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Introduction

• Higgs sector of the Lagrangian:

➡ The origin of the CKM matrix.


• Standard model Lagrangian parameters:

➡ 4 from the CKM matrix

➡ 11 from the Higgs sector.

➡ Those should be determined by experiments.


• This talk tries to show...

➡ Latest results of Higgs-Fermion coupling measurements.

➡ How well we understand the Higgs sector.
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Importance of Higgs-Fermion couplings

• One of the most mysterious parts of the SM Lagrangian.

➡  

➡ Coupling constant is proportional to the particle mass. 

(Non-universal couplings not like the other bosons!!)


➡ LHC is the only facility to study this.

✓ CMS and ATLAS are intensively studying it.
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• So far, look very SM-like.

Overview of the Higgs-fermion couplings
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H→bb, H→ττ
• Third generation, bottom type particles.

➡ Particularly interesting for BSM (e.g. sensitive to a MSSM parameter).

➡ Existence of these processes was already confirmed.
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CMS ATLAS
H→bb (Run 1&2) 5.6σ (5.5σ) 5.4σ (5.5σ)
H→ττ (Run 1&2) 5.9σ (5.9σ) 6.4σ (5.4σ)

PLB 779 (2018) 283

CMS PAS HIG-18-016 


arXiv:1808.08238

The CMS Collaboration / Physics Letters B 779 (2018) 283–316 297

Fig. 18. Distribution of the decimal logarithm of the ratio between the expected 
signal and the sum of expected signal and expected background in each bin of the 
mass distributions used to extract the results, in all signal regions. The background 
contributions are separated by decay channel. The inset shows the corresponding 
difference between the observed data and expected background distributions di-
vided by the background expectation, as well as the signal expectation divided by 
the background expectation.

leading to wider bins in the poorly-populated VBF category. The 
most sensitive category, VBF, is shown first and is followed by 
the boosted and 0-jet categories. The signal prediction for a Higgs 
boson with mH = 125 .09 GeV is normalized to its best fit cross 
section times branching fraction. The background distributions are 
adjusted to the results of the global maximum likelihood fit.

The 2D distributions of the final discriminating variables ob-
tained for each category and each channel in the signal regions, 
along with the control regions, are combined in a binned likeli-
hood involving the expected and observed numbers of events in 
each bin. The expected number of signal events is the one pre-
dicted for the production of a SM Higgs boson of mass mH =
125 .09 GeV decaying into a pair of τ leptons, multiplied by a sig-
nal strength modifier µ treated as a free parameter in the fit.

The systematic uncertainties are represented by nuisance pa-
rameters that are varied in the fit according to their probability 
density functions. A log-normal probability density function is as-
sumed for the nuisance parameters affecting the event yields of 
the various background contributions, whereas systematic uncer-
tainties that affect the shape of the distributions are represented 
by nuisance parameters whose variation results in a continuous 
perturbation of the spectrum [69] and which are assumed to have 
a Gaussian probability density function. Overall, the statistical un-
certainty in the observed event yields is the dominant source of 
uncertainty for all combined results.

Grouping events in the signal region by their decimal logarithm 
of the ratio of the signal (S) to signal-plus-background (S + B) 
in each bin (Fig. 18 ), an excess of observed events with respect 
to the SM background expectation is clearly visible in the most 
sensitive bins of the analysis. The expected background and sig-
nal contributions, as well as the observed number of events, are 
indicated per process and category in Table 4 for the bins with 
log10(S/(S + B)) > −0.9. The channel that contributes the most to 
these bins is τhτh.

An excess of observed events relative to the background expec-
tation is also visible in Fig. 19, where every mass distribution for a 
constant range of the second dimension of the signal distributions 

Fig. 19. Combined observed and predicted mττ distributions. The top panel includes 
the VBF category of the µτh, eτh and eµ channels, and the bottom panel includes 
all other channels that make use of mττ instead of mvis for the signal strength fit. 
The binning reflects the one used in the 2D distributions, and does not allow merg-
ing of the two figures. The normalization of the predicted background distributions 
corresponds to the result of the global fit, while the signal is normalized to its best 
fit signal strength. The mass distributions for a constant range of the second di-
mension of the signal distributions are weighted according to S/(S + B), where S
and B are computed, respectively, as the signal or background contribution in the 
mass distribution excluding the first and last bins. The “Others” background contri-
bution includes events from diboson, tt, and single top quark production, as well as 
Higgs boson decay to a pair of W bosons and Z bosons decaying to a pair of light 
leptons. The background uncertainty band accounts for all sources of background 
uncertainty, systematic as well as statistical, after the global fit. The inset shows the 
corresponding difference between the observed data and expected background dis-
tributions, together with the signal expectation. The signal yield is not affected by 
the reweighting.

has been summed with a weight of S/(S + B) to increase the con-
tribution of the most sensitive distributions. In this case, S and B
are computed, respectively, as the signal or background contribu-
tion in the mass distribution excluding the first and last bins, in 
which the amount of signal is negligible. The signal regions that 
use mvis instead of mττ , namely the 0-jet category of the µτh, eτh

mbb [GeV] mττ [GeV]

Obs. (Exp.)
New New



H→bb, H→ττ

• Started exploring rarer and/or more difficult processes.
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PRL 120, 071802 (2018) 
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H→bb, H→tautau

• Various xsec or μ=σobs/σSM measurement are becoming available.

➡ Of course the precision is not enough, but a nice milestone.


• Good input to constrain the coupling modifier parameters.

