two event categories. The green and yellow bands represent, respectively, the 1 and 2
standard deviation extensions beyond the expected limit. Also shown are theoretical predic-
tions corresponding to WED models for bulk radions (left) and bulk KK-gravitons (right). The
vertical dashed line in the upper plot shows the separation between the low mass and high
mass regions. The limits for mX = 600 GeV are shown for both methods.
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fixed to their SM values. Assuming that the top quark Yukawa coupling is SM-like (kt = 1), the
analysis observes limits that constrain kl between -8.82 and 15.04. In Fig. 13 (right), a scan in
2D in kt and kl is performed while fixing the other parameters to their SM values.
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H(bb)H(𝛄𝛄) Search
✦ Low backgrounds; sensitive to both resonant and non-resonant 

production
๏ Use BDT unbiased in M(bb) and M(γγ) to reduce backgrounds
๏ Eight optimizations: low- and high-mass; medium- and high-purity; 

and resonance and non-resonance analysis
✦ Results: μHH < 19.2 (16.5) observed (expected) @95% CL 

[σ95(pp→HH→bbγγ)  < 1.67 (1.44) fb] - the most stringent limit on 
HH production to date!
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2D in kt and kl is performed while fixing the other parameters to their SM values.
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H(bb)H(bb) Searches
✦ Two resonant searches w/ somewhat different strategies

๏ HIG-17-009: low- (250-550 GeV) and medium-mass (550-1200 GeV) 
regimes; resolved b jets in both cases

! Select event in the MbbMbb plane; use BDT to reduce backgrounds
๏ arXiv:1710.04960: high-mass regime (1250-3000 GeV); each H(bb) 

reconstructed as a single large-radius jet, with both jets double-b-tagged
! Two categories, depending on the b-tag quality: TT and TL
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12 6 Results

the PDF4LHC procedure [39], and affect the product of the signal acceptance and the efficiency.
The PDF and scale uncertainties have negligible impact on the signal mjj,red distributions. Ad-
ditional systematic uncertainties associated with the pileup modelling (2%) and the integrated
luminosity determination (2.5%) [70], are applied to the signal yield.

The main source of uncertainty for the multijet background in the region mjj,red < 1200 GeV
is due to the statistical uncertainty in the fit to the Rp/f ratio performed in the H jet mass
sidebands. This uncertainty, amounting to 2.6–6.8%, is fully correlated between all bins of a
particular estimate. Furthermore, the statistical uncertainty in the antitag region is propagated
to the signal region when the estimate is made. This uncertainty is small compared to the
uncertainty in the Rp/f ratio, but is uncorrelated from bin to bin. The Barlow–Beeston Lite [71,
72] method is used to treat the bin-by-bin statistical uncertainty in the data. These uncertainties
affect both the shape of the background in the mjj,red distribution and the total background
yield.

For mjj,red � 1200 GeV, the overall background uncertainty is obtained from the uncertainty in
the four simultaneous fits performed for the antitag and the signal regions in the LL and the
TT categories. The dependence of Rp/f on mjj,red is accounted for, although this was found to
be negligible.

A complete list of systematic uncertainties is given in Table 2.

6 Results
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Figure 9: The limits for the spin-0 radion (left) and the spin-2 bulk graviton (right) models. The
result for mX < 1200 GeV uses the background predicted using the control regions, while for
mX � 1200 GeV the background is derived from a combined signal and background fit to the
data in the control and the signal regions. The predicted theoretical cross sections for a narrow
radion or a bulk graviton are also shown.

As shown in Figs. 6 and 8, for the signal regions, the observed mjj,red distribution is consistent
with the estimated background. The results are interpreted in terms of upper limits on the
product of the production cross sections and the branching fractions s(pp ! X)B(X ! HH !
bbbb) for radion and bulk graviton of various mass hypotheses. The asymptotic approximation
of the modified frequentist approach for confidence levels, taking the profile likelihood as a
test statistic [73–75], is used. The limits are shown in Fig. 9 for a narrow width radion or a bulk
graviton. These are compared with the theoretical values of the product of the cross sections
and branching fractions for the benchmarks k/MPl = 0.5 and LR = 3 TeV, where the narrow
width approximation for signal is valid [13]. The expected limits on the bulk graviton are more

