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Outline
๏Happy 7th birthday, Higgs! 
๏Dazzling precision 
๏Higgs and third generation 
๏Beyond the SM Higgs 
๏Higgs pair production 
๏Toward second generation 
๏Conclusions 

๏N.B. All PAS/paper labels are clickable!
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LHC Run 2: Big Success
๏ 160 fb-1 has been delivered by the LHC in Run 2 (2015−2018), 

at a c.o.m. of 13 TeV, exceeding the original integrated 
luminosity projections 

๏ Over 140 fb-1 of physics-quality data recorded by ATLAS/CMS 
๏ Thank you, LHC, for a spectacular Run 2!
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Higgs Turns Seven!
๏ 2012 - I am born! 
๏ 2013 - First steps 
๏ 2014 - Who am I? 
๏ 2015 - Why am I alone? 
๏ 2016 - Not afraid of dark! 
๏ 2017 - Trip to the tau-land 
๏ 2018 - Meet 3rd generation 
๏ 2019 - This talk:
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Higgs Turns Seven!
๏ 2012 - I am born! 
๏ 2013 - First steps 
๏ 2014 - Who am I? 
๏ 2015 - Why am I alone? 
๏ 2016 - Not afraid of dark! 
๏ 2017 - Trip to the tau-land 
๏ 2018 - Meet 3rd generation 
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Dazzling 
Precision



G
re

g 
La

nd
sb

er
g 

- S
tu

dy
 o

f (
Ps

eu
do

)S
ca

la
rs

 in
 C

M
S 

- S
ca

la
rs

 1
9

New MeaH(𝛄𝛄)urement
๏ Measurement of H(𝛄𝛄) in ggF and VBF production 
★ Based on 2016+2017 data (77.4 fb-1) 
★ Interpretation in the STXS framework (YR4)
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Figure 8: Data points (black) and signal plus background model fit for the sum of all categories
is shown. Each category is weighted by S/(S + B), where S and B are the numbers of expected
signal and background events, respectively, in a ±1se f f mass window centered on mH. The
one standard deviation (green) and two standard deviation (yellow) bands include the uncer-
tainties in the background component of the fit. The solid red line shows the contribution from
the total signal, plus the background contribution. The dashed red line shows the contribution
from the background component of the fit. The bottom plot shows the residuals after subtrac-
tion of this background component.

8. Results 21

Results of fits with three different choices of parameters are reported in this note. The ggH
parameters include bbH events. The ggZH process is grouped with leptonic VH production if
the Z boson decays leptonically, and with ggH otherwise. Hadronic VH processes are grouped
with VBF to form the qqH parameters. In each case the contributions from the ttH, tH, and
VH leptonic production processes are constrained to the SM prediction. The mass of the Higgs
boson is profiled in all fits.

At stage 0 of the STXS framework, two signal strength parameters are defined, ggH and qqH.
The resulting cross sections, normalized to the SM prediction, are found to be sggH/sSM

ggH
=

1.15+0.15
�0.15 and sqqH/sSM

qqH
= 0.8+0.4

�0.3.

Measurements are made at stage 1 of the STXS framework, where some signal bins are merged
to reduce statistical uncertainty. Figure 11 shows the result of a combined fit with seven param-
eters of interest. The grouping of parameters is motivated by having the most granular possible
set whilst maintaining an uncertainty of less than 100% of the SM prediction. The gluon fusion
signal is divided into six components: zero-jet (0J), one-jet low (1J low), medium (1J med) and
high (1J high) p

H

T bins, two-jet or greater (GE2J), and the one-jet and two-jet “beyond standard
model” bins (BSM) where the p

H

T above 200 GeV. The qqH component is the same as at stage 0
of the STXS framework; all five bins are grouped together to form one parameter.

theoσ/procσ
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Figure 11: The results of a seven-parameter fit in the STXS framework. The ggH 1J and 2J
BSM bins are grouped together in the fit; the remaining four ggH bins with two or more jets
are also grouped. All five VBF bins are grouped together. The ggH parameters include bbH
components, while the qqH parameter includes the hadronic VH contribution. The ttH, tH and
VH leptonic processes are constrained to the SM prediction. Cross section ratios are shown
with approximate 68% CL intervals (black points), and compared to the SM expectations and
their uncertainties (blue bands).

The result of a combined fit with 13 measured parameters is shown in Figure 12. Here the
grouping of parameters is motivated by having as few bins as possible merged. In this fit, the
two VBF-like ggH bins are grouped together. For VBF, the VH-like, BSM-like, and rest bins are
grouped to form the “qqH other” parameter; otherwise all bins vary independently in the fit.
The cross section ratios are constrained to be non-negative in the fit. The parameters whose
best-fit values are at zero are known to have 68% CL intervals which slightly under-cover; this

µggH = 1.15 ± 0.15 

µqqH = 0.8+0.4-0.3
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Run 2 MeaH(ZZ)urement
๏ The cleanest channel; has been 

updated to include full Run 2 
data (137 fb-1) 
★CMS standard MELA analysis 

๏ Provide differential cross 
section measurements

 7

10. Results 15
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Figure 6: Distribution of the reconstructed four-lepton invariant mass m4` up to 500 GeV (left)
and the low-mass range (right), with 2018 data. Points with error bars represent the data and
stacked histograms represent expected distributions of the signal and background processes.
The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds
are normalized to the SM expectation, the Z+X background to the estimation from data. The
order in perturbation theory used for the normalization of the irreducible backgrounds is de-
scribed in Section 7.1.
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Figure 7: Distribution of the reconstructed four-lepton invariant mass m4` up to 500 GeV (left)
and the low-mass range (right), with full Run 2 data. Points with error bars represent the
data and stacked histograms represent expected distributions of the signal and background
processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation
from data. The order in perturbation theory used for the normalization of the irreducible back-
grounds is described in Section 7.1.

m4` < 130 GeV, with their correlation. The distribution of the discriminants used for event
categorization along with the corresponding working point values are shown in Fig. 10. The
correlation of the kinematic discriminants Dkin

bkg, DVBF+dec
bkg and D

VH+dec
bkg with the four-lepton
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Figure 13: (Left) 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 indicate the ± 1s uncertainties. The uncertainties
include both statistical and systematic sources. (Right) Result of the 2D likelihood scan for the
µggH, tt H,bb̄H,tH and µVBF,VH signal-strength modifiers. The solid and dashed contours show the
68% and 95% CL regions, respectively. The cross indicates the best-fit value, and the diamond
represents the expected value for the SM Higgs boson.

10.2 Simplified template cross section

We also present the results for STXS, a measurement strategy detailed in the CERN Yellow
Report 4 of the LHC-HXSWG [24]. The Stage 0 Bins correspond to the H boson production
mechanisms. The previous Run 2 analysis has reported the measured Stage 0 results [15]. With
full Run 2 data, this analysis targets the finer Stage 1.1 Bins. The theoretical uncertainties on the
overall signal cross sections are removed, while the theoretical uncertainties which can cause
migration of events between the various categories are kept in this measurement.

The measured cross sections, normalized to the SM prediction are shown in Fig. 14 for Stage
0 and in Fig. 15 for Stage 1.1. The correlation matrix for Stage 1.1 is shown in Fig. 16. The
dominant experimental sources of systematic uncertainty are the same as in the measurement
of the signal strength, while the dominant theoretical source is the uncertainty in the category
migration for the ggH process.

10.3 Fiducial cross section

In this section the measurement of the cross section for the production and decay pp ! H ! 4`
within a fiducial volume defined to match closely the reconstruction level selection is pre-
sented. This measurement has minimal dependence on the assumptions of the relative fraction
or kinematic distributions of the separate production modes. The definition of the fiducial vol-
ume is very similar to the definition used in Ref. [21]. The differences with respect to Ref. [21]
are that leptons are defined as “dressed” leptons, as opposed to produced bare leptons, and
the lepton isolation criteria 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 sum of scalar pT of all stable particles within DR < 0.3
from the lepton is less than 0.35 · pT. In order to reduce the experimental uncertainties, jets with
pT > 30 GeV and |h| < 2.5 are considered for the differential cross sections related to jet ob-
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Figure 13: (Left) 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 indicate the ± 1s uncertainties. The uncertainties
include both statistical and systematic sources. (Right) Result of the 2D likelihood scan for the
µggH, ttH,bb̄H,tH and µVBF,VH signal-strength modifiers. The solid and dashed contours show the
68% and 95% CL regions, respectively. The cross indicates the best-fit value, and the diamond
represents the expected value for the SM Higgs boson.

10.2 Simplified template cross section

We also present the results for STXS, a measurement strategy detailed in the CERN Yellow
Report 4 of the LHC-HXSWG [24]. The Stage 0 Bins correspond to the H boson production
mechanisms. The previous Run 2 analysis has reported the measured Stage 0 results [15]. With
full Run 2 data, this analysis targets the finer Stage 1.1 Bins. The theoretical uncertainties on the
overall signal cross sections are removed, while the theoretical uncertainties which can cause
migration of events between the various categories are kept in this measurement.

The measured cross sections, normalized to the SM prediction are shown in Fig. 14 for Stage
0 and in Fig. 15 for Stage 1.1. The correlation matrix for Stage 1.1 is shown in Fig. 16. The
dominant experimental sources of systematic uncertainty are the same as in the measurement
of the signal strength, while the dominant theoretical source is the uncertainty in the category
migration for the ggH process.

10.3 Fiducial cross section

In this section the measurement of the cross section for the production and decay pp ! H ! 4`
within a fiducial volume defined to match closely the reconstruction level selection is pre-
sented. This measurement has minimal dependence on the assumptions of the relative fraction
or kinematic distributions of the separate production modes. The definition of the fiducial vol-
ume is very similar to the definition used in Ref. [21]. The differences with respect to Ref. [21]
are that leptons are defined as “dressed” leptons, as opposed to produced bare leptons, and
the lepton isolation criteria 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 sum of scalar pT of all stable particles within DR < 0.3
from the lepton is less than 0.35 · pT. In order to reduce the experimental uncertainties, jets with
pT > 30 GeV and |h| < 2.5 are considered for the differential cross sections related to jet ob-
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Figure 17: The measured inclusive fiducial cross section in different final states (top left). The
measured fiducial cross section as a function of

p
s (top right). The acceptance is calculated

using POWHEG at
p

s=13 TeV and HRES [63, 65] at
p

s=7 and 8 TeV and the total gluon fusion
cross section and uncertainty are taken from Ref. [32]. The fiducial volume for

p
s=6–9 TeV uses

the lepton isolation definition from Ref. [21], while for
p

s=12–14 TeV the definition described
in the text is used. The results of the differential cross section measurement for pT(H) (middle
left), |y(H)| (middle right) and N(jets) (bottom left), pT of the leading jet (bottom right). The ac-
ceptance and theoretical uncertainties in the differential bins are are calculated using POWHEG.
The sub-dominant component of the the signal (VBF + VH + tt̄H) is denoted as XH.
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New MeasuremenH(ττ)
๏ New measurement of H(ττ) production 

and decays in the eμ, eτh, μτh, and 
τhτh final states 
★ Simulation using τ embedding to 

estimate the Z(ττ) background

 8

9. Summary 27

Figure 7: Distribution of the decimal logarithm of the signal purity (after the fit to the data),
evaluated in the bins of the signal categories used to extract the results. The signal contribution
and the background contributions from each decay channel are stacked on top of each other.
The inset shows the relative excess with respect to the estimated background.
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13 TeV Combination
๏ First 13 TeV combination based on 2016 data

 9

14

correlated between all of the input analyses. In this measurement and others, however, the
other systematic uncertainty component is mostly dominated by uncertainties that only affect
a single input analysis.

Relaxing the assumption of a common production mode scaling, but still assuming the rela-
tive SM branching fractions, leads to a parametrization with five production signal strength
modifiers: µggH, µVBF, µWH, µZH, and µttH. In this parametrization, as well as all subsequent
parametrizations involving signal strengths or cross sections, the tH production is assumed to
scale like ttH. Conversely, relaxing the common decay mode scaling, but assuming the rela-
tive SM production cross sections, leads to one with the modifiers: µgg, µZZ, µWW, µtt, µµµ,
and µbb. Results of the fits in these two parametrizations are summarized in Fig. 5. The nu-
merical values, including the decomposition of the uncertainties into statistical and systematic
components, and the corresponding expected uncertainties, are given in Table 2.

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

CMS
 (13 TeV)-135.9 fb

Observed
 syst)⊕ (stat σ1±
 syst)⊕ (stat σ2±

 (syst)σ1±

Parameter value
2− 1− 0 1 2 3

µµµ

bbµ

ττµ

WWµ

ZZµ

γγµ

CMS
 (13 TeV)-135.9 fb

Observed
 syst)⊕ (stat σ1±
 syst)⊕ (stat σ2±

 (syst)σ1±

Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers. The thick and thin horizontal bars indicate the ±1s and ±2s uncer-
tainties, respectively. Also shown are the ±1s systematic components of the uncertainties. The
last point in the per-production mode summary plot is taken from a separate fit and indicates
the result of the combined overall signal strength µ.

The improvement in the precision of the measurement of the ggH production rate of ⇠50%
(from ⇠20% to ⇠10%) compared to Ref. [55] and ⇠33% (from ⇠15% to ⇠10%) compared to
Ref. [56], can be attributed to the combined effects of an increased ggH production cross section,
and a reduction in the associated theoretical uncertainties. The improvements in the precision
are up to ⇠20% for the VBF and VH production rates compared to Ref. [55] . The uncertainty in
the measurement of the ttH production rate is reduced by around 50% compared to Ref. [56].
This is in part due to the increase in the ttH cross section between 8 and 13 TeV, but also due to
the inclusion of additional exclusive event categories for this production process.

The most generic signal strength parametrization has one signal strength parameter for each
production and decay mode combination, µ

f
i . Given the five production and six decay modes

listed above, this implies a model with 30 parameters of interest. However not all can be ex-
perimentally constrained in this combination. There is no dedicated analysis from CMS at
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Figure 10: Likelihood scan in the M-e plane (left). The best fit point and the 1s and 2s CL
regions are shown, along with the SM prediction. Result of the phenomenological (M, e) fit
overlayed with the resolved k-framework model (right).

Table 7: Best fit values and ±1s uncertainties for the parameters of the k model in which the
loop processes are resolved. The expected uncertainties are given in brackets.