➡ Next steps are differential cross section measurements.
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Figure 5: Distribution of the decimal logarithm of the ratio between the expected signal and the
sum of expected signal, corresponding to the best fit value µ = 2.5, and expected background
in each bin of the mass distributions used to extract the results, in all final states combined.
The background contributions are separated based on the production process, WH or ZH. The
inset shows the corresponding difference between the observed data and expected background
distributions divided by the background expectation, as well as the signal expectation divided
by the background expectation.
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Figure 6: Best-fit signal strength per Higgs boson production process, for mH = 125.09 GeV,
using a combination of the WH and ZH targeted analysis detailed in this paper with the CMS
analysis performed in the same data set for the same decay mode but targeting the gluon fusion
and vector boson fusion productions [18, 19]. The constraints from the combined global fit are
used to extract each of the individual best fit signal strengths. The combined best fit signal
strength is µ = 1.24+0.29

�0.27.
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H→μμ/ee

• Straightforward analysis, but needs enormous amounts of data.

➡ H→μμ: μ < 2.1 (ATLAS with 80/fb), 2.9 (CMS with 36/fb).

➡ H→ee: BR<0.0019 (CMS), which is 3.7×105 times SM.
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Figure 4: The dielectron invariant mass at 8 TeV and the background model are shown for
the 0,1-jet BB (left) and 2-jet Tight (right) categories. A best fit of the background model (see
Section 6) is shown by a solid line, while its fit uncertainty is represented by a lighter band.
The dotted line illustrates the expected SM Higgs boson signal enhanced by a factor of 106, for
mH = 125 GeV. The lower histograms show the residual for each bin (Data-Fit) normalized by
the Poisson statistical uncertainty of the background model (sFit). Also given are the sum of
squares of the normalized residuals (c2) divided by the number of degrees of freedom (NDF)
and the corresponding p-value assuming the sum follows the c2 distribution.

Table 3: The relative systematic uncertainty in the H ! e+e� signal yield is listed for each un-
certainty source. Uncertainties are shown for the GF and VBF Higgs boson production modes.
The systematic uncertainties vary depending on the category and centre-of-mass energy.

Source GF [%] VBF [%]
Higher-order corrections [18] 8–18 1–7
PDF [18] 11 5
PS/UE 6–42 3–10
Integrated luminosity [40] 2.6 2.6
Electron efficiency 2 2
Jet energy scale <1–11 2–3
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Figure 5: Background-only fit to the observed mµµ distribution in the non-central high p
µµ
T category (left) and in the

VBF Tight category (right). Only the statistical uncertainties are shown for the data points. The expected signal is
scaled by a factor of 20. The lower panels show the di�erence between the data and the background-only fit divided
by the data uncertainty.

of Nspur are derived for three nearby Higgs boson masses (120, 125, and 130 GeV), and from these the
largest value between the yields and their statistical uncertainties is taken as the Nspur value for a certain
category. A detailed discussion about how Nspur is used in the fitting procedure is given in Ref. [73]. The
background modeling uncertainty is treated as uncorrelated among all the categories. This uncertainty
varies from 10% to 100% of the statistical uncertainties of the background, depending on the category.
The impact of the background mismodelling on the expected upper limit on the signal strength is about
4%.

6.3 Fit to data

The observed mµµ spectrum is compared to the background-only fit in Figure 5 for the two most sensitive
categories, while the other six categories are presented in Appendix A. The �2 per degree of freedom for
the fit is good for all the categories.

The S+B model is fit to the observed mµµ spectra in eight signal categories simultaneously and the
measured overall signal strength is µ = 0.1+1.0

�1.1. The observed significance for a SM H ! µµ signal with
mH = 125 GeV is 0.0�, while the expected significance is 0.9�. An upper limit on µ is computed using a
modified frequentist CLs method [75, 76] with the profile-likelihood-ratio test statistic [75]. The observed
upper limit on µ at 95% CL is found to be 2.1, with an expected limit of 2.0 for the case of no H ! µµ
signal and an expected limit of 2.8 for the case of a H ! µµ signal at SM strength. This limit is driven by
the data statistical uncertainty. The impact of the systematic uncertainties is found to be 4%, dominated
by the spurious signal systematics. This result represents an improvement of about 35% compared to the
previous ATLAS result [11].
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H→μμ/ee

• Straightforward analysis, but needs enormous amounts of data.

➡ H→μμ: μ < 2.1 (ATLAS with 80/fb), 2.9 (CMS with 36/fb).

➡ H→ee: BR<0.0019 (CMS), which is 3.7×105 times SM.
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Figure 4: The dielectron invariant mass at 8 TeV and the background model are shown for
the 0,1-jet BB (left) and 2-jet Tight (right) categories. A best fit of the background model (see
Section 6) is shown by a solid line, while its fit uncertainty is represented by a lighter band.
The dotted line illustrates the expected SM Higgs boson signal enhanced by a factor of 106, for
mH = 125 GeV. The lower histograms show the residual for each bin (Data-Fit) normalized by
the Poisson statistical uncertainty of the background model (sFit). Also given are the sum of
squares of the normalized residuals (c2) divided by the number of degrees of freedom (NDF)
and the corresponding p-value assuming the sum follows the c2 distribution.

Table 3: The relative systematic uncertainty in the H ! e+e� signal yield is listed for each un-
certainty source. Uncertainties are shown for the GF and VBF Higgs boson production modes.
The systematic uncertainties vary depending on the category and centre-of-mass energy.