CMS PAS HIG-17-009 CMS arXiv:1710.04960
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Exotic Higgs Decays
✦ Vibrant search program for exotic Higgs boson 

decays as well as searches for light (pseudo)scalars 
either in the Higgs boson decays or directly

✦ Will highlight just a few recent results:
๏ H(inv.) combination
๏ Search for H →μτ,eτ
๏ Search for H→aa→4μ,4τ,2μ2τ,2μ2b

✦ Also recent, but not covered in this talk:
๏ pp→bba(μμ) [arXiv:1707.07283]
๏ Search for doubly-charged H±± in 4l [PAS HIG-16-036]
๏ Search light bosons decaying to μμ [PAS HIG-16-035]33
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Search for H(inv.) Decays
✦ Direct searches have been historically conducted in the Z(ll,bb)H(inv.), 

ggH+ISR (monojet) and VBF production
✦ Grand combination using 7, 8, and 2015 13 TeV data:  

B(H → inv.) < 0.24 (0.23) @95% CL - tightest limit to date
✦ Since then, new limits from monojet and Z(ll)+MET analyses with 2016 

data: B(H → inv.) < 0.53 (0.40) @95% CL [arXiv:1711.xxxxx] and B(H → 
inv.) < 0.45 (0.44) @95% CL [arXiv:1711.00431]

๏ They haven't been included in the combination and will further improve it

34
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Figure 17: Expected (dotted line) and observed (solid line) 95% CL upper limits on the invisible
branching fraction of the 125 GeV SM-like Higgs boson. Limits are shown for the monojet and
mono-V categories separately, and also for their combination.
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Figure 18: The 95% CL expected (dotted) and observed (solid) upper limits on the signal
strength µ = s/sth for ADD graviton production (left), as a function of fundamental Planck
scale (MD) for n = 2, where n is the number of extra spatial dimensions. The 95% CL expected
(dotted) and observed (solid) lower limits (right) on MD as a function of n in the ADD model.
The results are also compared to earlier ones obtained by the CMS Collaboration with data
corresponding to an integrated luminosity of 19.7 fb�1 at a centre-of-mass energy of 8 TeV [10]
(blue points).
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Search for H(inv.) Decays
✦ Direct searches have been historically conducted in the Z(ll,bb)H(inv.), 

ggH+ISR (monojet) and VBF production
✦ Grand combination using 7, 8, and 2015 13 TeV data:  

B(H → inv.) < 0.24 (0.23) @95% CL - tightest limit to date
✦ Since then, new limits from monojet and Z(ll)+MET analyses with 2016 

data: B(H → inv.) < 0.53 (0.40) @95% CL [arXiv:1711.xxxxx] and B(H → 
inv.) < 0.45 (0.44) @95% CL [arXiv:1711.00431]

๏ They haven't been included in the combination and will further improve it
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What about H(µτ)?
✦ New result from CMS based on full 2016 data:


๏ Definitively excludes the 2.4σ Run 1 excess (alas...)

35
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Figure 4: Observed and expected 95% CL upper limits on the B(H ! µt) for each individual
category and combined. Left: Mcol-fit analysis. Right: BDT-fit analysis.

Table 5: The expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! µt process obtained with
the BDT-fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 0.94 < 1.21 < 3.73 < 2.76 < 0.71
eth < 1.52 < 1.93 < 3.55 < 1.76 < 0.97
et < 0.56

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 1.27 < 1.26 < 3.90 < 1.78 < 0.85
eth < 1.53 < 2.07 < 3.65 < 3.39 < 1.31
et < 0.72

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.46 ± 0.43 0.07 ± 0.39 0.13 ± 1.13 -1.38 ± 1.03 0.21 ± 0.36
eth 0.18 ± 0.35 0.45 ± 0.60 0.29 ± 1.13 2.03 ± 0.47 0.51 ± 0.41
et 0.23 ± 0.24
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CL upper limits. The BDT-fit analysis is more sensitive than the Mcol-fit analysis, with limits
reduced by about a factor two.

Table 7: The observed and expected upper limits at the 95% CL and the best fit branching
fractions in percent for the H ! µt and H ! et processes, with the different selections.