Parameter Best fit value Uncertainty

stat. syst.

kW 1.10 +0.12
�0.17

+0.08
�0.16

+0.08
�0.06

(+0.11
�0.10) (+0.08

�0.08) (+0.06
�0.06)

kZ 0.99 +0.11
�0.12

+0.09
�0.10

+0.06
�0.07

(+0.11
�0.11) (+0.09

�0.09) (+0.06
�0.06)

kt 1.11 +0.12
�0.10

+0.07
�0.07

+0.09
�0.08

(+0.11
�0.12) (+0.07

�0.08) (+0.09
�0.09)

kb �1.10 +0.33
�0.23

+0.29
�0.16

+0.15
�0.17

(+0.22
�0.22) (+0.15

�0.15) (+0.17
�0.16)

kt 1.01 +0.16
�0.20

+0.11
�0.17

+0.12
�0.11

(+0.17
�0.15) (+0.12

�0.10) (+0.12
�0.11)

kµ 0.79 +0.58
�0.79

+0.56
�0.80

+0.14
�0.00

(+0.50
�1.01) (+0.50

�1.01) (+0.08
�0.10)

26

branching fraction to any final state that is not detected by the analyses included in this com-
bined analysis. The likelihood scan for the Binv parameter in this model, and the 2D likelihood
scan of Binv vs. Bundet are given in Fig. 12. The 68 and 95% CL regions for Fig. 12 (right) are
determined as the regions for which q(Bundet,Binv) < 2.28 and 5.99, respectively. The 95%
CL upper limits of Binv < 0.22 and Bundet < 0.38 are determined, corresponding to the value
for which q < 3.84 [92]. The uncertainty in the measurement of kt is reduced by nearly 40%
compared to Ref. [56]. This improvement is because of the improved sensitivity to the ttH
production mode as described in Section 7.

���
���
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Figure 12: Results within the generic k-framework model with effective loops and with the
constraint |kW|, |kZ|  1 (same sign of kW and kZ), and with Binv > 0 and Bundet > 0 as free
parameters. Scan of the test statistic q as a function of Binv (left), and 68 and 95% CL regions for
Binv vs. Bundet (right). The scan of the test statistic q as a function of Binv expected assuming
the SM is also shown in the left figure.

In both of the generic k models, the best fit point for kW is negative. The value of q(kW) as a
function of kW in the two cases is shown in Fig. 13. While different combinations of signs for
kW and kZ are shown, the minimum value of q across all combinations is used to determine the
best fit point and the 1s and 2s CL regions.

The preferred negative value of kW is due to the interference between some of the diagrams
describing tH production, which contributes in several analyses entering the combination. In
particular, the excess in the ttH tagged categories of the H ! gg analysis can be accounted for
by a negative value of kW as this increases the contribution of tH production. In these models,
the H ! gg decay is treated as an effective coupling so that it has no dependence on kW.
This means that a negative value of kW will not result in excesses in the other categories of the
H ! gg analysis.

Using Eq. (7), this model is also reinterpreted as a constraint on the total Higgs boson width,
and the corresponding likelihood scan is shown in Fig. 14. Using this parametrization, the total
Higgs boson width relative to the SM expectation is determined to be GH/GSM

H = 0.98+0.31
�0.25. The

different behavior between the observed and expected likelihood scans for large GH/GSM
H is due

to the preference in data for the ktkW < 0 relative sign combination.

An additional fit is performed assuming that the only BSM contributions to the Higgs couplings
appear in the loop-induced ggH and H ! gg processes. In this fit, kg and kg are the POIs, Binv
and Bundet are floated, and the other couplings are fixed to their SM predictions. The best fit
point and the 1s and 2s CL regions in the kg-kg plane for this model are shown in Fig. 15.
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Figure 13: Scan of the test statistic q as a function of kW in the generic k model assuming
BBSM = 0 (left) and allowing Binv and Bundet to float (right). The different colored lines indicate
the value of q for different combinations of signs for kW and kZ. The solid black line shows the
minimum value of q(kW) in each case and is used to determine the best fit point and the 1s and
2s CL regions. The scan in the right figure is truncated because of the constraints of |kW|  1
and |kZ|  1, which are imposed in this model.
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Figure 14: The scan of the test statistic q as a function of GH/GSM
H obtained by reinterpreting the

model allowing for BSM decays of the Higgs boson. The expected scan of q as a function of
GH/GSM

H assuming the SM is also shown.
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Table 9: Best fit values and ±1s uncertainties for the parameters of the coupling modifier ratio
model. The expected uncertainties are given in brackets.

Uncertainty Uncertainty
Parameter Best fit stat syst Parameter Best fit stat syst

kgZ
1.03 +0.09

�0.09
+0.07
�0.07

+0.05
�0.05 lgZ

1.07 +0.12
�0.10

+0.10
�0.08

+0.06
�0.05

(+0.09
�0.09) (+0.07

�0.07) (+0.05
�0.05) (+0.11

�0.09) (+0.09
�0.08) (+0.05

�0.04)

lWZ
�1.13 +0.10

�0.11
+0.08
�0.09

+0.06
�0.06 lbZ

1.17 +0.23
�0.20

+0.16
�0.14

+0.16
�0.14

(+0.11
�0.09) (+0.09

�0.08) (+0.06
�0.05) (+0.22

�0.19) (+0.16
�0.14) (+0.15

�0.13)

ltg
0.83 +0.14

�0.13
+0.08
�0.08

+0.11
�0.10 ltZ

1.02 +0.16
�0.15

+0.11
�0.10

+0.12
�0.11

(+0.17
�0.16) (+0.11

�0.11) (+0.12
�0.12) (+0.16

�0.14) (+0.11
�0.10) (+0.11

�0.10)

lZg
0.85 +0.14

�0.13
+0.10
�0.12

+0.09
�0.05 lµZ

0.81 +0.57
�0.81

+0.56
�0.82

+0.11
�0.00

(+0.17
�0.16) (+0.13

�0.13) (+0.11
�0.09) (+0.50

�1.01) (+0.49
�1.01) (+0.07

�0.07)

8.4 Fits of vector boson and fermion coupling modifiers

A more constrained version of the loop-resolved k model is defined by assuming a common
scaling of all vector boson and fermion couplings, respectively. Two models are defined: one in
which all signal processes are scaled according to these two kV and kF parameters, and one in
which separate k

f
V and k

f
F parameters are defined for each of the five decay processes. The best

fit points and the 1s and 2s CL regions in the kV-kF plane for both models are shown in Fig. 17,
and the results are summarized in Table 10. For large values of kZZ

F the likelihood becomes
essentially flat, resulting in the best fit point for this parameter being beyond the scale of the
axis shown. The 1D 68% CL region for kZZ

F can be expressed as [1.22, •].

Vκ
0.5 1 1.5 2

F
κ

0.5

1

1.5

2

bb→H ττ→H

ZZ→H γγ→H

WW→H Combined

 regionσ1

 regionσ2

Best fit

SM expected

 (13 TeV)-135.9 fb

CMS

Figure 17: The 1s and 2s CL regions in the kF vs. kV parameter space for the model assuming
a common scaling of all the vector boson and fermion couplings.

8.5 Benchmark models with resolved loops to test the symmetry of fermion

couplings

Several BSM models predict the existence of an extended Higgs sector. In such scenarios, the
couplings to up-and down-type fermions, or to leptons and quarks, can be separately modified.
In order to probe such models, parametrizations are introduced in which the couplings of the

CMS arXiv:1809.10733
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2016

2016

https://arxiv.org/pdf/1809.10733.pdf
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Observation of ProducttHion
๏ Last April, CMS reported first observation of ttH production 

★ Tour de force analysis, combining multiple channels (bb, ττ, γγ, 
multileptons), as well as 7, 8, and 13 TeV data 

★ 5.2σ (4.2σ) observed (expected) significance, benefiting from 
an excess seen in Run 1 data 

★ μ = σexp/σth = 1.26+0.31-0.26, in agreement with the SM

 11

3

Htt
µ

1− 0 1 2 3 4 5 6 7

Combined

13 TeV

7+8 TeV

)bH(btt

)-τ+τH(tt

)γγH(tt

H(ZZ*)tt

H(WW*)tt

 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS Observed
 syst)⊕ (stat σ1±

 (syst)σ1±
 syst)⊕ (stat σ2±

Figure 1: Best fit value of the ttH signal strength modifier µttH, with its 1 and 2 standard devia-
tion confidence intervals (s), for (upper section) the five individual decay channels considered,
(middle section) the combined result for 7+8 TeV alone and for 13 TeV alone, and (lower section)
the overall combined result. The Higgs boson mass is taken to be 125.09 GeV. For the H ! ZZ⇤

decay mode, µttH is constrained to be positive to prevent the corresponding event yield from
becoming negative. The SM expectation is shown as a dashed vertical line.

defined as the negative of twice the logarithm of the profile likelihood ratio [40]. Systematic
uncertainties are incorporated through the use of nuisance parameters treated according to
the frequentist paradigm. The ratio between the normalization of the ttH production process
and its SM expectation [33], defined as the signal strength modifier µttH, is a freely floating
parameter in the fit. The SM expectation is evaluated assuming the combined ATLAS and CMS
value for the mass of the Higgs boson, which is 125.09 GeV [41]. We consider the five Higgs
boson decay modes with the largest expected event yields, namely H ! WW⇤, ZZ⇤, gg, t+t�,
and bb. Other Higgs boson decay modes and production processes, including pp ! tH+X (or
tH + X), with X a light flavor quark or W boson, are treated as backgrounds and normalized
using the predicted SM cross sections, subject to the corresponding uncertainties.

The measured values of the five independent signal strength modifiers, corresponding to the
five decay channels considered, are shown in the upper section of Fig. 1 along with their 1
and 2 standard deviation confidence intervals obtained in the asymptotic approximation [42].
Numerical values are given in Table 1. The individual measurements are seen to be consistent
with each other within the uncertainties.

We also perform a combined fit, using a single signal strength modifier µttH, that simultane-
ously scales the ttH production cross sections of the five decay channels considered, with all
Higgs boson branching fractions fixed to their SM values [33]. Besides the five decay modes
considered, the signal normalizations for the Higgs boson decay modes to gluons, charm
quarks, and Zg, which are subleading and cannot be constrained with existing data, are scaled
by µttH. The results combining the decay modes at 7+8 TeV, and separately at 13 TeV, are shown
in the middle section of Fig. 1. The overall result, combining all decay modes and all CM en-
ergies, is shown in the lower section, with numerical values given in Table 1. The table also
includes a breakdown of the total uncertainties into their statistical and systematic compo-
nents. The overall result is µttH = 1.26 +0.31

�0.26, which agrees with the SM expectation µttH = 1

4

Htt
µ

0 0.5 1 1.5 2 2.5 3 3.5

q

0

5

10

15

20

25

30

35
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σ3
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σ5
σ5.2

σ4.2
σ4.5

σ3.2

CMS
 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

Combined
SM expected
13 TeV
7+8 TeV

Figure 2: The test statistic q, described in the text, as a function of µttH for all decay modes at
7+8 TeV and at 13 TeV, separately, and for all decay modes at all CM energies. The expected
SM result for the overall combination is also shown. The horizontal dashed lines indicate the
p-values for the background-only hypothesis obtained from the asymptotic distribution of q,
expressed in units of the number of standard deviations.

within 1 standard deviation.

Figure 2 shows the value of the test statistic q as a function of µttH, with µttH based on the com-
bination of decay modes described in the previous paragraph. The results are shown for the
combination of all decay modes at 7+8 TeV and at 13 TeV, separately, and for all decay modes at
all CM energies. To quantify the significance of the measured ttH yield, we compute the prob-
ability of the background-only hypothesis (p-value) as the tail integral of the test statistic using
the overall combination evaluated at µttH = 0 under the asymptotic approximation [43]. This
corresponds to a significance of 5.2 standard deviations for a one-tailed Gaussian distribution.
The expected significance for a SM Higgs boson with a mass of 125.09 GeV, evaluated through
use of an Asimov data set [43], is 4.2 standard deviations.

In summary, we have reported the observation of ttH production with a significance of 5.2 stan-
dard deviations above the background-only hypothesis, at a Higgs boson mass of 125.09 GeV.
The measured production rate is consistent with the standard model prediction within one
standard deviation. In addition to comprising the first observation of a new Higgs boson pro-
duction mechanism, this measurement establishes the tree-level coupling of the Higgs boson
to the top quark, and hence to an up-type quark.
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EventtH Display
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Half-a-Year LattHer...
๏ Analyzed the ttH(𝛄𝛄) channel with 2017 data and combined with 

the 2016 measurement in the same channel 
★ 3.1 (2.2)σ observed (expected) significance (2017) 
★ 4.1 (2.7)σ observed (expected) significance (2016+2017) 
★ μ = 1.3+0.7-0.5 (2017) or 1.7+0.6-0.5 (2016+2017)
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9. Summary 17
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Figure 7: The likelihood scan for the tt̄H signal strength where the value of the standard model
Higgs boson mass is constrained to the Run I combination [9].
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Figure 8: Signal strength modifiers measured for each analysis category (black points), with the
value of the standard model Higgs boson mass constrained to the Run I combination, compared
to the overall signal strength (green band) and to the SM expectation (dashed red line).
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Figure 10: Data points (black) and signal plus background model fits for all categories weighted
by S/(S + B), where S and B are the numbers of expected signal and background events, respec-
tively, in a ±1se f f mass window centered on mH. The tt̄H signal strength (top left) is from a
simultaneous fit to all categories. The one standard deviation (green) and two standard devia-
tion (yellow) bands include the uncertainties in the background component of the fit. The solid
red line shows the contribution from the total signal, plus the background contribution. The
dashed red line shows the contribution from the background component of the fit. The bottom
plot shows the residuals after subtraction of this background component.
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YettH Another Half-a-Year
๏ Analyzed 2017 data (41.5 fb-1) in ttH(bb) mode, with all 

three decay modes of the top quark pair 
★ Similar analysis strategy (based on BDTs) to the 

observation paper 
๏ Observed (expected) significance: 3.7 (2.6)σ 

★ Combined w/ the earlier 2016 analysis: 3.9 (3.5)σ

 14

7. Results 19

Table 5: Best fit value of the signal strength modifier µ and the corresponding observed (obs)
and expected (exp) significance in standard deviations in the fully-hadronic (FH), single-lepton
(SL), and dilepton (DL) channels and in the channel combination.