Source GF [%] VBF [%]
Higher-order corrections [18] 8–18 1–7
PDF [18] 11 5
PS/UE 6–42 3–10
Integrated luminosity [40] 2.6 2.6
Electron efficiency 2 2
Jet energy scale <1–11 2–3
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Figure 5: Background-only fit to the observed mµµ distribution in the non-central high p
µµ
T category (left) and in the

VBF Tight category (right). Only the statistical uncertainties are shown for the data points. The expected signal is
scaled by a factor of 20. The lower panels show the di�erence between the data and the background-only fit divided
by the data uncertainty.

of Nspur are derived for three nearby Higgs boson masses (120, 125, and 130 GeV), and from these the
largest value between the yields and their statistical uncertainties is taken as the Nspur value for a certain
category. A detailed discussion about how Nspur is used in the fitting procedure is given in Ref. [73]. The
background modeling uncertainty is treated as uncorrelated among all the categories. This uncertainty
varies from 10% to 100% of the statistical uncertainties of the background, depending on the category.
The impact of the background mismodelling on the expected upper limit on the signal strength is about
4%.

6.3 Fit to data

The observed mµµ spectrum is compared to the background-only fit in Figure 5 for the two most sensitive
categories, while the other six categories are presented in Appendix A. The �2 per degree of freedom for
the fit is good for all the categories.

The S+B model is fit to the observed mµµ spectra in eight signal categories simultaneously and the
measured overall signal strength is µ = 0.1+1.0

�1.1. The observed significance for a SM H ! µµ signal with
mH = 125 GeV is 0.0�, while the expected significance is 0.9�. An upper limit on µ is computed using a
modified frequentist CLs method [75, 76] with the profile-likelihood-ratio test statistic [75]. The observed
upper limit on µ at 95% CL is found to be 2.1, with an expected limit of 2.0 for the case of no H ! µµ
signal and an expected limit of 2.8 for the case of a H ! µµ signal at SM strength. This limit is driven by
the data statistical uncertainty. The impact of the systematic uncertainties is found to be 4%, dominated
by the spurious signal systematics. This result represents an improvement of about 35% compared to the
previous ATLAS result [11].

12

H→μμ H→ee
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H→ee: Hopeless in LHC (or even in HL-LHC)... 
H→μμ: significance > 9 is expected 

 with 3000/fb by ATLAS.
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H→cc

• Important channel for the 2nd generation quark coupling.

• Search for ZH→llcc with 2015+2016 data.

➡ c-jets from Higgs decay were 

attempted to be identified.

➡ c-tagging (efficiency: 41%).

✓ b-jet rejection ~ 4.

✓ l-jet rejection ~ 20.
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PRL 120, 211802 (2018)
generated using POWHEG-BOX v2. Backgrounds from
single top and multijet production and the contribution
from Higgs decays other than bb̄ and cc̄ are assessed to be
negligible and not considered further. The Higgs boson
mass is set tomH ¼ 125 GeV and the top-quark mass is set
to 172.5 GeV.
Events are required to have at least one reconstructed

primary vertex. Electron candidates are reconstructed from
energy clusters in the electromagnetic calorimeter that are
associated with charged-particle tracks reconstructed in the
inner detector [56,57]. Muon candidates are reconstructed
by combining inner detector tracks with muon spectrometer
tracks or energy deposits in the calorimeters consistent with
the passage of minimum-ionizing particles [58]. For data
recorded in 2015, the single-electron (muon) trigger
required a candidate with pT > 24ð20Þ GeV; in 2016 the
lepton pT threshold was raised to 26 GeV. Events are
required to contain a pair of same-flavor leptons, both
satisfying pT > 7 GeV and jηj < 2.5. At least one lepton
must have pT > 27 GeV and correspond to a lepton that
passed the trigger. The two leptons are required to satisfy
loose track-isolation criteria with an efficiency greater
than 99%. They are required to have opposite charge in
dimuon events, but not in dielectron events due to the
non-negligible charge misidentification rate of electrons.
The invariant mass of the dilepton system is required
to be consistent with the mass of the Z boson: 81 GeV <
mll < 101 GeV.
Jets are reconstructed from topological energy clusters in

the calorimeters [59,60] using the anti-kt algorithm [61]
with a radius parameter of 0.4 implemented in the FASTJET
package [62]. The jet energy is corrected using a jet-area-

based technique [63,64] and calibrated [65,66] using
pT- and η-dependent correction factors determined from
simulation, with residual corrections from internal jet
properties. Further corrections from in situ measurements
are applied to data. Selected jets must have pT > 20 GeV
and jηj < 2.5. Events are required to contain at least two
jets. If a muon is found within a jet, its momentum is added
to the selected jet. An overlap removal procedure resolves
cases in which the same physical object is reconstructed
multiple times, e.g. an electron also reconstructed as a jet.

TABLE I. The configurations used for event generation of the signal and background processes. If two parton distribution functions
(PDFs) are shown, the first is for the matrix element calculation and the second for the parton shower, otherwise the same is used for
both. Alternative event generators and configurations, used to estimate systematic uncertainties, are in parentheses. Tune refers to the
underlying-event tuned parameters of the parton shower event generator. MG5_ AMC refers to MADGRAPH5_ AMC@NLO 2.2.2 [29];
PYTHIA 8 refers to version 8.212 [30]. Heavy-flavor hadron decays modeled by EVTGEN 1.2.0 [31] are used for all samples except those
generated using SHERPA. The order of the calculation of the cross sections used to normalize the predictions is indicated. The qq̄ → ZH
cross section is estimated by subtracting the gg → ZH cross section from the pp → ZH cross section. The asterisk (*) in the last column
denotes that the indicated order is for the pp → ZH cross section. NNLO denotes next-to-next-to-leading order; NLL denotes next-to-
leading log and NNLL denotes next-to-next-to-leading log.