Observed(Expected) limits (%) Best fit branching fraction (%)
Mcol-fit BDT-fit Mcol-fit BDT-fit

H ! µt <0.51 (0.49) % <0.25 (0.25)% 0.02 ± 0.20% 0.00 ± 0.12 %
H ! et <0.72 (0.56) % <0.61 (0.37) % 0.23 ± 0.24 % 0.30 ± 0.18 %

The constraints on B(H ! µt) and B(H ! et) can be interpreted in terms of LFV Yukawa
couplings [34]. The LFV decays et and µt arise at tree level from the assumed flavour violating
Yukawa interactions, Y`a`b where `a, `b denote the leptons, `a, `b = e, µ, t and `a 6= `b. The
decay width G(H ! `a`b) in terms of the Yukawa couplings is given by:

G(H ! `a`b) =
mH

8p

�
|Y`b`a |

2 + |Y`a`b |
2�,

and the branching fraction by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM

.

The SM H decay width is assumed to be GSM = 4.1 MeV [71] for MH = 125 GeV. The 95%
CL upper limit on the Yukawa couplings derived from the expression for the branching frac-
tion above is shown in Table 8. The limits on the Yukawa couplings derived from the BDT-fit
analysis results are shown in Figure 8.

Table 8: 95% CL upper limit on the Yukawa couplings
Mcol-fit BDT-fitq

|Yµt|
2 + |Ytµ|

2 < 2.05 ⇥ 10�3 < 1.43 ⇥ 10�3
p
|Yet|

2 + |Yte|2 < 2.45 ⇥ 10�3 < 2.26 ⇥ 10�3

9 Summary
This article presents the search for LFV decays of the Higgs boson in the µt and et final states,
with the 2016 data collected by the CMS detector. The dataset analyzed corresponds to an in-
tegrated luminosity of 35.9 fb�1 of proton-proton collision data recorded at

p
s = 13 TeV. The

results are extracted by a fit to the output of a BDT trained to discriminate the signal from back-
grounds. The results are cross-checked with alternate analysis that fits the Mcol distribution
after applying selection criteria on kinematic variables. No evidence is found for LFV Higgs
boson decays. The observed (expected) limits on the branching fraction of the Higgs boson to
µt and to et are found to be less than 0.25(0.25)% and 0.61(0.37)%, respectively, at 95% confi-
dence level, and constitute a significant improvement with respect to the previously obtained
limits by CMS and ATLAS using 20 fb�1 of 8 TeV proton-proton collision data. Upper limits on
the off-diagonal µt and et Yukawa couplings are derived from these constraints on the branch-
ing ratios, and found to be

q
|Yµt|

2 + |Ytµ|
2 < 1.43 ⇥ 10�3 and

p
|Yet|

2 + |Yte|2 < 2.26 ⇥ 10�3

at 95% CL.
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
range 100 < Mcol < 150 GeV using B(H ! µt) = 0.84%. The MC Higgs signal shown
is for B(H ! µt) = 0.84%. The bottom panel shows the fractional difference between the
observed data and the fitted background. Right: background subtracted Mcol distribution for
all categories combined.

2012

B=0.84+0.39-0.37%

ATLAS arXiv:1604.07730:

B = 0.53 ± 0.51%


Naïve combination w/  
2012 CMS result:


B = 0.73 ± 0.30 (still 2.4σ 
away from zero)
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What about H(µτ)?
✦ New result from CMS based on full 2016 data:


๏ Definitively excludes the 2.4σ Run 1 excess (alas...)
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Figure 4: Observed and expected 95% CL upper limits on the B(H ! µt) for each individual
category and combined. Left: Mcol-fit analysis. Right: BDT-fit analysis.

Table 5: The expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! µt process obtained with
the BDT-fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 0.94 < 1.21 < 3.73 < 2.76 < 0.71
eth < 1.52 < 1.93 < 3.55 < 1.76 < 0.97
et < 0.56

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 1.27 < 1.26 < 3.90 < 1.78 < 0.85
eth < 1.53 < 2.07 < 3.65 < 3.39 < 1.31
et < 0.72

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.46 ± 0.43 0.07 ± 0.39 0.13 ± 1.13 -1.38 ± 1.03 0.21 ± 0.36
eth 0.18 ± 0.35 0.45 ± 0.60 0.29 ± 1.13 2.03 ± 0.47 0.51 ± 0.41
et 0.23 ± 0.24
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CL upper limits. The BDT-fit analysis is more sensitive than the Mcol-fit analysis, with limits
reduced by about a factor two.

Table 7: The observed and expected upper limits at the 95% CL and the best fit branching
fractions in percent for the H ! µt and H ! et processes, with the different selections.