µ̂ ± tot (±stat ± syst) significance obs (exp)

FH 3 b-tags 1.36+3.57
�5.36

⇣
+1.68
�1.69

+3.15
�5.09

⌘
0.3 s (0.2 s)

FH 4 b-tags �1.54+1.41
�1.45

⇣
+0.91
�0.90

+1.08
�1.13

⌘
— (0.7 s)

FH combined �1.69+1.43
�1.47

⇣
+0.83
�0.83

+1.16
�1.22

⌘
— (0.7 s)

SL 4 jets 1.73+2.25
�2.21

�+0.88
�0.87

+2.07
�2.04

�
0.8 s (0.5 s)

SL 5 jets 0.73+0.98
�0.97

⇣
+0.47
�0.46

+0.86
�0.86

⌘
0.8 s (1.0 s)

SL � 6 jets 2.05+0.76
�0.69

⇣
+0.31
�0.31

+0.69
�0.62

⌘
3.0 s (1.6 s)

SL combined 1.84+0.62
�0.56

�+0.26
�0.26

+0.56
�0.50

�
3.3 s (1.9 s)

DL 3 jets �2.35+4.40
�2.65

⇣
+2.13
�2.06

+3.85
�1.66

⌘
— (0.2 s)

DL � 4 jets 1.57+1.02
�0.98

�+0.55
�0.53

+0.86
�0.82

�
1.6 s (1.0 s)

DL combined 1.62+0.90
�0.85

�+0.50
�0.48

+0.76
�0.70

�
1.9 s (1.2 s)

FH+SL+DL combined 1.49+0.44
�0.40

⇣
+0.21
�0.20

+0.39
�0.35

⌘
3.7 s (2.6 s)

FH+SL+DL combined 2016+2017 1.15+0.32
�0.29

⇣
+0.15
�0.15

+0.28
�0.25

⌘
3.9 s (3.5 s)

0 5 10

SMσ/σ = µ
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Figure 7: Best fit values of the signal strength modifiers µ obtained in the fit of the 2017 dataset
(left) and in the combined fit of the 2016 and 2017 datasets (right) per channel and dataset and
in the full combination. Also shown are the 68% expected confidence intervals (outer error
bar), also split into their statistical (inner error bar) and systematic components.
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Figure 5: Observed and expected 95% CL upper limits on sB(H ! inv)/sSM for the all-
hadronic, semi-leptonic, and di-leptonic final states, as well as their combination, assuming
an SM Higgs boson with a mass of 125 GeV (left). The solid curves represent the observations
in data, while the dashed lines represent the expected result assuming the absence of any sig-
nal. Profile likelihood ratios as a function of B(H ! inv) (right). The observed and expected
likelihood scans are reported for the combination, as well as for the all-hadronic, semi-leptonic,
and di-leptonic final states, repectively.

assumption of Standard Model like production cross section, the constraint is weaker than
direct limits obtained using the vector boson fusion topology, comparable with those obtained
using the associated production, and stronger than the gluon fusion limits [50]. Furthermore,
the ttH mode can have highest sensitivity to beyond Standard Model scenarios with enhanced
top quark Yukawa couplings, and therefore provides comlementary information to the vector
boson fusion topology based searches. The result is currently statistically limited due to the
low cross section of the ttH process and will strongly benefit from updates with more data.
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New Search ttHool
๏ Just a year after the first observation, use the ttH production 

mechanism as a tool for searches 
๏ First limits on the H(inv.) decay in this channel  

★ Similar topology to top squark pair production (from one 
(pseudo)scalar to another!) 

★Reinterpret SUSY searches in 0L, 1L, and 2L channels 
★ Sensitivity is dominated by the all-hadronic (0L) channel 

๏ Result: 
★ B(H→inv.) < 0.46 (0.48 exp.) @ 95% CL
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Figure 1: Example leading-order diagram corresponding to pair production of top squarks (etet)
predicted by SUSY (left). The process results in the production of two top quarks and p

miss
T

corresponding to undetected neutralinos. The same topology can be produced via a ttH process
with the Higgs boson decaying to invisible particles (right).

3 Event reconstruction and Monte Carlo simulation
Event reconstruction is based on the particle-flow (PF) algorithm [17], which optimally com-
bines information from the tracker, calorimeters, and muon systems to reconstruct and identify
PF candidates, i.e., charged and neutral hadrons, photons, electrons, and muons. To select col-
lision events, we require at least one reconstructed vertex. The reconstructed vertex with the
largest value of summed physics-object p

2
T is taken to be the primary proton-proton (pp) inter-

action vertex, where pT is the transverse momentum with respect to the beam axis. The physics
objects are the objects returned by a jet finding algorithm [18, 19] applied to all charged tracks
associated with the vertex, plus the corresponding associated missing transverse momentum.
The missing transverse momentum vector, ~pmiss

T , is defined as the negative vector sum of the
momenta of all reconstructed PF candidates projected onto the plane perpendicular to the pro-
ton beams. Its magnitude is referred to as p

miss
T . Events with possible contributions from beam

halo processes or anomalous noise in the calorimeters can have large values of p
miss
T and are

rejected using dedicated filters [20].

Electron candidates are reconstructed by first matching clusters of energy deposited in the
ECAL to reconstructed tracks. The electron selection is based on the shower shape, the ratio
of energy measured in the HCAL to that measured in the ECAL, track-cluster matching, and
consistency between the cluster energy and the track momentum [21]. Muon candidates are
reconstructed by performing a global fit that requires consistent hit patterns in the tracker and
the muon system [22]. Photon candidates are reconstructed from a cluster of energy deposits
in the ECAL, and they are required to pass criteria based on the shower shape and the ratio of
energy measured in the HCAL to that measured in the ECAL [21]. Hadronically decaying tau
lepton candidates (th) are reconstructed from PF candidates with the “hadron-plus-strips” al-
gorithm [23]. Electron, muon, photon, and th candidates are required to be isolated from other
particles, and electron, muon, and th candidates must satisfy requirements on the transverse
and longitudinal impact parameters relative to the primary vertex.

PF candidates are clustered to form jets using the anti-kT clustering algorithm [18] as imple-
mented in the FASTJET package [19]. A distance parameter DR ⌘

p
(Dh)2 + (Df)2 = 0.4 is

used in the clustering algorithm, where Dh and Df are the distances between two objects in
h–f space. Only charged PF candidates compatible with the primary vertex are used in the
clustering. The pileup contribution to the jet energy is estimated on an event-by-event basis
using the jet area method described in [24] and is subtracted from the overall jet pT. Corrections
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Figure 1: Example leading-order diagram corresponding to pair production of top squarks (etet)
predicted by SUSY (left). The process results in the production of two top quarks and p

miss
T

corresponding to undetected neutralinos. The same topology can be produced via a ttH process
with the Higgs boson decaying to invisible particles (right).

3 Event reconstruction and Monte Carlo simulation
Event reconstruction is based on the particle-flow (PF) algorithm [17], which optimally com-
bines information from the tracker, calorimeters, and muon systems to reconstruct and identify
PF candidates, i.e., charged and neutral hadrons, photons, electrons, and muons. To select col-
lision events, we require at least one reconstructed vertex. The reconstructed vertex with the
largest value of summed physics-object p

2
T is taken to be the primary proton-proton (pp) inter-

action vertex, where pT is the transverse momentum with respect to the beam axis. The physics
objects are the objects returned by a jet finding algorithm [18, 19] applied to all charged tracks
associated with the vertex, plus the corresponding associated missing transverse momentum.
The missing transverse momentum vector, ~pmiss

T , is defined as the negative vector sum of the
momenta of all reconstructed PF candidates projected onto the plane perpendicular to the pro-
ton beams. Its magnitude is referred to as p

miss
T . Events with possible contributions from beam

halo processes or anomalous noise in the calorimeters can have large values of p
miss
T and are

rejected using dedicated filters [20].

Electron candidates are reconstructed by first matching clusters of energy deposited in the
ECAL to reconstructed tracks. The electron selection is based on the shower shape, the ratio
of energy measured in the HCAL to that measured in the ECAL, track-cluster matching, and
consistency between the cluster energy and the track momentum [21]. Muon candidates are
reconstructed by performing a global fit that requires consistent hit patterns in the tracker and
the muon system [22]. Photon candidates are reconstructed from a cluster of energy deposits
in the ECAL, and they are required to pass criteria based on the shower shape and the ratio of
energy measured in the HCAL to that measured in the ECAL [21]. Hadronically decaying tau
lepton candidates (th) are reconstructed from PF candidates with the “hadron-plus-strips” al-
gorithm [23]. Electron, muon, photon, and th candidates are required to be isolated from other
particles, and electron, muon, and th candidates must satisfy requirements on the transverse
and longitudinal impact parameters relative to the primary vertex.

PF candidates are clustered to form jets using the anti-kT clustering algorithm [18] as imple-
mented in the FASTJET package [19]. A distance parameter DR ⌘

p
(Dh)2 + (Df)2 = 0.4 is

used in the clustering algorithm, where Dh and Df are the distances between two objects in
h–f space. Only charged PF candidates compatible with the primary vertex are used in the
clustering. The pileup contribution to the jet energy is estimated on an event-by-event basis
using the jet area method described in [24] and is subtracted from the overall jet pT. Corrections
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Multilepttɸn Search
๏ New interpretation of a multilepton search with full Run 2 

data: ttɸ production, where ɸ is a generic scalar or  
pseudoscalar 

๏ Search is done in a  
number of 3L and 4L  
(L = e, μ) categories;  
on-Z, off-Z; w/and  
w/o b tags 

๏ Use mass of the OSSF 
pair as the search 
variable
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons
are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in Ref. [25].

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom
hardware processors, uses information from the calorimeters and muon detectors to select up to
100 kHz of the most relevant pp collision events. These are further processed by a second level
consisting of a farm of processors, known as the high level trigger, that combines information
from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.

3 Data samples and simulation
The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and electron
triggers are used with the corresponding transverse momentum (pT) thresholds of 24 and 27
GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods, collecting
35.9, 41.5, and 59.7 fb�1 of data, respectively.

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM
background processes. The ZZ background contribution from quark-antiquark annihilation is
generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-
tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and
triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,
2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-
ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes
generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and
POWHEG 2.0, respectively, are also extensively used for systematic studies.

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The
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Figure 12: The 95% confidence level upper limits on the square of the Yukawa coupling to
top quarks times branching ratio for a scalar f boson in dielectron (upper left) and dimuon
(lower left) channels, and for a pseudoscalar f boson in dielectron (upper right) and dimuon
(lower right) channels, where f is produced in association with a top quark pair. Assuming
a Yukawa coupling of unity strength to top quarks, the branching ratio of new scalar (pseu-
doscalar) bosons to dielectrons and dimuons above 0.003 (0.03) are excluded for masses in the
range of 15 � 75 GeV, and above 0.04 (0.03) for masses in the range of 108 � 340 GeV.
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Observation of tH(bb)e Decay
๏ Ironically, the dominant decay mode of the Higgs 

boson was the hardest one to observe! 
★ Took ATLAS and CMS over 6 years to publish first 

observation of the H(bb) decay 
๏ Despite the large branching fraction, the 

dominant production mode (ggF) is swamped by 
overwhelming QCD background 

๏ Until recently the only viable channels were VH 
★ But: there is a hope for observing H(bb) in ggF and 

even ttH(bb), as evident from the earlier slides
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Observation of H(bb)
๏ Another tour-de-force analysis, using multiple event 

categories and MVA techniques, as well as advanced b 
tagging algorithms 
★ Includes 2011, 2012, 2016, and 2017 data sets 
★ The signal is evident in the b-tagged dijet mass distribution, 

weighted by the S/(S+B) ratio 
๏ Observed (expected) significance: 5.6σ (5.5σ) 
๏ µ = 1.04 ± 0.20

 18

7

Table 2: Expected and observed significances, in s, and observed signal strengths for the VH
production process with H ! bb. Results are shown separately for 2017 data, combined Run
2 (2016 and 2017) data, and for the combination of the Run 1 and Run 2 data sets. For the
2017 analysis, results are shown separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are obtained for mH = 125.09 GeV
combining statistical and systematic uncertainties.

Significance (s)
Data set Expected Observed Signal strength
2017

0-lepton 1.9 1.3 0.73 ± 0.65
1-lepton 1.8 2.6 1.32 ± 0.55
2-lepton 1.9 1.9 1.05 ± 0.59
Combined 3.1 3.3 1.08 ± 0.34

Run 2 4.2 4.4 1.06 ± 0.26

Run 1 + Run 2 4.9 4.8 1.01 ± 0.22
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Figure 2: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, with all other fitted background processes subtracted. The er-
ror bar for each bin represents the pre-subtraction 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents.

A combination of CMS measurements of the H ! bb decay is performed, including dedicated
analyses for the following production processes: VH (reported above), gluon fusion [38], vec-
tor boson fusion [44], and associated production with top quarks [30, 41, 42]. These analyses
use data collected at 7, 8 and 13 TeV, depending on the process. In this fit, most sources of

8

systematic uncertainty are treated as uncorrelated. The dominant jet energy scale uncertainties
are treated as correlated between processes at the same collision energy, while the theory un-
certainties are correlated between all processes and data sets. The observed (expected) signal
significance is 5.6 (5.5)s, and the measured signal strength is µ = 1.04 ± 0.20. In addition to
the overall signal strength for the H ! bb decay, the signal strengths for the individual pro-
duction processes are also determined in this combination, where contributions from a single
production process to multiple channels are properly accounted for in the fit. All results are
summarized in Fig. 3.

µBest fit 
0 1 2 3 4 5 6 7 8 9

Combined

ZH

WH

ttH

VBF

ggF
stat      syst

 0.14± 0.14 ±1.04 

 0.16± 0.24 ±0.88 

 0.24± 0.29 ±1.24 

 0.37± 0.23 ±0.85 

 1.17± 0.98 ±2.53 

 1.30± 2.08 ±2.80 

CMS
 (13 TeV)-1 77.2 fb≤ (8 TeV) + -1 19.8 fb≤ (7 TeV) + -1 5.1 fb≤

bb→H

Observed
 syst)⊕ (stat σ1±

 (syst)σ1±

Figure 3: Best-fit value of the H ! bb signal strength with its 1s systematic (red) and total
(blue) uncertainties for the five individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard model expectation. All results
are extracted from a single fit combining all input analyses, with mH = 125.09 GeV.

In summary, measurement of the standard model Higgs boson decaying to bottom quarks
has been presented. A combination of all CMS measurements of the VH, H ! bb process
using proton-proton collisions recorded at center of mass energies of 7, 8, and 13 TeV, yields an
observed (expected) significance of 4.8 (4.9) standard deviations at mH = 125.09 GeV, and the
signal strength is µ = 1.01 ± 0.22. Combining this result with previous measurements by the
CMS Collaboration of the H ! bb decay in events where the Higgs boson is produced through
gluon fusion, vector boson fusion, or in association with top quarks, the observed (expected)
significance increases to 5.6 (5.5) standard deviations and the signal strength is µ = 1.04 ± 0.20.
This constitutes the observation of the H ! bb decay by the CMS Collaboration.
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Figure 1: Left: distributions of signal, background, and data event yields sorted into bins of
similar signal-to-background ratio, as given by the result of the fit to their corresponding mul-
tivariate discriminant. All events in the VH, H ! bb signal regions of the combined Run 1
and Run 2 data sets are included. The red histogram indicates the Higgs boson signal con-
tribution, while the grey histogram is the sum of all background yields. The bottom panel
shows the ratio of the data to the background, with the total uncertainty in the background
yield indicated by the grey hatching. The red line indicates the sum of signal plus background
contribution divided by the background yield. Right: best-fit value of the signal strength µ, at
mH = 125.09 GeV, for the fit of all VH, H ! bb channels in the Run 1 and Run 2 data sets. Also
shown are the individual results of the 2016 and 2017 measurements, the Run 2 combination,
and the Run 1 result. Horizontal error bars indicate the 1s systematic (red) and 1s total (blue)
uncertainties, and the vertical dashed line indicates the SM expectation.