Process Event Generator Parton Shower PDF Tune Cross section
(alternative) (alternative) (alternative)

qq̄ → ZH POWHEG-BOX v2 [32] PYTHIA 8 PDF4LHC15NLO [33] AZNLO [34] NNLO (QCD)*
+GOSAM [35] /CTEQ6L1 [36,37] +NLO (EW) [38–44]
+MINLO [45,46] (HERWIG 7 [47]) (A14 [48])

gg → ZH POWHEG-BOX v2 PYTHIA 8 PDF4LHC15NLO AZNLO NLO+NLL (QCD) [17,49–51]
(HERWIG 7) /CTEQ6L1 (A14)

tt̄ POWHEG-BOX v2 PYTHIA 8 NNPDF3.0NLO [52] A14 NNLO þ NNLL [53]
(HERWIG 7) /NNPDF2.3LO

ZW, ZZ SHERPA 2.2.1 [54] SHERPA NNPDF3.0NNLO SHERPA NLO
(POWHEG-BOX) (PYTHIA 8)

Z þ jets SHERPA 2.2.1 SHERPA NNPDF3.0NNLO SHERPA NNLO [55]
(MG5_ AMC) (PYTHIA 8) (NNPDF2.3LO) (A14)
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Operation point 
was optimised 
for this analysis.



H→cc

• Upper limit: μ < 110 (obs.), 150     (exp.) with 95% CL.

➡ σSM = 25.5 fb.


• Can be improved by better 
c-jet efficiency calibration? 
(and worth pursuing!!)
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than in the main Z + jets background. To reject background events, the angular separation between the two
jets constituting the dijet system, �Rcc̄, is required to be less than 2.2. This requirement is tightened to
1.5 (1.3) for events satisfying 150 < p

Z

T < 200 GeV (pZ

T > 200 GeV). The signal acceptance ranges from
0.5% to 3.4% depending on the category. A joint binned maximum profile likelihood fit to mcc̄ in the four
categories is used to extract the signal yield and estimate the normalization of the Z+jets background. The
fit is performed using 15 uniform width bins in each category in the range of 50 GeV < mcc̄ < 200 GeV.
The parameter of interest, µ, common to all categories, is the signal strength, defined as the ratio of the
measured signal yield to the prediction from the SM.

Systematic uncertainties a�ecting the signal and background predictions include theoretical uncertainties
in the signal and background modeling and experimental uncertainties. They are summarized in Table 2,
which shows their relative impact on the fitted value of µ. Uncertainties in the mcc̄ shape of the simulated
backgrounds are assessed by comparisons between nominal and alternative MC generators as indicated in
Table 1.

The systematic uncertainties are incorporated within the statistical model through nuisance parameters
that modify the shape and/or normalization of the expected distributions. The statistical model includes
additional terms which parametrize the constraints from auxiliary measurements on the uncertainties of
these parameters. The e�ects of statistical uncertainties in the simulation samples are accounted for by
the statistical model. The Z+jets background is normalised from the data through the inclusion of an
unconstrained normalization parameter for each analysis category. The normalization parameters range
between 1.13 and 1.30. All other background normalization factors are correlated between categories
with acceptance uncertainties typically of the order of 10% to account for relative variations between
categories.

The dominant contributions to the uncertainty in µ are the e�ciency of the tagging algorithms, the jet
energy scale and resolution, and the modeling of the backgrounds. The largest uncertainty is due to
the normalization of the Z+jets background. The typical size of the relative uncertainty on the tagging
e�ciency is 20% for c-jets, 5% for b-jets, and 20% for l-jets.

Source �/�tot
Statistical 49%

Floating Z + jets Normalization 31%
Systematic 87%

Flavor Tagging 73%
Background Modeling 47%
Lepton, Jet and Luminosity 28%
Signal Modeling 28%
MC statistical 6%

Table 2: Breakdown of the relative contributions to the total uncertainty in µ. The statistical uncertainty includes
the contribution from the floating Z+jets normalization parameters, the contribution from which is also shown
separately. The total systematic uncertainty and its components are shown. The sum in quadrature of the individual
components di�ers from the total uncertainty due to correlations between the components.

The fitted signal and background yields are listed in Table 3. The most significant background source is
Z+jets production. The mcc̄ distributions in all signal categories are shown in Fig. 2 with the background
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normalization parameters range between 1.13 and 1.30. All
other background normalization factors are correlated
between categories, with acceptance uncertainties of order
10% to account for relative variations between categories.
The dominant contributions to the uncertainty in μ are the

efficiency of the tagging algorithms, the jet energy scale and
resolution, and the background modeling. The largest
uncertainty is due to the normalization of the dominant Z þ
jets background. The typical uncertainty in the tagging
efficiency is 25% for c jets, 5% for b jets, and 20% for l jets.
Table III shows the fitted signal and background yields.