Observed(Expected) limits (%) Best fit branching fraction (%)
Mcol-fit BDT-fit Mcol-fit BDT-fit

H ! µt <0.51 (0.49) % <0.25 (0.25)% 0.02 ± 0.20% 0.00 ± 0.12 %
H ! et <0.72 (0.56) % <0.61 (0.37) % 0.23 ± 0.24 % 0.30 ± 0.18 %

The constraints on B(H ! µt) and B(H ! et) can be interpreted in terms of LFV Yukawa
couplings [34]. The LFV decays et and µt arise at tree level from the assumed flavour violating
Yukawa interactions, Y`a`b where `a, `b denote the leptons, `a, `b = e, µ, t and `a 6= `b. The
decay width G(H ! `a`b) in terms of the Yukawa couplings is given by:

G(H ! `a`b) =
mH

8p

�
|Y`b`a |

2 + |Y`a`b |
2�,

and the branching fraction by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM

.

The SM H decay width is assumed to be GSM = 4.1 MeV [71] for MH = 125 GeV. The 95%
CL upper limit on the Yukawa couplings derived from the expression for the branching frac-
tion above is shown in Table 8. The limits on the Yukawa couplings derived from the BDT-fit
analysis results are shown in Figure 8.

Table 8: 95% CL upper limit on the Yukawa couplings
Mcol-fit BDT-fitq

|Yµt|
2 + |Ytµ|

2 < 2.05 ⇥ 10�3 < 1.43 ⇥ 10�3
p
|Yet|

2 + |Yte|2 < 2.45 ⇥ 10�3 < 2.26 ⇥ 10�3

9 Summary
This article presents the search for LFV decays of the Higgs boson in the µt and et final states,
with the 2016 data collected by the CMS detector. The dataset analyzed corresponds to an in-
tegrated luminosity of 35.9 fb�1 of proton-proton collision data recorded at

p
s = 13 TeV. The

results are extracted by a fit to the output of a BDT trained to discriminate the signal from back-
grounds. The results are cross-checked with alternate analysis that fits the Mcol distribution
after applying selection criteria on kinematic variables. No evidence is found for LFV Higgs
boson decays. The observed (expected) limits on the branching fraction of the Higgs boson to
µt and to et are found to be less than 0.25(0.25)% and 0.61(0.37)%, respectively, at 95% confi-
dence level, and constitute a significant improvement with respect to the previously obtained
limits by CMS and ATLAS using 20 fb�1 of 8 TeV proton-proton collision data. Upper limits on
the off-diagonal µt and et Yukawa couplings are derived from these constraints on the branch-
ing ratios, and found to be

q
|Yµt|

2 + |Ytµ|
2 < 1.43 ⇥ 10�3 and

p
|Yet|

2 + |Yte|2 < 2.26 ⇥ 10�3

at 95% CL.
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
range 100 < Mcol < 150 GeV using B(H ! µt) = 0.84%. The MC Higgs signal shown
is for B(H ! µt) = 0.84%. The bottom panel shows the fractional difference between the
observed data and the fitted background. Right: background subtracted Mcol distribution for
all categories combined.

2012

B=0.84+0.39-0.37%

ATLAS arXiv:1604.07730:

B = 0.53 ± 0.51%


Naïve combination w/  
2012 CMS result:


B = 0.73 ± 0.30 (still 2.4σ 
away from zero)
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Search for Light Pseudoscalar
✦ One recent 8 TeV result to highlight is a search for light 

pseudoscalars in Higgs boson decays: H → aa →2f2f'

๏ Consider 4τ, 2μ2τ, and 2μ2b final states

๏ Also combines with earlier searches in 4μ [arXiv:1506.00424] 

and 4τ [1510.06534] final states

๏ Interpreted as limits on product of branching fractions or in 

several benchmark 2HDM scenarios

36

20 7 Results

exclusion limits on s(h)
sSM

B(h ! aa)B2(a ! µ+µ�). This assumption is applied to obtain the
results shown in Fig. 7. The exact value of B(a ! µ+µ�) depends on the type of 2HDM+S, on
tan b and on the pseudoscalar boson mass. No significant excess of events is observed for any
of the five analyses. Under type-1 and -2 2HDM+S hypothesis, the h ! aa ! 2µ2b search is
about one order of magnitude more sensitive than the h ! aa ! 2µ2t search, but does not
cover the pseudoscalar mass range between 15 and 25 GeV. Both h ! aa ! 4t searches have a
comparable sensitivity, in slightly different mass ranges.
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Figure 7: Expected and observed 95% CL exclusion limits on (sh/sSM)B(h ! aa)B2(a !