The combination yields an observed signal significance of 4.8s, where 4.9s is expected. The
measured signal strength is µ = 1.01 ± 0.22 [0.17 (stat) ± 0.09 (exp)± 0.06 (MC)± 0.08 (theo)],
where the decomposition of the total uncertainty into its components is specified in brackets
following the definitions in Table 1. Figure 1 (left) shows the distribution of events in all chan-
nels sorted according to the observed value of log10 (S/B) for the combined Run 1 and Run
2 data sets, where signal S and background B yields are determined from the corresponding
discriminant score used in each analysis (DNNs for the 2017 data set, boosted decision trees for
all other data sets). Figure 1 (right) summarizes the signal strengths for VH production, with
H ! bb, separately for the different data sets and the combination, while Table 2 summarizes
the significances, also including a breakdown of the 2017 results separated by channel.

An alternative to fitting the DNN score is to fit the m(jj) distribution, which results in less sen-
sitivity but enables a more direct visualization of the Higgs boson signal. As in the VZ analysis,
the signal region is defined to be in the interval [60, 160]GeV in m(jj). This study is performed
only with the 2016 and 2017 data sets, in which events are categorized into four bins of in-
creasing signal-to-background ratio according to the score of their corresponding discriminant,
obtained with those input variables correlated with m(jj) fixed to their mean values. The result-
ing four m(jj) distributions in each data set are fit together with the same distributions used in
the control regions, described above, to extract signal and background yields. The fitted m(jj)
distributions are combined and weighted by S/(S + B), where S and B are computed from
the Higgs boson signal yield and the sum of all background yields for each category consid-
ering their fitted normalizations, respectively. The resulting combined m(jj) distribution, after
background subtraction, is shown in Fig. 2, where the VH and VZ contributions are separately
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Pulling all the Stops
๏ SUSY models are rich in scalar and pseudoscalar particles 
๏ Top squark (stop) is a spin-0 particle that must be relatively light in natural 

SUSY scenarios 
★N.B. Stop is *NOT* a scalar particle; as a complex spin-0 field, it's a mixture of scalar 

and pseudoscalar states (no wonder we haven't found the "scalar top" at the LHC!) 
๏ Pulling all the stops in a multitude of channels and scenarios
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Search for Rare Decays
๏ A search for H(J/ψJ/ψ) and H(Υ(nS)Υ(nS)) (n=1-3) decays and 

the analogous Z boson decays using the 4μ channel 
๏ Very rare in the SM (B ~ 10-5-10-12); huge range of predictions 

★ Can be substantially enhanced by BSM physics 
★ A single event can be a sign of new physics, especially in the YY 

channel
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1 Introduction
A new boson with a mass of 125 GeV was discovered by the ATLAS and CMS Collaborations
at the CERN LHC in 2012 [1–7]. Comprehensive studies in various decay channels and pro-
duction modes have shown that the properties of the new boson are consistent, so far, with
expectations for the standard model (SM) Higgs boson (H) [7–9]. Recently, the Higgs boson
couplings to top and bottom quarks have been directly measured [10–13]. Couplings to lighter
quarks are still not observed directly. Rare exclusive decays of the Higgs boson to mesons pro-
vide experimentally clean final states to study Yukawa couplings to quarks and physics beyond
the SM (BSM). Examples of diagrams for decays of the Higgs and Z boson into quarkonium
pairs are shown in Fig. 1. The symbol Q refers to charmonium and bottomonium states.

c,bZ

Z

Q

Q

H

c,b

Z

Z

Q

Q

H
c,bq

,gγ Q

Q

H,Z
c,b

Q

Q

H,Z

Figure 1: Feynman diagrams for H ! QQ and Z ! QQ with Q = charmonium or bottomo-
nium states. In the two leftmost diagrams [14], the virtual particles are Z bosons. The center-
right diagram depicts indirect processes in the case where the flavor of the quark q in the loop
is top, and direct processes in the case where it is charm or bottom. The other virtual parti-
cles are either photons or gluons. In the latter case additional soft-gluon exchange occurs. The
rightmost diagram shows direct processes for the Higgs or Z bosons.

The importance of the measurement of such decays has been pointed out by Ref. [15–18]. Using
a phenomenological approach for the direct H-qq coupling, Ref. [15] finds that the dominant
quarkonium pair decay mode is H ! UU with an estimated branching fraction (B) at the level
of 10�5. The early calculations of Higgs boson decays into a pair of heavy quarkonia states did
not include relativistic corrections caused by the internal motion of quarks [14]. The importance
of the latter corrections is underlined by the fact that the predicted e+e� ! J/yhc cross section
increases by an order of magnitude [19–21] when these effects are included, in agreement with
measurements by the Belle and BaBar experiments [22, 23].

With emphasis on amplitudes where the Higgs boson couples indirectly to the final state me-
sons, such as represented by the two leftmost diagrams in Fig. 1, Ref. [14] arrives at values of
about B(H ! J/yJ/y) = 1.5 ⇥ 10�10 and B(H ! UU) = 2 ⇥ 10�9. The mechanism where
the Higgs boson couples directly to charm or bottom quarks, which then hadronize to heavy
quarkonia, was considered in a recent calculation [24] leading to an increase of an order of
magnitude in B(H ! J/yg). The Higgs boson decay to the J/y pair could also occur when the
photon in the J/yg decay is virtual and transforms into a J/y meson. Recently, the decay H !
J/yg has been searched for by the ATLAS and CMS collaborations [25, 26]. This Letter also
presents the first search for decays of the Z boson into quarkonium pairs. Feynman diagrams
are shown in Fig. 1 (two rightmost plots). The SM prediction for B(Z ! J/yJ/y) calculated
in the framework of nonrelativistic QCD and leading twist light cone models is of the order of
10�12 [27]. Several approximations for the non-perturbative QCD processes are used, including
the restriction to color-singlet quarkonium states.

New physics could affect the direct boson couplings or could enter through loops, and alter

5

less than 3%. The difference in the four-muon Kalman vertex fit efficiency between data and
simulation is evaluated with J/y pair event samples and found to be less than 3%. The to-
tal signal efficiency, including kinematic acceptance, trigger, reconstruction, identification, and
isolation efficiencies, for the J/yJ/y decays with unpolarized J/y is approximately 23% for both
bosons. For the UU decays the corresponding efficiency is about 27%.
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Figure 2: The four-muon invariant mass distributions, for J/yJ/y (left) and UU (right) candi-
dates (error bars for zero entries are omitted). The result of the maximum likelihood fit is
superimposed (solid blue line). For illustrative purposes, the plots also show the distributions
for simulated Higgs and Z boson signals (dashed red lines), each normalized to two events.

5 Results
Unbinned extended maximum-likelihood fits [54] to the four-muon invariant mass distribu-
tions M4µ are performed. Yields for signals and backgrounds are free parameters in the fit. For
the Higgs boson the invariant mass distribution obtained from simulation is described with two
Gaussian functions with a common mean. The simulated Z signal is described with a Voigtian
function with the world-average value for the resonance width [46]. The mass resolution and
mean are taken from the fit to the simulation, and they are fixed in the fit to data.

The four-muon invariant mass distribution up to 140 GeV is described by an exponential plus
constant function. The relative contribution and decay constant of the exponential function
are varied in the fit to data. The values of both parameters are found to be in close agreement
between observation and simulation [49]. The result of the fit is shown as a solid blue line in
Fig. 2 (left).

In the U pair sample, no events are observed above the four-muon invariant mass of 40 GeV.
The four-muon invariant mass distribution is modeled analogously to the J/y pair channel. The
M4µ distribution below 40 GeV is well described by an exponential function. The decay con-
stant of the exponential function is also varied in the fit. The same function describes an event
sample generated with the pair production model [49]. Figure 2 (right) shows the observed
M4µ distribution with the fit superimposed.

Given the absence of a signal for either of the bosons, upper limits on the branching fractions
are obtained. They are set by using the modified frequentist approach, CLs, with the profile
likelihood ratio as a test statistic [55–57]. The uncertainties affecting the signal yields include
the contributions from the luminosity measurement [58], the corrections applied to the simu-
lated events in order to compensate for differences in trigger, muon reconstruction and identifi-

6

cation efficiencies, momentum scale and resolution of muon candidates, and four-muon vertex
fit. Sources for theoretical uncertainties are the QCD coupling and PDF choice [32, 39, 59], and
the renormalization and factorization scale choice [59–62]. The uncertainties in the J/y and U
branching fractions to muon pairs are taken from Ref. [46]. The relative impact of the systematic
uncertainties on the upper limits is less than 2% in all channels.

The value for B(J/y ! µ+µ�) is taken from Ref. [46]. This analysis does not distinguish
between the three U(nS) states. To calculate their contribution to the corresponding H and Z
boson branching fraction the coupling strength of the bosons to any U(nS) pairing is assumed
to be the same. All U states can directly decay into muon pairs with the different branching
fractions taken from Ref. [46]. In addition, it is assumed that one of the U states could be the
result of a transition U(3S) ! U(2S), U(3S) ! U(1S), or U(2S) ! U(1S) before decaying into
muons [46].

The observed and median expected exclusion limits for the branching fractions at 95% confi-
dence level (CL) for the H and Z boson decays are listed in Table 1.

Table 1: Exclusion limits at 95% CL for the branching fractions of the H and Z boson decays to
J/y or U mesons pairs. The second column lists the observed limits. The third column shows
the median expected limits with the upper and lower bounds in the expected 68% CL intervals.

Process Observed Expected

B(H ! J/yJ/y) 1.8 ⇥ 10�3 (1.8+0.2
�0.1)⇥ 10�3

B(H ! UU) 1.4 ⇥ 10�3 (1.4 ± 0.1)⇥ 10�3

B(Z ! J/yJ/y) 2.2 ⇥ 10�6 (2.8+1.2
�0.7)⇥ 10�6

B(Z ! UU) 1.5 ⇥ 10�6 (1.5 ± 0.1)⇥ 10�6

The relative changes in the upper limits on the Higgs boson decay branching fractions with
respect to the case of unpolarized decay mesons are about �22% for fully longitudinally polar-
ized J/y and U mesons, and +10% for fully transversely polarized mesons. For the Z boson the
relative changes are about �29 (�26)% for fully longitudinally polarized J/y (U) mesons and
+13 (+12)% for fully transversely polarized mesons.

6 Summary
In summary, this Letter presents the first search for decays of the Higgs and Z boson to pairs
of J/y or U(nS) (n=1,2,3) mesons, with their subsequent decay to µ+µ� pairs. Data from pp
collisions at

p
s = 13 TeV, corresponding to an integrated luminosity of 37.5 fb�1 are used. No

excess has been observed above a small background in the J/y pair and with vanishingly small
background in the U pair channels. The observed upper limits at 95% confidence level on the
branching fractions for the Higgs boson decays for unpolarized mesons are B(H ! J/yJ/y) <
1.8 ⇥ 10�3 and B(H ! UU) < 1.4 ⇥ 10�3. The observed upper limits on the branching frac-
tions for the Z boson decay in the unpolarized scenario are B(Z ! J/yJ/y) < 2.2 ⇥ 10�6 and
B(Z ! UU) < 1.5 ⇥ 10�6, where all three U(nS) states are considered. Extreme polariza-
tion scenarios give rise to variations in the observed boson decay branching fractions between
�(22–29)% for fully longitudinally polarized J/y and U mesons and +(10–13)% for fully trans-
versely polarized mesons. This analysis is expected to motivate renewed calculations of the
Higgs boson branching fractions for rare standard model decays, as only a few positive signal
events would indicate the presence of physics beyond the standard model.

-20-30% to +10% change in limits for extreme 
polarization scenarios

Unpolarized:

Υ(nS)Υ(nS), n = 1,2,3

J/ψJ/ψ

CMS arXiv:1905.10408

20162016
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Search(aa)
๏ One could look for light pseudoscalars (ALPs) in decays of 

the Higgs boson 
๏ Latest search from CMS h→aa→2μ2b based on 2016 data 

★ Signal region is an ellipse in the mμμ vs. mbb plane 
★ Look for peaks in the projection on the high-resolution dimuon 

mass 
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nal. Their effects on the yield are taken into account by introducing nuisance parameters with
log-normal distributions into the fit.

7 Results
The analysis yields no significant excess of events over the SM background prediction. Figure 4
shows the mµµ distribution in the data of all categories together with the best fit output for the
background model, including uncertainties.
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Figure 4: The best fit output to the data under the background-only hypothesis for the (top left)
TL category, (top right) TM category, (bottom left) TT category and (bottom right) all categories,
presented together with 68% CL uncertainty band for the background model.

The upper limit on shB(h ! a1a1 ! µ+µ�bb) is obtained at 95% CL using the CLs crite-
rion [57, 58] and an asymptotic approximation to the distribution of the profiled likelihood ra-
tio test statistic [59]. Assuming the SM cross sections for the Higgs boson production processes
within the theoretical uncertainties, an upper limit is placed on B(h ! a1a1 ! µ+µ�bb)
using the same procedure. Limits are evaluated as a function of ma1

. The observed and ex-
pected limits are illustrated in Fig. 5 for both cases. Dominant systematic uncertainties are

10

those associated with the b jet identification, followed by the modelling of parton shower and
fragmentation. For ma1

= 40 GeV, the b tagging uncertainties arising from LF contamination
and JES amount to 17 and 14%, respectively. The uncertainty arising from the parton shower
and fragmentation models is about 7%. Other uncertainties are below 5%.

At 95% CL, the observed upper limits on B(h ! a1a1 ! µ+µ�bb) are (1–7) ⇥ 10�4 for the
mass range 20 to 62.5 GeV, whilst the expected limits are (1–3)⇥ 10�4. A similar search from
CMS in Run I [14] led to observed upper limits of (2–8) ⇥ 10�4 at 95% CL, considering the
g g F Higgs boson production and the mass range 25  ma1

 62.5 GeV. The corresponding
expected limits on the branching fraction at 95% CL are (3–4)⇥ 10�4. At 13 TeV, the g g F Higgs
boson production cross section has increased by a factor of about 2.3 over that at 8 TeV, while
the production cross section of main backgrounds, Drell–Yan and tt, has increased by a factor
of 1.5 and 3.3, respectively. Despite the relative increase in backgrounds, better sensitivity is
achieved using improved analysis techniques in Run II.
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Figure 5: Observed and expected upper limits at 95% CL on the (left) product of the Higgs
boson production cross section and B(h ! a1a1 ! µ+µ�bb) and (right) the branching fraction
as a function of ma1

. The inner and outer bands indicate the regions containing the distribution
of limits located within 68 and 95% confidence intervals, respectively, of the expectation under
the background–only hypothesis.