The mcc̄ distributions in the 2 c tag categories are shown in
Fig. 2 with the background shapes and normalizations
according to the result of the fit. Good agreement is
observed between the postfit shapes of the distributions
and the data.
The analysis procedure is validated by measuring the

yield of ZV production, where V denotes a W or Z boson,
with the same event selection. The fraction of the ZZ yield
from Z → cc̄ decays is ∼55% (20%) in the 2 c tag (1 c tag)
category, while the fraction of the ZW yield from W → cs,
cd is ∼65% for both the 2 and 1 c tag categories.
Contributions of Higgs boson decays to cc̄ and bb̄ are
treated as background and constrained to the SM predic-
tions within its theoretical uncertainties. The diboson signal
strength is measured to be μZV ¼ 0.6þ0.5

−0.4 with an observed
(expected) significance of 1.4 (2.2) standard deviations.
The best-fit value for the ZHðcc̄Þ signal strength is

μZH ¼ −69% 101. By assuming a signal with the kin-
ematics of the SM Higgs boson, model-dependent correc-
tions are made to extrapolate to the inclusive phase space.
Hence, an upper limit on σðpp → ZHÞ × BðH → cc̄Þ is
computed using a modified frequentist CLs method [69,70]

with the profile likelihood ratio as the test statistic. The
observed (expected) upper limit is found to be 2.7 (3.9þ2.1

−1.1 )
pb at the 95% C.L. This corresponds to an observed
(expected) upper limit on μ at the 95% C.L. of 110
(150þ80

−40 ). The uncertainties in the expected limits corre-
spond to the % 1σ interval of background-only pseudoex-
periments. With the current sensitivity, the result depends
weakly on the assumption of the SM rate for H → bb̄. The
observed limit remains within 5% of the nominal value
when the assumed value for normalization of the ZHðbb̄Þ
background is varied from zero to twice the SM prediction.
A search for the decay of the Higgs boson to charm

quarks has been performed using 36.1 fb−1 of data col-
lected with the ATLAS detector in pp collisions at

ffiffiffi
s

p
¼

13 TeV at the LHC. No significant excess of ZHðcc̄Þ
production is observed over the SM background expect-
ation. The observed upper limit on σðpp → ZHÞ × BðH →
cc̄Þ is 2.7 pb at the 95% C.L. The corresponding expected
upper limit is 3.9þ2.1

−1.1 pb. This is the most stringent limit to
date in direct searches for the inclusive decay of the Higgs
boson to charm quarks.
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CONICYT, Chile; CAS, MOST and NSFC, China;
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FIG. 2. Observed and predicted mcc̄ distributions in the 2 c-tag analysis categories. The expected signal is scaled by a factor of 100.
Backgrounds are corrected to the results of the fit to the data. The predicted background from the simulation is shown as red dashed
histograms. The ratios of the data to the fitted background are shown in the lower panels. The error bands indicate the sum in quadrature
of the statistical and systematic uncertainties in the background prediction.

PHYSICAL REVIEW LETTERS 120, 211802 (2018)

211802-4

+80

-40

PRL 120, 211802 (2018)

mcc [GeV]



Exploration of the Hcc vertex

• Identifying charmonium decays.

➡ H → J/ψ or ψ(2S) + γ: BR=O(10-6), 


➡ Setting limits O(102) above SM.
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Figure 2: Distribution of µ+µ� invariant mass for (a)  (nS) � and ⌥(nS) � ((b) barrel and (c) endcap categories)
candidates. The candidates satisfy the event selection but without the nominal isolation requirements and with a
looser minimum p

Q
T requirement of 30 GeV. These events constitute the background “generation region” defined in

Section 6.

Q candidates are not required to satisfy the nominal isolation requirements and a looser minimum p
Q
T

requirement of 30 GeV is imposed. These events define the background-dominated “generation region”
(GR). From these events, pdfs are constructed to describe the distributions of the relevant kinematic and
isolation variables and their most important correlations. The data control samples are corrected for
contamination from Z ! µ+µ�� decays.

The pdfs of these kinematic and isolation variables are sampled to generate an ensemble of pseudocan-
didates, each with complete Q and � four-vectors and the associated Q and photon isolation values. The
important correlations among the kinematic and isolation variables of the background events, in particular
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Figure 4: The mµ+µ� � and mµ+µ� distributions for the selected (a)  (nS) � and ⌥(nS) � ((b) barrel and (c) endcap
categories) candidates along with the results of the maximum-likelihood fits with background-only models. Z FSR
refers to the Z ! µ+µ�� background contribution. The ratios of the data to the background-only fits are also
shown.
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indirect (via H→γγ*)

h

γ

h

γ

h

γ

γ/Z

Figure 2: Direct (left and center) and indirect (right) contributions to the h → V γ
decay amplitude. The crossed circle in the third diagram denotes the off-shell h → γγ∗

and h → γZ∗ amplitudes, which in the SM arise first at one-loop order.

of an off-shell photon or Z boson produced in a h → γγ∗/γZ∗ transition [10]. We refer to
this as the “indirect” contribution. It involves the hadronic matrix element of a local current
and thus can be expressed in terms of the decay constant fV of the vector meson. The direct
contribution is sensitive to the Yukawa coupling of the Higgs boson to the quarks which make
up the vector meson. We shall find that in the SM the direct and indirect contributions to
the h → V γ decay amplitude interfere destructively. They are of similar size for V = Υ,
while the direct contributions are smaller than the indirect ones by factors of about 0.06 for
V = J/ψ, 0.002 for V = φ, and few times 10−5 for V = ρ0 and ω. The sensitivity to the
Yukawa couplings thus crucially relies on the precision with which the indirect contributions
can be calculated. We will come back to this point below.

The most general parametrization of the h → V γ decay amplitude is

iA(h → V γ) = −
efV
2

!