µ+µ�) for various exotic h boson decay searches performed with data collected at 8 TeV with
the CMS detector, assuming that the branching fractions of the pseudoscalar boson to muons,
t leptons and b quarks follow Eqs. (1)-(2). This assumption implies that the limit shown for
h ! aa ! 2µ2b is valid only in type-1 and -2 2HDM+S.

In 2HDM+S, the values of the branching fractions of the pseudoscalar boson to SM particles
can be computed precisely, except for pseudoscalar boson masses between approximately 3 and
5 GeV and 9 and 11 GeV because of decays to quarkonia, and for pseudoscalar boson masses
less than 1 GeV because of large QCD uncertainties in the hadronic final states [8]. We compute
them following the prescriptions in Refs. [8, 46]. The branching fractions used to interpret the
results in the four particular 2HDM+S scenarios described below are given in Table 7. Figure 8
(top left) shows the 95% CL in (sh/sSM)B(h ! aa) in type-1 2HDM+S, for which there is no
tan b dependence. Figure 8 (top right) shows corresponding limits in type-2 2HDM+S with
tan b = 2; the sensitivity of the h ! aa ! 4t analyses is improved for ma < 2mb because of
the enhancement of the couplings to leptons. The h ! aa ! 4t and h ! aa ! 2µ2t analyses
have low sensitivity in type-1 2HDM+S and type-2 2HDM+S with tan b = 2 for ma > 2mb,
because, in these scenarios, decays to b quarks dominate over decays to t leptons and muons.
The results in type-3 2HDM+S with tan b = 5 are depicted in the bottom left part of Fig. 8; this
scenario provides high sensitivity for the various analyses because of the enhancement of the
couplings to leptons over those to quarks. Finally, the limits obtained in type-4 2HDM+S for
tan b = 0.5 are shown in the bottom right part of Fig. 8; the choice of tan b < 1 ensures large
couplings to leptons. Regions where the theoretical predictions for the branching fractions of
the pseudoscalar boson to SM particles are not reliable are indicated with grey shaded areas
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Figure 8: Expected and observed 95% CL limits on (sh/sSM)B(h ! aa) in 2HDM+S type-1
(top left), type-2 with tan b = 2 (top right), type-3 with tan b = 5 (bottom left), and type-
4 with tan b = 0.5 (bottom right). Limits are shown as a function of the mass of the light
boson, ma. The branching fractions of the pseudoscalar boson to SM particles are computed
following a model described in Ref. [8]. Grey shaded regions correspond to regions where
theoretical predictions for the branching fractions of the pseudoscalar boson to SM particles
are not reliable.
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Figure 8: Expected and observed 95% CL limits on (sh/sSM)B(h ! aa) in 2HDM+S type-1
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4 with tan b = 0.5 (bottom right). Limits are shown as a function of the mass of the light
boson, ma. The branching fractions of the pseudoscalar boson to SM particles are computed
following a model described in Ref. [8]. Grey shaded regions correspond to regions where
theoretical predictions for the branching fractions of the pseudoscalar boson to SM particles
are not reliable.
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Dark Matter at Colliders
✦ There are three main approaches to detect dark matter (DM):

๏ DM-nucleon scattering (direct detection, or DD)
๏ Indirect detection (annihilation)
๏ Pair production at colliders

✦ All three processes are topological permutations of the same Feynman diagram:
๏ But: how to trigger on a pair of DM particles at colliders?
๏ ISR (g, γ, W/Z, H, …) to rescue!

✦ Sensitivity to (pseudoscalar) mediators via ggF or qg production
๏ Typically assume Yukawa couplings between the mediators and quarks
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

Lf = gcfc̄c +
f
p

2 Â
i

⇣
guyu

i ūiui + gdyd
i d̄idi + g`y`i ¯̀ i`i

⌘
, (2.6)

La = igcac̄g5c +
ia
p

2 Â
i

⇣
guyu

i ūig5ui + gdyd
i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘
. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling gc

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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16 6 Results and interpretation
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Figure 8: Observed p
miss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the post-fit background expectations for various SM processes. The last bin in-
cludes all events with p

miss
T >1250 (750) GeV for the monojet (mono-V) category. The expected

background distributions are evaluated after performing a combined fit to the data in all the
control samples, not including the signal region. Expected signal distributions for the 125 GeV
Higgs boson decaying exclusively to invisible particles, and a 2 TeV axial-vector mediator de-
caying to 1 GeV DM particles, are overlaid. The description of the lower panels is the same as
in Fig. 5.