Observed limits on B(h ! a1a1) are shown in Fig. 6 in the plane of (ma1
, tan b) for type-III and

type-IV 2HDM+S, using only the µ+µ�bb signal. The allowed ranges for B(h ! a1a1)  1
and B(h ! a1a1)  0.34 [7] are also presented.

The effect of including the µ+µ�t�t+ signal is studied in the (ma1
, tan b) plane for the four

types of 2HDM+S. For a given (ma1
, tan b) the relevance of µ+µ�t�t+ depends on the ratio

B(a1 ! tt)esel.
µµtt/B(a1 ! bb)esel.

µµbb as well as the sensitivity of the analysis. Here esel. refers
to the acceptance and the selection efficiency of the process. The ratio esel.

µµtt/esel.
µµbb is about 1%

in the TL category while it reduces to 0.3 and 0.1% in the TM and TT categories, respectively.
However, because of the increase in the relative branching fraction, the contribution of the
µ+µ�t�t+ signal becomes nonnegligible in the type-III 2HDM+S with tan b ⇡ 5. Figure 7
shows the observed limits on B(h ! a1a1) in the (ma1

, tan b) plane, including the contribution
of µ+µ�t�t+ signal for type-III 2HDM+S. The observed limit contours of B(h ! a1a1) = 1.00
and B(h ! a1a1) = 0.34 are generally extended compared with Fig. 6 (left).
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Another Search(aa)
๏ For even lighter a, one can use  

4μ or 4τ final state, both  
accessible via 2SS μ + 2 nearby  
tracks 

๏ Look for peaks in the mass of  
the muon and the nearby track
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2

scenario is realized, e.g. for tan b > 1 in the type-III 2HD+1S models, where one Higgs doublet
couples to charged leptons, whereas the other doublet couples to quarks.

In the analysis presented here, each a1 boson decay is identified by the presence of a muon
and only one additional charged particle. This approach targets two decay channels, a1 ! µµ
and a1 ! tµtone-prong. Here tµ denotes the muonic t lepton decay and tone-prong stands for its
leptonic or one-prong hadronic decay mode. Given the large difference in mass between the a1
and the H(125) states, the a1 bosons will be produced highly Lorentz boosted, and their decay
products are expected to be strongly collimated, resulting in a signature with two muons, each
of which is accompanied by a nearby particle with opposite an charge. The search primarily
targets the dominant ggF process, in which the H(125) state is produced with relatively small
transverse momentum (pT) and the a1 states are nearly back-to-back in the transverse plane,
with a large separation in the azimuthal angle f (in radians) between the particles originating
from one a1 decay and the particles produced by the decay of the other a1 boson. In the ggF
process the H(125) state can be also produced with relatively high boost when a hard gluon is
radiated from the initial-state gluons or the heavy quark loop. In this case the separation in f
is reduced, but the separation in pseudorapidity h can still be large. The properties discussed
above define the topology of the signal, as illustrated in Fig. 1. The analysis therefore searches
for a signal in a sample of dimuon events with large angular separation between the muons,
where each muon is accompanied by one nearby opposite-sign particle originating in the same
a1 decay. The additional requirement of same-sign (SS) muons in the event largely suppresses
tt̄ and Drell-Yan background processes. This requirement also facilitates the implementation of
a dedicated SS dimuon trigger with relatively low thresholds and acceptable rate.

Lorentz-boosted states

Well separated
same-sign muons

Figure 1: Illustration of the signal topology. The H(125) decays into two a1 bosons, where one
decays into a pair of t leptons, while the other one decays into a pair of muons or a pair of t
leptons. The analyzed final state consists of one muon and an oppositely charged track in each
a1 decay leg.

2 CMS detector
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the eta coverage provided by the barrel and endcap detectors. Muons are detected in
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ror bars. The QCD multijet background model is derived from the control region N23. Also
shown are the normalized distributions from signal simulations for four mass hypotheses,
ma1 = 4, 7, 10, and 15 GeV (dashed histograms). Each event in the observed and expected
signal distributions contributes two entries, corresponding to the two muon-track systems in
each event passing the requirements. The lower panel shows the ratio of the observed to ex-
pected number of background events in each bin of the distribution. The grey shaded area
represents the statistical uncertainties.
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to the inclusive SM cross section of H(125) production. The modified frequentist CLs crite-
rion [55, 56], and the asymptotic formulae are used for the test statistic [57], implemented in
the ROOSTATS package [58]. Fig. 10 shows the observed and expected upper limits at 95% CL
on the signal cross section times the branching fraction, relative to the total cross section of the
H(125) boson production as predicted in the SM. The observed limit is compatible with the
expected limit within one standard deviation in the entire range of ma1 considered, and ranges
from 0.022 at ma1 = 9 GeV to 0.23 at ma1 = 4 GeV. The expected upper limit ranges from 0.027
at ma1 = 9 GeV to 0.19 at ma1 = 15 GeV. The dependence of the exclusion limit on ma1 has a
minimum at 9 GeV. The degradation of the analysis sensitivity towards lower values of ma1

is caused by the increase of the background yield at low invariant masses of the muon-track
systems, as illustrated in Figs. 5 and 9. With increasing ma1 , the average angular separation
between the decay products of the a1 boson is increasing. As a consequence, the efficiency of
the signal selection drops down, as we require the muon and the track, originating from the
a1 ! tµtone-prong decay, to be within a cone of DR = 0.5. This explains the deterioration of the
search sensitivity at higher values of ma1 . The shaded area indicates the excluded value of the
branching fraction of the H(125) decay into non-SM particles at 95% CL [24]. The new results
improve significantly the previous 8 TeV results [26] from 30% (for low masses) up to 80% (for
intermediate masses of 8 GeV), while also the new analysis further extends the coverage up to
15 GeV for the considered a1 mass, which were not considered for the previous result.
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Figure 10: The observed and expected upper 95% confidence level limits on the signal cross
section times the branching fraction s(pp ! H(125) + X) · B(H(125) ! a1a1) · B2(a1 ! tt),
relative to the inclusive Higgs boson production cross section sSM predicted in the SM. The
green and yellow bands indicate the regions that contain 68% and 95% of the distribution of
upper limits expected assuming no signal is present. The shaded area indicates the excluded
value of the branching fraction of the H(125) decay into non-SM particles at 95% CL from
Ref. [24].

9 Conclusion
A search for a light pseudoscalar boson a1, produced in decays of the H(125) boson is pre-
sented, using a data set corresponding to an integrated luminosity of 35.9 fb�1 of proton-proton
collisions at a centre-of-mass energy of 13 TeV. The analysis targets the inclusive production of
the H(125) boson and exploits the H(125) ! a1a1 ! 4t decay mode. The contribution of the
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LFV in H0eavy Boson Decays
๏ Exciting CMS hint in H(τμ) circa Run 1, not confirmed w/ Run 2 

data 
๏ New search for H(τμ) and H(τe) decays w/ 2016 data in the  

200-900 GeV mass range 
★ Four channels eτh, eτμ, μτh, μτe; low- and high-mass regions 
★Cutoff-based analysis, w/ Mcol as the discriminating variable: 

 25

Mcol = Mvis/
p
xvis, xvis =

p⌧visT

p⌧visT + p⌫est
T

<latexit sha1_base64="+Uv7sa1Zt23IAC5sK3obtUKm8Ss="></latexit>
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Figure 5: The combined observed and median expected 95% limits on s(gg ! H)⇥ B(H !
µt), for µth (top left) and µte (top right) channels, and their combination µt (bottom)
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Higgs and Dark Matter
๏ Higgs boson could be a portal to DM 
★ Look for mono-Higgs production 
★ A number of scenarios proposed; focus here on two 

specific models: Z'-2HDM and baryonic Z' 

๏ New CMS combination of all five major Higgs 
bosons decay channels: WW, ZZ, bb, ττ, and 𝛄𝛄; 
the first two have never been explored before 26

2

the baryonic Z0 model [22], where Z0 is a vector boson corresponding to a new baryon number
U(1)B symmetry. The Z0 boson acts as a DM mediator and can radiate a Higgs boson before
decaying to a pair of DM particles. A baryonic Higgs boson hb is introduced to spontaneously
break the new symmetry and to generate the Z0 boson mass via a coupling that is dependent
on the hb vacuum expectation value. The Z0 boson couplings to quarks and the DM particles
are proportional to the U(1)B gauge couplings. A mixing between the hb and h states allows
the Z0 boson to radiate h, resulting in a mono-Higgs signature.

Z0
A

q

q̄

h

�

�̄

Z0
Z0

q

q̄

h

�

�̄

Figure 1: Representative Feynman diagrams for the two benchmark signal models considered
in this paper: the Z0-2HDM (left) and the baryonic Z0 model (right).

In the Z0-2HDM, the predicted DM production cross section depends on number of parameters.
However, if the mediator A is produced on-shell, the kinematic distributions of the final-state
particles depend only on the Z0 and A boson masses, mZ0 and mA. In this paper, a scan in mZ0
between 450 and 4000 GeV and in mA between 300 and 1000 GeV is performed. The values of
mA below 300 GeV have been already excluded by the existing constraints on flavor changing
neutral currents in the b ! sg transitions [34], and hence are not considered in the analysis.
The masses of the 2HDM heavy Higgs boson and the charged Higgs boson are both fixed to
the mA mass. The ratio of the vacuum expectation values of the two Higgs doublets, tan b, is
varied from 0.4 to 10. The DM particle mass is fixed to 100 GeV, the A-DM coupling strength gc

is fixed to 1, and the Z0 coupling strength to quarks gZ0 is fixed to 0.8. The branching fraction
of the decay of A to DM particles B(A ! cc̄) decreases as the mass of the DM candidate (mc)
increases, for the range of mA considered in this analysis. However, since the relative decrease
in B(A ! cc̄) is less than 7% as mc increases from 1 to 100 GeV, the results shown in this paper
for mc = 100 GeV are also applicable to lighter DM particles.

The results are expressed in terms of the product of the signal production cross section and
branching fraction B(A ! cc̄), where B(A ! cc̄) is ⇡100% for mA = 300 GeV and decreases
for mA greater than twice the mass of the top quark, where the competing decay A ! tt
becomes kinematically accessible. The contribution to the mono-Higgs signal from another
process possible in the model, Z0 ! Z(! nn) + h, is not considered in this analysis. Further
details on the choice of the model parameters are given in Refs. [27, 37]. We note that for the
chosen set of parameters, the values of mZ0 within our sensitivity reach have been recently
excluded by the ATLAS and CMS searches for dijet resonances at

p
s = 13 TeV [38–41]. Nev-

ertheless, we keep this benchmark, specifically developed for the LHC Run-2 searches [33],
to allow a direct comparison with the results of other mono-Higgs searches. Given that the
kinematic distributions of the final states depend only very weakly on the value of the gZ0 cou-
pling, our results can be reinterpreted for lower gZ0 values, where the interplay between the

Z'-2HDM Baryonic Z'
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Higgs and DM: Results
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8.2 Results of the statistical combination 23
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Figure 8: The upper limits at 95% CL on the observed and expected s/sth for the Z0-2HDM
(left) and baryonic Z0 (right) model for the five individual decay modes of the Higgs boson,
and for their combination. The distributions are shown as a function of mZ0 for mA = 300 GeV
(Z0-2HDM) and mc = 1 GeV (baryonic Z0 model). The inner and outer shaded bands show the
68 and 95% CL uncertainties in the expected limit, respectively.
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region enclosed by the contours is excluded using the combination of the five decay channels
of the Higgs boson for the following benchmark scenarios: gZ0 = 0.8, gc = 1, tan b = 1,
mc = 100 GeV, and mA = mH = mH± for the Z0-2HDM, and gc = 1, gq = 0.25 for the baryonic
Z0 model.
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H/Avy Bosons
๏ Searches for CP-even (H) and CP-odd (A) heavy bosons, 

ubiquitous in 2HDM 
๏ Many signatures and channels 
๏ Production: ggF and bbA/H 
๏ New CMS search for narrow 

A → Z(μμ)h(ττ), sensitive to  
low tanβ

 29

9. Summary 13

Table 4: Background and signal expectations together with the numbers of observed events, for
the signal region distributions after a background-only fit. The AZh yields are the numbers of
expected signal events for a pseudoscalar Higgs boson with mA = 300 GeV with the product of
the cross section and branching fraction of 20 fb. The background uncertainty accounts for all
sources of background uncertainty, systematic as well as statistical, after the simultaneous fit.

Process ``+ eth ``+ µth ``+ thth ``+ eµ
Production of a 125 GeV h boson 0.77± 0.02 1.39± 0.03 1.28± 0.04 0.45± 0.01
ZZ ! 4l (excl. h ! ZZ ! 4l) 6.48± 0.14 11.37± 0.24 7.58± 0.20 4.56± 0.09
Other 0.10± 0.01 0.24± 0.02 0.04± 0.01 0.69± 0.04
Reducible 5.52± 0.47 9.12± 0.85 6.68± 0.70 2.04± 0.23
Total background 12.87± 0.50 22.12± 0.87 15.58± 0.76 7.74± 0.27

AZh, mA = 300 GeV, sB = 20 fb 4.13± 0.18 7.32± 0.30 7.01± 0.40 2.26± 0.10

Observed 13 22 14 12
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Figure 3: The expected and observed 95% CL model-independent limits are shown
for the product of the cross section and branching fraction for the studied process:
s (ggA)B (A ! Zh ! ``tt). The green (yellow) bands correspond to the 68% (95%) confi-
dence intervals for the expected limit.