"

ε∗V · ε∗γ −
q · ε∗V k · ε∗γ

k · q

#

F V
1 − iϵµναβ

kµqνε∗αV ε
∗β
γ

k · q
F V
2

$

, (5)

where both the final-state meson and the photon are transversely polarized. From (5), the
decay rate is obtained as

Γ(h → V γ) =
αf 2

V

8mh

%

&

&F V
1

&

&

2
+
&

&F V
2

&

&

2
'

. (6)

Here α = 1/137.036 is the fine-structure constant evaluated at q2 = 0 [22], as appropriate
for a real photon. We choose to normalize the decay amplitude in (5) to the vector-meson
decay constant fV , which is defined in terms of a matrix element of a local vector current.
Since we consider neutral, flavor-diagonal mesons, the definition of the decay constants (and
of other hadronic matrix elements) is complicated by the effects of flavor mixing. In complete
generality, such a neutral meson V can be regarded as a superposition of flavor states |qq̄⟩.
We can thus define flavor-dependent decay constants f q

V via

⟨V (k, ε)| q̄γµq |0⟩ = −if q
VmV ε

∗µ ; q = u, d, s, . . . . (7)

A certain combination of these flavor-specific decay constants can be measured in the leptonic
decay V → e+e−. The corresponding decay amplitude involves the matrix element of the

5

direct
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Table 3: Expected and observed branching fraction upper limits at 95% CL for the H(Z) ! J/ �, H(Z) !
 (2S) �, and H(Z) ! ⌥(nS) � (n = 1, 2, 3) analyses, assuming SM production for the Higgs and Z bosons. The
±1� intervals of the expected limits are also given.

Branching fraction limit (95% CL) Expected Observed
B (H ! J/ �) [ 10�4 ] 3.0+1.4

�0.8 3.5
B (H !  (2S) �) [ 10�4 ] 15.6+7.7

�4.4 19.8
B (Z ! J/ �) [ 10�6 ] 1.1+0.5

�0.3 2.3
B (Z !  (2S) �) [ 10�6 ] 6.0+2.7

�1.7 4.5
B (H ! ⌥(1S) �) [ 10�4 ] 5.0+2.4

�1.4 4.9
B (H ! ⌥(2S) �) [ 10�4 ] 6.2+3.0

�1.7 5.9
B (H ! ⌥(3S) �) [ 10�4 ] 5.0+2.5

�1.4 5.7
B (Z ! ⌥(1S) �) [ 10�6 ] 2.8+1.2

�0.8 2.8
B (Z ! ⌥(2S) �) [ 10�6 ] 3.8+1.6

�1.1 1.7
B (Z ! ⌥(3S) �) [ 10�6 ] 3.0+1.3

�0.8 4.8

9 Summary

Searches for the exclusive decays of Higgs and Z bosons into J/ �,  (2S) �, and ⌥(nS) � have been
performed with a

p
s = 13 TeV pp collision data sample collected with the ATLAS detector at the LHC

corresponding to an integrated luminosity of 36.1 fb�1. No significant excess of events is observed
above the background expectations. The obtained 95% CL upper limits are B (H ! J/ �) < 3.5 ⇥
10�4 and B (Z ! J/ �) < 2.3 ⇥ 10�6 for the J/ � final state. The corresponding upper limits are
B (H !  (2S) �) < 2.0⇥10�3 andB (Z !  (2S) �) < 4.5⇥10�6 for the (2S) � final state. The 95% CL
upper limits B (H ! ⌥(nS) �) < (4.9, 5.9, 5.7) ⇥ 10�4 and B (Z ! ⌥(nS) �) < (2.8, 1.7, 4.8) ⇥ 10�6 are
set for the ⌥(nS) � (n = 1, 2, 3) final states. These upper limits represent an improvement by a factor of
approximately two relative to the earlier H(Z) ! J/ � and H(Z) ! ⌥(nS) � results from the ATLAS
Collaboration using up to 20.3 fb�1 of

p
s = 8 TeV pp collision data with the addition of the first upper

limits on the H/Z !  (2S) � decays.
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Coupling: light quarks

• Could be probed based on the similar idea as the prev. page.

➡ Studied by Higgs to meson + photon decays.

✓ s-quark     : φ meson

✓ u-,d-quark: ρ meson.


• Focusing on large BR channels. 

➡ H→φγ→KKγ: BR(φ→KK)~50%

➡ H→ργ→ππγ: BR(ρ→ππ)~100%


• Events are recoded by the 
dedicated di-track + γ trigger.


• Mesons are identified well by 
the di-track mass.
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Figure 2: The (a) mK+K� and (b) m⇡+⇡� distributions for �� and ⇢� candidates, respectively. The candidates fulfil
the complete event selection (see text), apart from requirements on mK+K� or m⇡+⇡� . These requirements are marked
on the figures with dashed lines topped with arrows indicating the included area. The signal and background models
are discussed in the text.

5 Background

For both the �� and ⇢� final states, the main sources of background in the searches are events involving
inclusive photon + jet or multijet processes where an M candidate is reconstructed from ID tracks
originating from a jet.

From the selection criteria discussed earlier, the shape of this background exhibits a turn-on structure in the
mM� distribution around 100 GeV, in the region of the Z boson signal, and a smoothly falling background
in the region of the Higgs boson signal. Given the complex shape of this background, these processes are
modelled in an inclusive fashion with a non-parametric data-driven approach using templates to describe
the relevant distributions. The background normalisation and shape are simultaneously extracted from
a fit to the data. A similar procedure was used in the earlier search for Higgs and Z boson decays into
�� [27] and the search for Higgs and Z boson decays into J/ � and ⌥(nS) � described in Ref. [21].