The expected yields in each bin of p
miss
T for all SM backgrounds, after the fit to the data in429

the control regions, are given in Tables 4 and 5 for the monojet and mono-V signal regions,430

respectively. The correlations between the predicted background yields across all the p
miss
T bins431

in the two signal regions are shown in Figs. 20 and 21 in Section A. The expected yields together432

with the correlations can be used with the simplified likelihood approach detailed in Ref. [92]433

to reinterpret the results for models not studied in this paper.434

Figure 9 shows a comparison between data and the post-fit background predictions in the435

signal region in the monojet and mono-V categories, where the fit is performed under the436

background-only hypothesis including signal region events in the likelihood. The limits on437

the production cross section of the various models described below is set after comparing this438

fit with an alternative one assuming the presence of signal.439

6.1 Dark matter interpretation440

The results are interpreted in terms of simplified s-channel DM models assuming a vector,441

axial-vector, scalar, or pseudoscalar mediator decaying into a pair of fermionic DM particles.442

The coupling of the mediators to the DM is assumed to be unity for all four types of media-443

tors. The spin-0 particles are assumed to couple to the quarks with a coupling strength (gq)444

of 1. In the case of the spin-1 mediators, gq is taken to be 0.25. The choice of all the signal445

CMS Monojet Analysis
✦ The latest, most powerful, Run 2 analysis is built on the Run 1 

techniques
๏ Increased number of control regions (added e+jets, ee+jets)
๏ Theoretically consistent treatment of EW/QCD corrections to SM V+jets 

processes, after Lindert et al., arXiv:1705.04464
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6.1 Dark matter interpretation 19

Figure 10: Exclusion limits at 95% CL on µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (black) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [97] are
shown as dark blue contours; in the shaded area DM is overabundant.
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on µ = s/sth in the mmed–mDM plane assuming pseudoscalar mediators (right). The solid
(dashed) red (back) line shows the contours for the observed (expected) exclusion. Constraints
from the Planck satellite experiment [97] are shown with the dark blue contours; in the shaded
area DM is overabundant.
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1T [104], and CRESST-II [105] are shown for the vector mediator. Limits from Picasso [106],
PICO-60 [107], IceCube [108], and Super-Kamiokande [109] are shown for the axial-vector me-
diator.

 [GeV]DMm
10 210

/s
)

3
 (c

m
〉

 v
σ〈

31−10

30−10

29−10

28−10

27−10

26−10

25−10

CMS exp. 90% CL

CMS obs. 90% CL

FermiLAT

 (13 TeV)-135.9 fb

CMS
Pseudoscalar med, Dirac DM

 = 1
DM

 = 1, g
q

g

Figure 14: For the pseudoscalar mediator, limits are compared to the the velocity averaged DM
annihilation cross section upper limits from Fermi-LAT [101]. There are no comparable limits
from direct detection experiments, as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [110, 111].

2016 2016

2016



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- (

Ps
eu

do
)s

ca
la

r P
hy

si
cs

 a
t C

M
S 

- S
ca

la
rs

 2
01

7

(Pseudo)Scalar Mediators
40

Fully compliant w/  
LHC DM WG 
[arXiv:1603.04156] 
recommendations

CMS arXiv:1711.0xxxx

6.1 Dark matter interpretation 19

Figure 10: Exclusion limits at 95% CL on µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (black) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [97] are
shown as dark blue contours; in the shaded area DM is overabundant.
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Mono-Higgs Production
✦ Another example is a mono-Higgs analysis in the context of 2HDM and vector 

mediator models: Higgs boson is a tag
✦ Explore the H(γγ) decay mode

41

2 2 CMS detector

Fu =
1p
2

✓
cos b H+

vu + cos a h + sin a H + i cos b A0

◆
,

where h and H are neutral CP-even scalars, H± are charged scalars, and A0 is a neutral CP-odd
scalar. In this framework, tan b ⌘ vu/vd, and a is the mixing angle that diagonalizes the h � H
mass squared matrix. The a is assigned to be a = b � p/2, in the limit where the h has SM-like
couplings to fermions and gauge bosons, and tan b � 0.3 as implied from the perturbativity of
the top Yukawa coupling.