9 Summary
A search is presented for a pseudoscalar Higgs boson decaying into a standard model-like
Higgs boson that further decays into tau leptons and a leptonically decaying Z boson. A data
sample of proton-proton collisions collected at

p
s = 13 TeV by the CMS experiment at the LHC

is used, and corresponds to an integrated luminosity of 35.9 fb�1. The sensitivity of the study is
increased by using the information on the standard model-like Higgs boson mass from the pre-
vious mass measurements when reconstructing the mass of the pseudoscalar Higgs boson. The
signal extraction is further optimized with kinematic selections based on the mass of the stan-
dard model-like Higgs boson. In the absence of observing the signal, model-independent limits
are set. Model-dependent exclusion limits are set in the mA–tan b plane for two distinct Min-
imal supersymmetric standard model scenarios, Low tan b and hMSSM. This analysis brings
complementary sensitivity to analyses excluding mA–tan b phase space at high tan b values by
adding exclusion power at low tan b values.
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Figure 2: Reconstructed mass m
c
``tt distribution and uncertainties after a background-only fit

in all eight final states. The final states are each included as separate distributions in the si-
multaneous fit; combining them together is for visualization purposes only. The uncertainties
include both statistical and systematic components. The contribution from the AZh yield is the
number of expected signal events for a pseudoscalar Higgs boson with mA = 300 GeV with the
product of the cross section and branching fraction of 20 fb and is for illustration only.

resulting from ggA is scaled according to Eq. (2) to account for the bbA contribution:

Total signal yield = ggA yield ⇥
✓

1 + ebbA/ggA ⇥ sbbA
sggA

◆
. (2)

The scaling takes the estimated ggA yield at each grid point and adds a contribution asso-
ciated to bbA according to the measured difference in the signal region selection efficiency,
ebbA/ggA = 0.76, and the ratio sbbA/sggA, which depends on mA and tan b. The signal yield
scaling allows us to include the estimated bbA contribution which is necessary when set-
ting model-dependent limits in phase space region where the bbA cross section becomes non-
negligible compared to the ggA cross section. For reference, at mA = 300 GeV and tan b = 4,
in the hMSSM scenario, sbbA/sggA = 0.22, which is a non-negligible contribution. In the Low
tan b scenario, Higgs boson masses and mixing (and effective Yukawa couplings) have been
calculated with FeynHiggs [69–73]. For the gluon-fusion process inclusive cross sections are
obtained with SusHi [74], which includes NLO supersymmetric-QCD corrections [75–80], next-
to-NLO QCD corrections for the top-quark contribution in the effective theory of a heavy top
quark [81–85] and electroweak effects by light quarks [86, 87]. Five-flavour next-to-NLO QCD
inclusive cross sections are calculated with SusHi [74] based on bbh@nnlo [88]. The results
are combined with the four-flavour NLO QCD calculation [89, 90]. Whereas in the hMSSM
branching ratios are solely computed with HDECAY [91, 92], the Low tan b scenario combines
the most precise results of HDECAY, FeynHiggs and PROPHECY4f [93–95].
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More Heavy SearcH/As
๏ Other promising channels for high-mass Higgs 

boson searches are WW, ZZ, and tt 
๏ New CMS 2016 data searches in the WW and tt 

(2L and 1L decay modes) channels, with full 
interference taken into account
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Figure 7: Expected and observed 95% CL upper limits on tan b as a function of mH for a type-1
(left) and type-2 (right) 2HDM. It is assumed that mH = mA and cos(b� a) = 0.1. The expected
limit is shown as a dashed black line. The dark and bright gray bands indicate the ±1s and
±2s uncertainties on the expected limit. The observed exclusion contour is indicated by the
colored blue area.

95% CL Excluded:
Observed 68% expected
Expected 95% expected

CMS
Preliminary

 (13 TeV)-135.9 fb

 (GeV)Am
100 150 200 250 300 350 400 450 500

β
ta

n

2

4

6

8

10

12

14

16

18

20
mod+
hm

95% CL Excluded:
Observed 68% expected
Expected 95% expected

CMS
Preliminary

 (13 TeV)-135.9 fb

 (GeV)Am
150 200 250 300 350 400 450 500

β
ta

n

2

4

6

8

10

12

14

16

18

20
hMSSM

Figure 8: Expected and observed 95% CL upper limits on tan b as a function of mA for the
m

mod+
h

(left) and hMSSM (right) scenarios. The expected limit is shown as a dashed black line.
The dark and bright gray bands indicate the ±1s and ±2s uncertainties on the expected limit.
The observed exclusion contour is indicated by the colored blue area.
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to an integrated luminosity of 35.9 fb�1, is analyzed. The final states with one or two leptons
are utilized. The invariant mass of the reconstructed tt system as well as angular variables
sensitive to the spin of the new boson are used to search for the signal, while taking into account
the interference with the standard model tt production.

A moderate signal-like deviation is observed for the hypothesis of a pseudoscalar Higgs boson
with the mass mA ⇡ 400 GeV. After accounting for the look-elsewhere effect, its significance
is 1.9 standard deviations. Further improvements of the theoretical description of the standard
model tt process in the vicinity of the production threshold will be needed to clarify the origin
of this deviation.

Constraints on the strength of the coupling of the sought-for boson to top quarks are reported,
separately for the scalar and pseudoscalar cases, for the mass ranging from 400 to 750 GeV
and the total relative width from 0.5 to 25%. These are the most stringent constraints on this
coupling to date. The results are also interpreted in the hMSSM scenario in the minimal su-
persymmetric standard model. This search probes the values of mA from 400 to 700 GeV and
excludes, at 95% confidence level, the region with values of tan b below 1.0 to 1.5, depending

hMSSMmhmod+

WW

WW

tt
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More Heavy SearcH/As
๏ Finally, could look for H → ZA (or vice versa,  

A → HZ), e.g., in the ℓℓbb final state 
๏ Fit to S+B templates in the M(bb) vs. M(ℓℓbb) plane
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Figure 7: Expected (with ±1, ±2 standard deviation bands) and observed 95% CL exclusion
limits for tan b = 1.5 and cos(b � a) = 0.01 as a function of mA and mH in the Type-II 2HDM
benchmark scenario. The limits are computed using the asymptotic CLs method, combining
the e+e� and µ+µ� channels.

14

Figure 8: Expected (with ±1, ±2 standard deviation bands) and observed 95% CL exclusion
limits for mH = 379 GeV and mA = 172 GeV as a function of tan b and cos(b � a) in the Type-
II 2HDM benchmark scenario. The limits are computed using the asymptotic CLs method,
combining the e+e� and µ+µ� channels.
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H±iggs Bosons
๏ Come in variety of 2HDMs, including MSSM 
๏ Two regimes: heavy (above the top quark mass) and light 
๏ For a heavy Higgs boson, could explore associated tH- 

production with H- decaying to a top antiquark and 
bottom quark (+c.c.) 

๏ Depending on the decay channels of the two top quarks, 
could explore dilepton, single-lepton, and all-hadronic 
decay channels
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Figure 1: Feynman diagrams for the production of a heavy charged Higgs boson in the four-
flavor scheme (4FS, left) and in the five-flavor scheme (5FS, right).

Direct searches for charged Higgs bosons have been performed by the CERN LEP and the Fer-
milab Tevatron experiments, and indirect constraints on H± production have been set from fla-
vor physics measurements [20–29]. Searches for a charged Higgs boson decaying into a top and
a bottom quark have been performed by the D0, ATLAS, and CMS Collaborations in proton-
antiproton collisions at a center-of-mass energy of

p
s = 1.96 TeV [30] and in proton-proton

(pp) collisions at
p

s = 8 TeV [31, 32] and
p

s = 13 TeV [33]. In this paper we improve the sensi-
tivity to model-independent production of a charged Higgs boson, as well as the sensitivity to
relevant MSSM scenarios. The ATLAS and CMS Collaborations have also conducted searches
for the production of a charged Higgs boson in the t+nt [31, 34–36], cs [37], and cb [38] decay
channels at

p
s = 8 and 13 TeV.

Searches for charged Higgs bosons produced via vector boson fusion and decaying into W
and Z bosons, as predicted by models containing Higgs triplets [39, 40], and searches for ad-
ditional neutral heavy Higgs bosons decaying to a pair of third-generation fermions tt, bb,
and t+t� [40–44] extend the program of the ATLAS and CMS Collaborations to elucidate the
extended Higgs sector beyond the SM.

This paper describes a search for a heavy charged Higgs boson produced in association with
a top quark or with a top and a bottom quark and decaying into a top and a bottom quark
performed using pp collision data collected at

p
s = 13 TeV in 2016. The data correspond to

an integrated luminosity of 35.9 fb�1. The final state contains two W bosons, one from the de-
cay chain of the heavy charged Higgs boson and the other from the decay of the associated
top. One or both of the W bosons can decay into leptons, producing single-lepton and dilep-
ton final states, respectively. The leptonic decays of tau leptons from the W boson decay are
considered as well. The single-lepton final state is characterized by the presence of one isolated
lepton (e, µ) that is used to trigger the event, while the dilepton final state contains events
with two isolated opposite-sign leptons (e+e�, e±µ⌥, µ+µ�). This leads to the suppression of
several backgrounds. The signal process (tbH+ + tH+) has furthermore a large b jet multiplic-
ity; an additional classification of the events is therefore achieved based on the number of jets
identified as originating from b quarks.

Multivariate analysis (MVA) techniques are used to enhance the discrimination between signal
and background. Signal-rich regions are analyzed together with signal-depleted regions in a
maximum likelihood fit to the MVA classifier outputs, which simultaneously determines the
contributions from the tbH+ + tH+ signal and the backgrounds.

Model-independent upper limits on the product of the charged Higgs boson production cross
section and the branching fraction into a top-bottom quark-antiquark pair, sH±B(H± ! tb) =
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2L and 1L Search
๏ New CMS analysis in the 2L and 1L 

(dominant) channels 
๏ Multiple event categories, classified 

by the number of jets and b-tagged 
jets; the sensitivity is optimized by 
the use of BDTs (1L) or DNN (2L)
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Figure 4: Distributions of the MVA outputs of the data and the SM expectation after the
background-only fit to the data for the single-muon 5j/�3b category (top left), for the single-
electron 5j/�3b category (top right), and for the dilepton 3j/�3b category (bottom). The black
markers show the data. The solid histograms represent the background prediction for tt+LF
(light red), tt+c(c) (dark red), tt+b(b) (brown), single top quark and tt in association with extra
bosons (blue), and V+jets and multiboson production (light green). The dashed line represents
the yields for a charged Higgs boson with a mass of 500 GeV and a product of the cross section
and branching fraction of 10 pb. The lower panel shows the ratio of data to the SM expectation
after the background-only fit to the data and the hatched uncertainty bands include the total
uncertainty.
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Figure 4: Distributions of the MVA outputs of the data and the SM expectation after the
background-only fit to the data for the single-muon 5j/�3b category (top left), for the single-
electron 5j/�3b category (top right), and for the dilepton 3j/�3b category (bottom). The black
markers show the data. The solid histograms represent the background prediction for tt+LF
(light red), tt+c(c) (dark red), tt+b(b) (brown), single top quark and tt in association with extra
bosons (blue), and V+jets and multiboson production (light green). The dashed line represents
the yields for a charged Higgs boson with a mass of 500 GeV and a product of the cross section
and branching fraction of 10 pb. The lower panel shows the ratio of data to the SM expectation
after the background-only fit to the data and the hatched uncertainty bands include the total
uncertainty.

16

 (GeV)±Hm
200 300 400 1000 2000 3000

 tb
) (

pb
)

→ ±
(H

B 
± H

σ
2−10

1−10

1

10

95% CL upper limits
Observed
Median expected
68% expected
95% expected

 tb→ ±H
Single and dilepton

 (13 TeV)-135.9 fb CMS

 (GeV)±Hm
200 300 400 1000 2000 3000

U
pp

er
 li

m
it 

ra
tio

0.2

0.4

0.6

0.8

1

1.2

1.4 95% CL upper limit ratio
Combined / single lepton
Combined / dilepton

 (13 TeV)-135.9 fbCMS
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0L Search
๏ In the all-hadronic channel, use both merged- and resolved-jet 

categories w/ full event reconstruction and BDT optimization 
๏ HT is used in the merged-jet analysis and mbt in the resolved-

jet one 
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7. Results and interpretation 13
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mH± = 1 TeV. The invariant mass of the charged Higgs boson candidates for the resolved anal-
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H±iggs Limits
๏ Cross section limits set in a 

combination of 2L and 1L, as well as in 
0L analysis, and then combined, with 
the sensitivity still dominated by the 1L 
channel 

๏ MSSM interpretations for leptonic and 
hadronic analyses are also provided
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8. Combination with the leptonic final states 15

8 Combination with the leptonic final states
In Ref. [17] a search is presented for a charged Higgs boson with mass greater than the top
quark and decaying into a top and bottom quark-antiquark pair in the complementary leptonic
final states. Events are selected by the presence of a single isolated charged lepton (electron or
muon) or an opposite sign dilepton pair (ee,µµ,eµ). These are categorized according to the
jet multiplicity and number of b-tagged jets and multivariate techniques are used to enhance
the signal and background discrimination in each category. The search is based on the same
proton-proton collision data collected by the CMS experiment at a center-of-mass energy of
13 TeV, corresponding to an integrated luminosity of 35.9 fb�1.

These results are combined with the fully hadronic channel analyses to calculate 95% CL com-
bined upper limits on the product of the cross section and the branching fraction as function
of the mH± for the process sH±B(H±

! tb). The limits are shown in Fig. 8 and Table 4. The
common experimental and theoretical nuisance parameters that share the same mechanism be-
tween the final states are correlated while the uncertainties from different sources described in
Section 6 are assumed to be uncorrelated. The single lepton final state has the best sensitivity
in the whole mH± range from 200 GeV to 3 TeV, while the dilepton channel contributes in the
low mH± regime, i.e.  1.5 TeV, and the fully hadronic channel improves the overall sensitivity
at larger values of mH± .
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Figure 8: Upper limits at 95% CL on the cross section times branching fraction as function
of mH± for the process sH±B(H±

! tb). The median expected limit (dashed line), 68% (inner
green band), and 95% (outer yellow band) confidence-interval expected limits are also shown
(left). The relative expected contribution of each channel to the overall combination is shown
(right). The black dashed corresponds to the combined expected limits while the red, magenta,
and blue represent the contributing channels.
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8 Combination with the leptonic final states
In Ref. [17] a search is presented for a charged Higgs boson with mass greater than the top
quark and decaying into a top and bottom quark-antiquark pair in the complementary leptonic
final states. Events are selected by the presence of a single isolated charged lepton (electron or
muon) or an opposite sign dilepton pair (ee,µµ,eµ). These are categorized according to the
jet multiplicity and number of b-tagged jets and multivariate techniques are used to enhance
the signal and background discrimination in each category. The search is based on the same
proton-proton collision data collected by the CMS experiment at a center-of-mass energy of
13 TeV, corresponding to an integrated luminosity of 35.9 fb�1.