5.1 Background modelling
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M
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distributions of the relevant kinematic and isolation variables and their most important correlations. In
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This ensemble of pseudocandidate events is produced by randomly sampling the distributions of the
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didate event is described by M and � four-momentum vectors and the associated M and photon isolation

8

mKK [GeV]



• Higgs mass reconstruction by di-track + γ.

Coupling: light quarks
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.

fraction are also estimated for the Higgs boson decays, yielding 25.3 fb for the H ! �� decay, and 45.5 fb
for the H ! ⇢� decay.

The systematic uncertainties described in Section 6 result in a 14% deterioration of the post-fit expected
95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.

Table 3: Expected and observed branching fraction upper limits at 95% CL for the �� and ⇢� analyses. The ±1�
intervals of the expected limits are also given.

Branching Fraction Limit (95% CL) Expected Observed
B (H ! ��) [ 10�4 ] 4.2+1.8

�1.2 4.8
B (Z ! ��) [ 10�6 ] 1.3+0.6

�0.4 0.9
B (H ! ⇢�) [ 10�4 ] 8.4+4.1

�2.4 8.8
B (Z ! ⇢�) [ 10�6 ] 33+13

�9 25

8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.
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8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into
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SM prediction: 

1 Introduction

Following the observation [1, 2] of a Higgs boson, H, with a mass of approximately 125 GeV [3] by the
ATLAS and CMS collaborations at the Large Hadron Collider (LHC), the properties of its interactions with
the electroweak gauge bosons have been measured extensively [4–6]. The coupling of the Higgs boson to
leptons has been established through the observation of the H ! ⌧+⌧� channel [4, 7, 8], while in the quark
sector indirect evidence is available for the coupling of the Higgs boson to the top-quark [4] and evidence for
the Higgs boson decays into bb̄ has been recently presented [9, 10]. Despite this progress, the Higgs boson
interaction with the fermions of the first and second generations is still to be confirmed experimentally.
In the Standard Model (SM), Higgs boson interactions to fermions are implemented through Yukawa
couplings, while a wealth of beyond-the-SM theories predict substantial modifications. Such scenarios
include the Minimal Flavour Violation framework [11], the Froggatt–Nielsen mechanism [12], the Higgs-
dependent Yukawa couplings model [13], the Randall–Sundrum family of models [14], and the possibility
of the Higgs boson being a composite pseudo-Goldstone boson [15]. An overview of relevant models of
new physics is provided in Ref. [16].

The rare decays of the Higgs boson into a heavy quarkonium state, J/ or ⌥(nS) with n = 1, 2, 3,
and a photon have been suggested for probing the charm- and bottom-quark couplings to the Higgs
boson [17–20] and have already been searched for by the ATLAS Collaboration [21], resulting in 95%
confidence level (CL) upper limits of 1.5 ⇥ 10�3 and (1.3, 1.9, 1.3) ⇥ 10�3 on the branching fractions,
respectively. The H ! J/ � decay mode has also been searched for by the CMS Collaboration [22],
yielding the same upper limit. The corresponding SM predictions for these branching fractions [23] are
B (H ! J/ �) = (2.95 ± 0.17) ⇥ 10�6 and B (H ! ⌥(nS)�) =

⇣
4.6+1.7
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prospects for observing and studying exclusive Higgs boson decays into a meson and a photon with an
upgraded High Luminosity LHC [16] or a future hadron collider [24] have also been studied.

Currently, the light (u, d, s) quark couplings to the Higgs boson are loosely constrained by existing data
on the total Higgs boson width, while the large multijet background at the LHC inhibits the study of
such couplings with inclusive H ! qq̄ decays. Rare exclusive decays of the Higgs boson into a light
meson, M , and a photon, �, have been suggested as a probe of the couplings of the Higgs boson to
light quarks and would allow a search for potential deviations from the SM prediction [23, 25, 26].
Specifically, the observation of the Higgs boson decay to a � or ⇢(770) (denoted as ⇢ in the following)
meson and a photon would provide sensitivity to its couplings to the strange-quark, and the up- and
down-quarks, respectively. The expected SM branching fractions are B (H ! ��) = (2.31± 0.11)⇥ 10�6

and B (H ! ⇢�) = (1.68 ± 0.08) ⇥ 10�5 [23]. The decay amplitude receives two main contributions that
interfere destructively. The first is referred to as “direct” and proceeds through the H ! qq̄ coupling,
where subsequently a photon is emitted before the qq̄ hadronises exclusively to M . The second is referred
to as “indirect” and proceeds via the H ! �� coupling followed by the fragmentation �⇤ ! M . In the
SM, owing to the smallness of the light-quark Yukawa couplings, the latter amplitude dominates, despite
being loop induced. As a result, the expected branching fraction predominantly arises from the “indirect”
process, while the Higgs boson couplings to the light quarks are probed by searching for modifications of
this branching fraction due to changes in the “direct” amplitude.

This paper describes a search for Higgs boson decays into the exclusive final states �� and ⇢�. The decay
� ! K

+
K

� is used to reconstruct the � meson, and the decay ⇢ ! ⇡+⇡� is used to reconstruct the ⇢
meson. The presented search uses approximately 13 times more integrated luminosity than the first search
for H ! �� decays [27], which led to a 95% CL upper limit of B (H ! ��) < 1.4 ⇥ 10�3, assuming SM
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upgraded High Luminosity LHC [16] or a future hadron collider [24] have also been studied.