The model is described by six parameters, namely, (i) the pseudoscalar mass mA0, (ii) the DM
mass mc, (iii) the Z0 mass mZ0 , (iv) tan b, (v) the Z0 coupling strength gZ0 , and (vi) the coupling
constant between A0 and dark matter particles gc. However, only the masses mA0 and mZ0

affect the kinematic distributions and all the other parameters affect the cross sections and
decay widths only, since the decay widths of A0 and Z0 have a small effect on the kinematics. In
addition, when the A0 is on-shell, i.e. when mA0 > 2mc, the cross section has little dependence
on the mass of dark matter particle mc. We considered a Z0 resonance mass between 600 and
2500 GeV, an A0 mass of 300 GeV, and the mass of the DM particle is set to 100 GeV. The A0

mass below 300 GeV is not considered due to the b ! sg constraints [6]. With the tan b and the
gc fixed at unity, independent of the value of gZ0 , the branching ratio of decays to DM particles
B(A0 ! cc) is ⇡ 100% for an A0 mass of 300 GeV and it starts to decrease as mA0 > 2mt since
the decay of A0 ! tt becomes kinematically accessible. For example, for an A0 mass of 400 GeV,
the B(A0 ! cc) reduces to 54%. The results in this document consider only the decays to DM
particles. The signal model cross section is calculated using the benchmark model parameters
tan b and gc set to 1 and for two different values of gZ0 :

1. the cross section is measured using the constraints from dijet searches and electroweak
precision measurements [4], following:

gZ0  0.03 ⇥ gW
cos qW⇥sin2 b

⇥
p

m2
Z0�m2

Z
mZ

;

2. the cross section is obtained using a fixed coupling value gZ0 = 0.8 as considered in Ref.
[7].

The transverse momentum of the Higgs boson increases with mZ0 . The minimum angular dis-
tance (DR =

p
Dh2 + Df2) between the decay products of the Higgs boson (bb̄) follows the

relation DR ⇡ 2 ⇥ mH/pH, where pH is the momentum of the Higgs boson. The present search
analysis considers mZ0 ranging from 600 to 2500 GeV which implies a very wide range of trans-
verse momentum of the Higgs boson and DR(bb̄). Therefore the analysis is divided into two
regimes: (i) a resolved regime where the Higgs boson gives rise to two separate b jets with a
radius of DR = 0.4, and (ii) a boosted regime where the Higgs boson is reconstructed by one
single jet with a jet radius DR = 0.8. The resolved jet analysis is used for lower Z0 mass values
(600 to 1000 GeV) and the boosted jet analysis is performed for higher Z0 mass values (> 1000
GeV).

2 CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m inner diameter,
providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the

Precision EW:

Dijets: gZ' < 0.8

2016

CMS PAS EXO-16-054

13

Figure 5: The upper limits on cross section for the 2HDM scenario as a function of mZ0 for
mA = 300 GeV. The theoretical cross section (blue) is calculated assuming gZ0 = 0.8.

Figure 6: The observed (expected) 95% CL limits on the signal strength (s95%CL/sth) for all
2HDM mass points shown in a grid of mA and mZ0 . The theoretical cross section for each point
is calculated assuming gZ0 = 0.8.

14 References

Figure 7: The upper limits on cross section for the baryonic Z0 scenario as a function of mZ0

for mc = 1 GeV. The theoretical cross section (blue) is calculated assuming gq = 0.25 and
sin(q) = 0.3.

8 Conclusions

A search for dark matter produced in association with a Higgs boson is presented. This analysis
examines the case where the Higgs boson decays to two photons. The analysis is based on
35.9 fb�1 of pp collisions collected by the CMS experiment in 2016 at

p
s = 13 TeV. The results

of the search are interpreted in terms of 2HDM and baryonic Z
0 simplified models of dark

matter production.

After passing trigger requirements, events are selected if they contain two photon candidates
passing kinematic requirements on the pT/mgg of the two photons, p

miss
T and pTgg obtained

with an optimization study on the benchmark models. The selection optimization has been
performed in both low- and high-p

miss
T categories. A jet veto is applied to reduce the QCD

background. Topological requirements avoid events with highly energetic jets collinear with
the p

miss
T for which the p

miss
T could simply arise from a misreconstruction of the jet itself. Data

driven techniques are applied to estimate the non-resonant background contributions. Limits
on the signal cross section are calculated.