These results are combined with the fully hadronic channel analyses to calculate 95% CL com-
bined upper limits on the product of the cross section and the branching fraction as function
of the mH± for the process sH±B(H±

! tb). The limits are shown in Fig. 8 and Table 4. The
common experimental and theoretical nuisance parameters that share the same mechanism be-
tween the final states are correlated while the uncertainties from different sources described in
Section 6 are assumed to be uncorrelated. The single lepton final state has the best sensitivity
in the whole mH± range from 200 GeV to 3 TeV, while the dilepton channel contributes in the
low mH± regime, i.e.  1.5 TeV, and the fully hadronic channel improves the overall sensitivity
at larger values of mH± .
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and blue represent the contributing channels.
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SearcH±(τν)
๏ New search for H → τν in the broad mass range  

(80 GeV to 3 TeV) 

๏ Uses three final states:  
τh + jets, ℓ + τh, ℓ + no τh 

๏ Uses transverse mass MT  
based on the τ candidate  
and MET as discriminating  
variables
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1

1 Introduction

In 2012, the ATLAS and CMS experiments observed a resonance consistent with the Higgs
boson with a mass of approximately 125 GeV at the CERN LHC [1–3], providing strong evi-
dence for spontaneous symmetry breaking via the Brout–Englert–Higgs mechanism [4–9]. The
observation was followed by precision measurements of the mass, couplings, and CP quan-
tum numbers of the new boson, which were found to be consistent with the predictions of the
standard model (SM) of particle physics [10–14].

Several extensions of the SM predict a more complex Higgs sector with several Higgs fields,
yielding a spectrum of Higgs bosons with different masses, charges, and other properties.
These models are constrained, but not excluded, by the measured properties of the 125 GeV
boson. The observation of additional Higgs bosons would provide unequivocal evidence for
the existence of physics beyond the SM. Two-Higgs-doublet models (2HDMs) predict five dif-
ferent Higgs bosons: two neutral CP-even particles h and H (with mh  mH), one neutral
CP-odd particle A, and two charged Higgs bosons H± [15].

The 2HDMs are classified into different types, depending on the coupling of the two Higgs
doublets to fermions. This search is interpreted in the context of the “type II” 2HDM, where one
doublet couples to down-type quarks and charged leptons, and the other to up-type quarks.
The minimal supersymmetric standard model (MSSM) Higgs sector is a type II 2HDM [16].
At tree level, the Higgs sector of a type II 2HDM can be described with two parameters. In
the context of H± searches, they are conventionally chosen to be the mass of the charged Higgs
boson (mH±) and the ratio of the vacuum expectation values of the two Higgs doublets, denoted
as tan b. Charged Higgs bosons are also predicted by more complex models, such as triplet
models [17–19].

The dominant production mechanism of the H± depends on its mass. Examples of leading or-
der (LO) diagrams describing the H± production in 2HDM in different mass regions are shown
in Fig. 1. Light H±, with a mass smaller than the mass difference between the top and the bot-
tom quarks (mH± < mt � mb), are predominantly produced in decays of top quarks (double-
resonant top quark production, Fig. 1 left), whereas heavy H± (mH± > mt � mb) are produced
in association with a top quark as pp ! tbH± (single-resonant top quark production, Fig. 1
middle). In the intermediate region near the mass of the top quark (mH± ⇠ mt ), the nonreso-
nant top quark production mode (Fig. 1 right) also contributes and the full pp ! H±W⌥bb
process must be calculated in order to correctly account for all three production mechanisms
and their interference [20].

t̄

t

p

p

H
+

b

p

p

H
+

t̄

b
p

p b̄

W
�

H
+

b

Figure 1: Leading order diagrams describing charged Higgs boson production. Double-
resonant top quark production (left) is the dominant process for light H±, whereas the single-
resonant top quark production (middle) dominates for heavy H± masses. For the intermediate
region (mH± ⇠ mt ), both production modes and their interplay with the nonresonant top quark
production (right) must be taken into account. Charge-conjugate processes are implied.
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Figure 6: The observed 95% CL exclusion limits on sH±B(H± ! t±nt ) (solid black points),
compared to the expected limit assuming only standard model processes (dashed line) for the
H± mass range from 80 GeV to 3 TeV (left), and the same limit interpreted in the mmod-

h bench-
mark scenario (right). The green (yellow) bands represent one (two) standard deviations from
the expected limit. On the left, the horizontal axis is linear from 80 to 180 GeV and logarith-
mic for larger mH± values. On the right, the region below the red line is excluded assuming
that the observed neutral Higgs boson is the light CP-even 2HDM Higgs boson with a mass of
125 ± 3 GeV, where the uncertainty is the theoretical uncertainty in the mass calculation.
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Light H±iggs Boson
๏ A light charged Higgs boson can be produced in top quark 

decays 
★ H → τν is one possible channel 
★ Could also look for a decay involving 

another Higgs boson, e.g. H± → W±A  
via the trilepton signature, looking for narrow resonances in 
the dimuon mass spectrum - first  
search of a kind!
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1

The boson with a mass of 125 GeV, discovered in 2012 [1–3], is compatible with the Higgs boson
predicted by the standard model (SM) [4, 5]. However, this particle can also play the role of a
Higgs boson in an extended Higgs sector, which is predicted in many new physics scenarios
addressing the hierarchy problem [6], CP violation [7], or the mass of neutrinos [8]. As an
example, in two Higgs doublet models (2HDMs) [9, 10] the 125 GeV boson can be one of the
two CP-even Higgs bosons; this class of models foresees also one CP-odd (A) and two charged
(H±) Higgs bosons. The observation of additional Higgs bosons would be a clear indication of
physics beyond the SM.

We search for an H+ boson, produced in the decay of a top quark, and decaying to a W+ boson
and an A boson (Fig. 1). The charge-conjugated decays are implied throughout this Letter.
This production and decay mode of the H+ boson can be the most dominant one at the LHC
if the H+ boson is lighter than the top quark [11–13]. This is the first search of this kind at the
LHC. The decay mode H+ ! W+A in top quark pair events for the mass range mW < mH+ <
mt � mb has been studied by the CDF Collaboration assuming that the A boson decays to bb
or t+t� within specific benchmark scenarios [14, 15]. The LEP experiments searched for pair
production of H+ bosons in the decay mode H+ ! W+(⇤)A with A ! bb, where an accessible
mass range was mH+ . 100 GeV [16–18].

t̄

t

b̄

b

H+

W−

q′/!−

q̄/ν

W+

A

!+/ q̄′

ν/q
µ+

µ−

Figure 1: The Feynman diagram of signal processes (` = e or µ, WW ! `nqq0).

In this Letter, we consider ranges of mA from 15 to 75 GeV and mH+ from (mA + 85 GeV) to
160 GeV. The transverse momenta (pT) of the A boson decay products in this mass region are
typically as low as 10–40 GeV. We target the A ! µ+µ�decay mode, as the use of muons at this
energy scale has advantages over using jets or t leptons in terms of identification efficiency,
momentum resolution, and robustness against the number of additional proton-proton (pp)
collisions in a single bunch crossing (pileup) [19–21]. Even though the branching fraction of
the A boson, B(A ! µ+µ�), is expected to be small (.10�3) in models such as 2HDMs with
a softly broken Z2 symmetry [22], the experimental advantages offer a unique opportunity to
probe the H+ ! W+A decay.

For the W bosons, the decay modes WW ! `nqq0 (` = e or µ) are considered. The major back-
ground for this search is tt production with at least one lepton originating from jets. Because
of the poor resolution of the reconstructed mH+ in the probed mass region, the presence of an
excess is investigated in the µ+µ� invariant mass distribution. The search is performed using
the pp collision data at

p
s = 13 TeV recorded by the CMS detector at the LHC in 2016. The

corresponding integrated luminosity is 35.9 fb�1.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend
the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons are de-

5

top of the smooth background, as shown for mA = 45 GeV in the figure. The overlap between
consecutive windows leads to simultaneous excesses in these windows. The yield distribution
of a signal is mainly determined by the mA value.
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Figure 2: The mµµ distribution of candidate muon pairs from A bosons (left) and the event
yields in each signal window (right) in the eµµ and µµµ final states. A constant bin size (1 GeV)
is used in the left figure except the last bin of [80, 81.2] (GeV). Values of mµµ at centers of the
corresponding windows are written in the parentheses on the x axis of the right figure. The
expected signal distribution for mH+ = 130 and mA = 45 GeV is also shown on top of the
expected backgrounds assuming s(tt) = 832 pb, B(t ! bH+) = 0.02, B(H+ ! W+A) = 1,
and B(A ! µ+µ�) = 3 ⇥ 10�4.

No evidence of a signal is observed in the mµµ spectrum. Upper limits at 95% confidence level
(CL) on B(t ! bH+) are set using the CLs criterion [54–56] based on the combined likelihood
of yields from the eµµ and µµµ channels. In the calculation, the tt production cross section is set
to the SM prediction of 832 pb, computed at NNLO in QCD, including soft-gluon resummation
to next-to-next-to-leading logarithmic order [57], and the branching fractions B(A ! µ+µ�)
and B(H+ ! W+A) are assumed to be 3⇥ 10�4 and 1, respectively. The assumption on B(A !
µ+µ�) is motivated from the scale of the branching fraction when the A boson can decay to all
the quarks and leptons, which are lighter than mA/2, and each partial decay rate is proportional
to the square of the mass of the decay products. Such a mass dependency of the branching
fraction is commonly assumed in many Higgs boson models, and similar values of B(A !
µ+µ�) can be found in Ref. [22].

In the calculation of the limits, the systematic uncertainties are treated as nuisance parameters
with a log-normal distribution for their likelihood. The impact of the systematic uncertainties
on the result is small because of the large statistical uncertainty of the data. The largest source
of uncertainty arises from the estimation of the nonprompt lepton background, which is deter-
mined from both simulation and data. In the simulation, a comparison is performed between
the yield of simulated tt events passing the event selection and the calculated yield from the
tight-to-loose ratio method applied to the simulated tt sample. The tight-to-loose ratio from
multijet simulation is used in the calculation. In the data, the dependence of the tight-to-loose
ratio arising from uncertainties in the jet energy scale, the flavor of the parton that generates the
nonprompt lepton, and the estimation of the prompt lepton contribution in the control sample
for the measurement of the tight-to-loose ratio are considered. The first two sources are ex-
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Figure 3: Expected and observed upper limits at 95% CL on B(t ! bH+) for the mA values
defined in Table 1, with an assumption of mH+ = mA + 85 GeV (left) or mH+ = 160 GeV (right).
The same values of B(H+ ! W+A), B(A ! µ+µ�), and s(tt) as in Fig. 2 are assumed. The
green (yellow) bands indicate the regions containing 68 (95)% of the limit values expected un-
der the background-only hypothesis.
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Pair ProducHHion
๏ Explore both resonant and non-resonant production 
★ The latter eventually would result in the measurement of λ 
★Multiple decay channels are being considered 

๏ Latest CMS results on resonant searches in the bbZZ 
channel, with ZZ -> ℓℓjj or ℓℓνν in RS G or radion model
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Figure 6: Expected (black dashed line) and observed (black solid line) limits on the cross section
of resonant HH production as a function of the mass of the resonance for the combination of
the bb``jj and bb``nn channels. The RS1 radion case is shown on the left and the RS1 KK
graviton case is shown on the right. The red solid lines show the theoretical prediction for the
cross section of an RS1 radion with lR = 1 TeV and kL = 35 (left) and an RS1 KK graviton with
k̃ = 0.1 (right). The expected limits for each individual channel are also shown with red dashed
line for the bb``jj channel and blue dashed line for the bb``nn channel.

7 Conclusions
In summary, a search for the resonant production of two Higgs bosons decaying to two bottom
quarks and two Z bosons was performed, where one of the Z bosons decays to two leptons
and the other decays to two quarks of any flavor or to two neutrinos. The search used 13 TeV
proton-proton collision data recorded by the CMS detector and corresponding to an integrated
luminosity of 35.9 fb�1. The results are in agreement with SM predictions and 95% CL upper
limits are set on the resonant, narrow width, spin-0 radion and spin-2 Kaluza-Klein graviton
production cross sections in the range of resonance masses between 260 GeV and 1000 GeV.
These are the first limits to date for Higgs boson resonant pair production in the final state
where the other Z boson decays hadronically into two or more jets.
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CombinaHHion
๏ Best limits on non-resonant HH production come 

from the combination of a number of 2016 data 
analyses: bbWW/ZZ, bbbb, bbττ, and bb𝛄𝛄 
★ The observed (expected) limit:  

−11.8 < kλ < 18.8 (−7.1 < kλ < 13.6) @ 95% CL
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Figure 1: The 95% CL upper limits on the signal strength µ = sHH/sSM
HH. The inner (green)

band and the outer (yellow) band indicate the regions containing 68 and 95%, respectively, of
the limits on µ expected under the background-only hypothesis.

tematic ones. Those with the largest effect on the final result are the statistical fluctuations in
the yield in the most sensitive bins of the BDT and the overall background normalization in
the bbbb channel, the hadronically decaying t lepton energy scale effects in the bbtt analysis,
and the uncertainty in the functional form used to model the signal shape in the bbgg channel.
These effects are as large as 10 (5)% for the bbbb and bbtt (bbgg) uncertainties. Due to its
lower overall sensitivity, the systematic uncertainties affecting the bbVV analysis have little ef-
fect on the combined result. The largest sources of systematic uncertainty for this channel arise
from the uncertainties in the tt cross section, electron identification efficiency, and b tagging
efficiency.

With all the correlations across the channels included, the observed and expected limits at 95%
confidence level on the nonresonant HH production signal strength are measured to be 22.2
and 12.8 times the SM expectations, respectively. They are shown in Fig. 1 for the individual
channels and their combination. Small excesses, compatible with statistical fluctuations, are
observed in the bbbb, bbtt, and bbgg final states and result in a small excess in the combined
result. A scan is performed for different values of the kl parameter, while keeping all other
EFT parameters fixed at their SM values. The value of kl affects both the expected cross section
and the HH decay kinematics. For each value, these differences are fully simulated and con-
sidered in the scan. Resulting limits are reported in Fig. 2. The exclusion limit as a function of
kl closely follows the features of the HH production cross section and HH invariant mass dis-
tribution MHH [57], which are sculpted by the interference between the HH production via the
trilinear Higgs coupling and the emission of an HH pair from a top quark loop. The minimum
at kl = 2.46 corresponds to the maximum negative interference between the two diagrams,
which results in a minimum of the cross section but at the same time enhances the relative im-

6

SMλ/HHHλ=λk
20− 15− 10− 5− 0 5 10 15 20
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3500
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Observed
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68% expected
95% expected

Theoretical Prediction

SM

Figure 2: Expected and observed 95% CL upper limits on the HH production cross section as
a function of the kl parameter. The inner (green) band and the outer (yellow) band indicate
the regions containing 68 and 95%, respectively, of the limits on the HH cross section expected
under the background-only hypothesis. The red band shows the expected theoretical [26] cross
section expectations and its uncertainty. All other couplings and EFT parameters are set to their
SM values.

portance of tails in the MHH distribution. The maximum at kl⇡5 is due to the softness of the
MHH spectrum for such values of the trilinear coupling, causing a larger fraction of events to
fall outside experimental acceptance. As |kl| increases, the production via the trilinear Higgs
coupling becomes dominant and the limit asymptotically approaches the same value for both
kl ⌧ �10 and kl � 10. This is reflected in the observed exclusion limit as well, where the
significance of the small observed excess is relatively less important in the more sensitive small
kl region than at large values of kl. When fixing all the other EFT parameters to their SM val-
ues, the kl parameter is observed (expected) to be constrained to the range �11.8 < kl < 18.8
(�7.1 < kl < 13.6) at 95% CL. The observed exclusions for the different EFT benchmarks [26]
are in the range of 100–3000 fb, and can be seen in Appendix A. A small excess, similar to that
observed at the SM value, is present across most of the phase space with the exception of the
more boosted topologies.