2HDM signals with mA = 300 GeV are excluded for Z’ masses below 900 GeV. Baryonic Z’
models are excluded for Z’ masses below 800 GeV for a dark matter mass of 1 GeV. Results
are mostly driven by the high-p

miss
T category for the analyzed signal models.
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2 3 Data and Simulated Samples

Figure 1: Feynman diagrams for the benchmark DM signal models: baryonic Z
0 (left) and

2HDM (right).

A fit-based analysis similar to that of the SM h! gg search is used to estimate the signal yield.
In addition to a high-p

miss
T category, a lower p

miss
T category is also considered in order to be

sensitive to possible signals with less p
miss
T .

2 The CMS Detector

The central feature of the CMS detector is a superconducting solenoid, of 6 m internal di-
ameter, providing an axial magnetic field of 3.8 T along the beam direction. Within the su-
per conducting solenoid volume are a silicon pixel and strip tracker, a lead-tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL).
Charged particle trajectories are measured by the silicon pixel and strip tracker system, cover-
ing 0  f  2p in azimuth and |h| < 2.5, where the pseudorapidity is h = � ln (tan q/2), and
q is the polar angle with respect to the counterclockwise-beam direction. Muons are measured
in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorimetry
complements the coverage provided by the barrel and endcap detectors. The electromagnetic
calorimeter, which surrounds the tracker volume, consists of 75,848 lead-tungstate crystals that
provide coverage in pseudorapidity |h| < 1.479 in the barrel region (EB) and 1.479 < |h| < 3.0
in two endcap regions (EE). The EB modules are arranged in projective towers. A preshower
detector consisting of two planes of silicon sensors interleaved with a total of three X0 of lead
is located in front of the EE. In the region |h| < 1.74, the HCAL cells have widths of 0.087 in
pseudorapidity and azimuth (f). In the ( h, f ) plane, and for |h| < 1.48, the HCAL cells map on
to 5x5 ECAL crystal arrays to form calorimeter towers projecting radially outwards from close
to the nominal interaction point. At larger values of |h|, the size of the towers increases and the
matching ECAL arrays contain fewer crystals. Within each tower, the energy deposits in ECAL
and HCAL cells are summed to define the calorimeter tower energies, subsequently used to
provide the energies and directions of hadronic jets (highly collimated showers of particles). A
more detailed description of the CMS detector can be found in Ref. [11].

3 Data and Simulated Samples

The data considered in this analysis correspond to an integrated luminosity of 35.9 fb�1 col-
lected by the CMS experiment at the CERN LHC in 2016 at

p
s = 13 TeV. Diphoton triggers

with asymmetric transverse energy thresholds (30/18 GeV) were used to select events. The
analyzed sample fulfills standard data quality criteria for all components of the CMS detector.

The analysis is optimized using fully simulated samples of the dark matter associated pro-
duction with a Higgs boson in 2HDM and Baryonic Z’ (Z0

B
) models [10]. 2HDM signals are
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Toward the Future
✦ Another spectacular year at the LHC:

๏ 50 fb-1 delivered; 45 fb-1 recorded by CMS
! Upgraded pixel detector w/ 4 layers and higher resolution
! Expect first results ready for Winter 2018 conferences

✦ Looking forward to >100 fb-1 usable data @ 13 TeV by the end of 2018, 
which will significantly extend (pseudo)scalar sector program at CMS
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Conclusions
✦ CMS is pursuing vibrant (pseudo)scalar program of measurement 

and searches
✦ Focus is on precision measurement of Higgs boson properties, 

searches for exotic decays of the Higgs boson, and extended 
Higgs sectors

✦ Deep connection with dark matter searches (first limits on 
pseudoscalar mediators) and SUSY searches with Higgs bosons 
(not covered in this talk)

✦ 13 TeV data allowed to improve on Run 1 legacy results, including:
๏ Observation of H(ττ) and strong evidence for H(bb) decays
๏ Best measurement of the Higgs boson mass to date and most 

restrictive direct limit on its width
๏ Best limits on invisible decays of the Higgs boson
๏ Best limit on the H(μμ) decay

✦ Looking forward to completing Run 2 program with 3-4x more data!
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