The resonant search is performed in the range of masses from 250 to 3000 GeV. Under the
hypothesis of a narrow-width resonance, no significant excess is found across the whole range
for either a spin-0 or a spin-2 resonance. The results of the combined resonant search are shown
in Fig. 3 for the spin-0 model, and in Appendix A for the spin-2 case.

In summary, a combination of searches for nonresonant and resonant Higgs boson pair produc-
tion has been presented. The combination includes the bbgg, bbtt, bbbb, and bbVV channels,
where V represents a W or Z boson, using a data sample collected in proton-proton collisions atp

s = 13 TeV, which corresponds to an integrated luminosity of 35.9 fb�1. Upper limits at 95%

CMS arXiv:1811.09689

2016 2016
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MSSM H(µµ)
๏ Search for MSSM Higgs boson decays to μμ 
๏ Considered both ggF and b(b)H/A associated production 

★ Analysis categories w/ and w/o b tags to maximize the sensitivity 
๏ Limits set in specific MSSM scenarios, as well as for generic 

(pseudo)scalars w/ narrow and finite (Γ/M = 10%) widths
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Figure 5: The 95% CL expected, including the 68 and 95% CL bands, and observed upper limits,
on tan b as a function of mA for the m
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The observed exclusion contour is indicated by the purple region, while the area under the red
curve is excluded by requiring the neutral h boson mass consistent with 125 ± 3 GeV.
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f boson decaying to a dimuon pair, in the case of b-associated (left) and gluon fusion (right)
production. The results are obtained using a signal template with an intrinsic narrow width.
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Figure 1: Leading order Feynman diagrams for the production of the MSSM Higgs boson:
gluon fusion production (left) and b-associated production (middle and right).

can be fully reconstructed, and the dimuon invariant mass can be measured with a precision
of a few percent by exploiting the excellent muon momentum resolution of the CMS detector,
making the dimuon final state an additional probe of the MSSM.

The common experimental signature of the two production mechanisms is a pair of opposite-
charge muons with high transverse momentum (pT). The b-associated production process
is characterized by the presence of additional jets originating from b quark fragmentation,
whereas the events containing jets from light quarks or gluons are linked to the gluon fusion
production mechanism. The presence of a signal would be characterized by an excess of events
over the SM background in the dimuon invariant mass corresponding to the value of the Higgs
boson masses.

The analysis is performed using the data at
p

s = 13 TeV collected during 2016 by the CMS
experiment at the LHC corresponding to an integrated luminosity of 35.9 fb�1. Similar searches
in the dimuon final state were performed by the ATLAS and CMS Collaborations using data
collected in pp collisions at 7 and 8 TeV [20, 21], and by ATLAS at 13 TeV [22]. Searches for
neutral Higgs bosons in the framework of the MSSM were performed by the ATLAS and CMS
experiments also in the t+t� [20, 23–28] and bb [29–31] final states. Limits on the existence of
the MSSM Higgs bosons were determined also in e+e� collisions at

p
s = 91–209 GeV at the

CERN LEP [32] and in proton-antiproton collisions at
p

s = 1.96 TeV at the Fermilab Tevatron
[33–36].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a field of 3.8 T. Within the field volume are a silicon pixel and strip tracker,
a crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel and two endcap sections. Muons are measured in gas-
ionization detectors embedded in the steel return yoke of the magnet. The first level (L1) of
the CMS trigger system uses information from the calorimeters and muon detectors to select
events of interest. The high-level trigger processor farm decreases the L1 accept rate from
around 100 kHz to about 1 kHz before data storage. A more detailed description of the CMS
detector, together with a description of the coordinate system and main kinematic variables
used in the analysis, can be found in Ref. [37].

3 Signal and background simulation

Samples of Monte Carlo (MC) simulated events are generated to model the Higgs bosons sig-
nal for the two leading production processes. This is done for a large number of mA and tan b
combinations, where mA spans the range from 130 to 1000 GeV and tan b is varied from 5 to

CMS arXiv:1907.03152

2016

2016 2016
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Low-Mass Sea(µµ)rch
๏ New CMS full Run 2 analyses based on the data scouting technique: 

write very limited trigger-level information about the event, thus 
drastically reducing the size and increasing the rate to tape 
★ Allows to use low-threshold triggers, e.g., dimuon ones 

๏ Combined with the standard full event reconstruction at higher 
thresholds 

๏ Interpretation is done in the dark photon (Z'D) models, but equally 
applies to resonant ALP production; much improves on the LHCb limits
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Figure 2: Expected and observed 95% CL upper limits on the product of the signal cross section
(s), branching fraction to a pair of muons (B), and acceptance (A) as a function of the mass of
a narrow resonance. Results obtained using scouting data are to the left of the vertical dashed
purple line, whereas results obtained using data from the standard triggers are to the right.

performed using data collected with a set of high rate dimuon triggers, corresponding to an
integrated luminosity of 96.6 fb�1. This is the first search that uses data with reduced trigger
level muon information, collected with dimuon scouting triggers that have significantly lower
transverse momentum thresholds compared to the ones used to collect data for complete re-
construction. The data are found to be consistent with the background prediction. The search
sets the strongest constraints to date on the kinetic mixing coefficient of a dark photon with
mass greater than 11.5 GeV.
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Figure 3: Expected and observed 90% CL upper limits on e2 as a function of the ZD mass. Re-
sults obtained using scouting data are to the left of the vertical dashed purple line, whereas
results obtained using data from the standard triggers are to the right. Limits from the dark
photon search performed by the LHCb Collaboration [9] are shown in red, and 95% CL con-
straints from the measurements of the electroweak observables, are shown in light blue [4].
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Pseudoscalar: Bs(µµ)
๏ A new CMS measurement, based on Run 1 + 2016 Run 2 data has just been 

made public: 
★ B(Bs → μμ) = [2.9+0.7-0.6 (exp.) +0.2 (frag.)] x 10-9 

✤Observed (expected) significance 5.6 (6.5) s.d. 
★ B(B → μμ) < 3.6 (3.1) x 10-10 @ 95 (90)% CL 

๏ Theory prediction: (3.66 ± 0.14) × 10−9 (including mixing and latest form-factors) 
๏ Naive 1D average: 2.92 +0.42-0.38, i.e.,1.67σ below the SM prediction; 2D: ~2σ 
๏ Effective lifetime measurement: τ = 1.70+0.61-0.44 ps (expect: 1.615 ± 0.004 ps for 

the heavy state; light state: 1.415 ps) 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8.1 Two-dimensional unbinned maximum likelihood fit

In the first method, the effective lifetime is obtained using a 2D UML fit to the dimuon invari-
ant mass and proper decay time distributions, with the proper decay time resolution, st, as a
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cross represents the CMS measurement, while the red point corresponds to the SM prediction.

(Right) Confidence level (CL) as a function of the assumed B0 ! µ+µ�
branching fraction. The

blue solid curve shows the values calculated with a likelihood scan which is based on Wilks’

theorem, while the red dashed curve show the results from the Feldman-Cousins approach.
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contributions. The data in the left-hand histogram are plotted on a logarithmic scale, while the

middle and right-hand histograms are plotted using a linear scale. The turnover of the function

at very low lifetimes is an artifact of a selection requirement on the minimum decay length of

the B0
s meson.
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5. Resolved-jet topology 7

Figure 1: Left: Efficiency to tag a c jet as a function of the b jet and light jet mistag rate. The
corresponding working point adopted in the resolved-jet topology analysis to select the leading
CvsL jets is shown with a white cross. Right: Curves showing separately the tagging efficiency
and the corresponding b jet and light jet mistag rate. Jets with pT > 20 GeV and clusterised with
AK4 algorithm have been considered from simulated tt+jets sample before the application of
any data-to-simulation reshaping.

modest hadronic activity.

5.2 Signal extraction

In addition to the selection reported in Section 4.1, events in the resolved-jet analysis are re-
quired to have two distinct jets passing the c tagger working point (CvsL > 0.4, CvsB > 0.2).
In VH (H ! cc) signal events, the vector boson is typically produced in the direction opposite
to that of the Higgs boson. Therefore, an additional requirement on the difference in azimuthal
angle between the reconstructed V and Hcand, Df(V, Hcand) > 2.5 (> 2.0 in the 0L category),
is applied. In the signal regions defined by the application of the selection criteria mentioned
above, a boosted decision tree (BDT) with gradient boost [81] has been trained to enhance the
signal separation from background. Separate BDTs have been trained for 0L, 1L and 2L (low-
pT(V) and high-pT(V)) categories. Table 1 lists the input variables considered in each category.

The major backgrounds that remain after the event pre-selection described in Section 4.1 and
the selection explained above are estimated from a combination of simulated events and data.
The distributions of all variables used to construct the BDT discriminator and hence the BDT
distribution itself are taken from simulation. While the normalisation of QCD, single-top, di-
boson, and VH(H ! bb) processes is also estimated via simulation, the normalisation of the
V+jets and tt+jets backgrounds is determined from fits to data in dedicated control regions in
order to avoid potential mismodelling of the flavour composition of these samples. Four con-
trol regions per channel are designed to constrain the most important background processes:
a region dominated by tt+jets events (TT), a region targeting the V+jets with at least one jet
originating from a light flavor quark (LF), a region enriched in V+jets events where at least one
jet comes from the hadronization of two b-quarks or one b-quark and one c-quark (HF), and a
region enriched with V + cc events (CC). The simulated V+jets backgrounds are similarly split
into four classes depending on the flavour(s) of the additional jet(s) present in the processes:

๏ New, tour-de-force CMS analysis in this very 
challenging channel, using associated VH(cc) 
production, based on 2016 data 

๏ Combines the resolved and merged h(cc) topologies, 
in three V boson decay channels: zero-lepton (Z(νν)), 
single-lepton (W(ℓν)), and dilepton (Z(ℓℓ)) 

๏ Based on a state-of-the-art  
DeepCSV flavor tagger with  
multiclassifier (b/c/LF) output 

๏ Uses VZ(cc) as a control  
channel 
★ μ[VZ(cc)] = 0.55+0.86-0.84 

★ 0.7 (1.3)σ observed (expected)  
significance 
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Figure 5: Post-fit distributions of the BDT score in the signal region of the 2L Low-pT(V), 2L
High-pT(V), 1L and 0L channels.
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Table 4: Observed and expected UL at 95% CL on the signal strength µ for the VH (H ! cc)
production for the resolved-jet and merged-jet analyses, which have a significant overlap. The
results are also shown separately for each analysis channel.

Resolved-jet (inclusive) Merged-jet (inclusive)
0L 1L 2L All channels 0L 1L 2L All channels

expected UL 84 79 59 38 81 88 90 49
observed UL 66 120 116 75 74 120 76 71

ses, with the exception of those related to the charm tagger efficiency (merged-jet topology)
and reshaping (resolved-jet topology) and those related to the V+jets PDFs, renormalisation
and factorisation scales because of the different treatment of the V+jets processes adopted for
the two analyses. The two regions defined by pT(V) = 300 GeV provide the best combined
sensitivity in terms of expected limits in VH (H ! cc).

The combination is validated by measuring the VZ (Z ! cc) signal strength. The measured
value is µ(VZ(Z!cc )) = 0.55+0.86

�0.84 with an observed (expected) significance of 0.7 (1.3).

The expected sensitivity on VH (H ! cc) of each individual analysis after the selection on
pT(V), and their combination is presented in Table 5 and displayed in Fig. 7. The observed
(expected) UL on µ is 70 (37+16

�11) at 95% CL. The uncertainties in the expected UL correspond to
the ±1 standard deviation in the background-only hypothesis. The measured signal strength
is µ(VH(H!cc )) = 36+20

�19. The observed values agree within 2 standard deviations with the SM
expectation. The results in the individual channels also agree with the SM expectation. The
modest disagreement between the expected and observed UL in the 2L channel is related to
the small excess observed in data in the resolved-jet analysis.

Table 5: 95% CL upper limits for the VH (H ! cc) process, for the resolved-jet analysis for
pT(V) < 300 GeV, the merged-jet analysis for pT(V) � 300 GeV, and their combination.

95% CL exclusion limit
resolved-jet merged-jet combination

(pT(V) < 300 GeV) (pT(V) � 300 GeV) 0L 1L 2L All channels
expected 45+18

�13 73+34
�22 79+32

�22 72+31
�21 57+25

�17 37+16
�11

observed 86 75 83 110 93 70

Limit on µ
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Figure 7: Upper: 95% confidence level upper limits on µ for the VH (H ! cc) process from
the combination of the resolved-jet and merged-jet analyses in the different channels (0L, 1L,
and 2L) and combined. The inner (green) band and the outer (yellow) bands indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis. Lower: The fitted signal strength µ for the ZH and WH pro-
cesses, and in each individual channel (0L, 1L, and 2L). The vertical blue line corresponds to
the best fit value of µ for the combination of all channels and the green band to the correspond-
ing uncertainty on the measurement.
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๏ BDT-based, highly optimized analysis 
๏ Sensitivity is dominated by the 2L, resolved channel  

★ Slight (~2σ) excess observed in one of the 2L resolved analysis 
categories 

๏ Overall result: μ[VH(cc)] = 36+20-19; μ < 70 (37+16-11) @ 95% CL 
- most stringent limit to date (by far)

2016

2016

2016
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Conclusions
๏ Higgs boson had a fun childhood and now goes to 

the primary school 
★Will learn more about the properties, exotic decay 

channels, and possible deviations from the standard 
model predictions 

๏ CMS has been a watchful parent for all these 
childhood years and will follow the school years 
with large Run 2 and beyond data samples 

๏ With the third-generation couplings well 
established, our sights are shifting on the second 
generation and exotic decays, as well as on the 
precision differential measurements 

๏ Stay tuned! 48