Currently, the light (u, d, s) quark couplings to the Higgs boson are loosely constrained by existing data
on the total Higgs boson width, while the large multijet background at the LHC inhibits the study of
such couplings with inclusive H ! qq̄ decays. Rare exclusive decays of the Higgs boson into a light
meson, M , and a photon, �, have been suggested as a probe of the couplings of the Higgs boson to
light quarks and would allow a search for potential deviations from the SM prediction [23, 25, 26].
Specifically, the observation of the Higgs boson decay to a � or ⇢(770) (denoted as ⇢ in the following)
meson and a photon would provide sensitivity to its couplings to the strange-quark, and the up- and
down-quarks, respectively. The expected SM branching fractions are B (H ! ��) = (2.31± 0.11)⇥ 10�6

and B (H ! ⇢�) = (1.68 ± 0.08) ⇥ 10�5 [23]. The decay amplitude receives two main contributions that
interfere destructively. The first is referred to as “direct” and proceeds through the H ! qq̄ coupling,
where subsequently a photon is emitted before the qq̄ hadronises exclusively to M . The second is referred
to as “indirect” and proceeds via the H ! �� coupling followed by the fragmentation �⇤ ! M . In the
SM, owing to the smallness of the light-quark Yukawa couplings, the latter amplitude dominates, despite
being loop induced. As a result, the expected branching fraction predominantly arises from the “indirect”
process, while the Higgs boson couplings to the light quarks are probed by searching for modifications of
this branching fraction due to changes in the “direct” amplitude.

This paper describes a search for Higgs boson decays into the exclusive final states �� and ⇢�. The decay
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� is used to reconstruct the � meson, and the decay ⇢ ! ⇡+⇡� is used to reconstruct the ⇢
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SM prediction: 



Summary

• Investigation of the Higgs-Fermion couplings

➡ Determination of the SM Lagrangian parameters.

➡ Very important task after the search era of Higgs.


• Higgs coupling measurement status:

➡ 3rd generation:

✓ Started measuring xsec for each production mode.

✓We’re entering a new era of trying to do differential cross 

section measurements.

➡ 2nd and 1st generation:

✓ Started setting upper limits.

✓ H→μμ is close to the SM value, but others are far from it.

✓ Need more statistics and new ideas!!

�20



Backup

�21
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• Higgs mass reconstruction by di-track + γ.


• Set upper limits on BR with 95% CL.

➡ BR(H→φγ)[10-4] < 4.2      (exp.), 4.8 (obs.)

✓ SM prediction: 


➡ BR(H→ργ)[10-4] < 8.4          (exp.), 8.8 (obs.)

✓ SM prediction: 

Coupling: light quarks
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.

fraction are also estimated for the Higgs boson decays, yielding 25.3 fb for the H ! �� decay, and 45.5 fb
for the H ! ⇢� decay.

The systematic uncertainties described in Section 6 result in a 14% deterioration of the post-fit expected
95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.

Table 3: Expected and observed branching fraction upper limits at 95% CL for the �� and ⇢� analyses. The ±1�
intervals of the expected limits are also given.

Branching Fraction Limit (95% CL) Expected Observed
B (H ! ��) [ 10�4 ] 4.2+1.8

�1.2 4.8
B (Z ! ��) [ 10�6 ] 1.3+0.6

�0.4 0.9
B (H ! ⇢�) [ 10�4 ] 8.4+4.1

�2.4 8.8
B (Z ! ⇢�) [ 10�6 ] 33+13
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8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into
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1 Introduction

Following the observation [1, 2] of a Higgs boson, H, with a mass of approximately 125 GeV [3] by the
ATLAS and CMS collaborations at the Large Hadron Collider (LHC), the properties of its interactions with
the electroweak gauge bosons have been measured extensively [4–6]. The coupling of the Higgs boson to
leptons has been established through the observation of the H ! ⌧+⌧� channel [4, 7, 8], while in the quark
sector indirect evidence is available for the coupling of the Higgs boson to the top-quark [4] and evidence for
the Higgs boson decays into bb̄ has been recently presented [9, 10]. Despite this progress, the Higgs boson
interaction with the fermions of the first and second generations is still to be confirmed experimentally.
In the Standard Model (SM), Higgs boson interactions to fermions are implemented through Yukawa
couplings, while a wealth of beyond-the-SM theories predict substantial modifications. Such scenarios
include the Minimal Flavour Violation framework [11], the Froggatt–Nielsen mechanism [12], the Higgs-
dependent Yukawa couplings model [13], the Randall–Sundrum family of models [14], and the possibility
of the Higgs boson being a composite pseudo-Goldstone boson [15]. An overview of relevant models of
new physics is provided in Ref. [16].

The rare decays of the Higgs boson into a heavy quarkonium state, J/ or ⌥(nS) with n = 1, 2, 3,
and a photon have been suggested for probing the charm- and bottom-quark couplings to the Higgs
boson [17–20] and have already been searched for by the ATLAS Collaboration [21], resulting in 95%
confidence level (CL) upper limits of 1.5 ⇥ 10�3 and (1.3, 1.9, 1.3) ⇥ 10�3 on the branching fractions,
respectively. The H ! J/ � decay mode has also been searched for by the CMS Collaboration [22],
yielding the same upper limit. The corresponding SM predictions for these branching fractions [23] are
B (H ! J/ �) = (2.95 ± 0.17) ⇥ 10�6 and B (H ! ⌥(nS)�) =

⇣
4.6+1.7
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⌘
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prospects for observing and studying exclusive Higgs boson decays into a meson and a photon with an
upgraded High Luminosity LHC [16] or a future hadron collider [24] have also been studied.

Currently, the light (u, d, s) quark couplings to the Higgs boson are loosely constrained by existing data
on the total Higgs boson width, while the large multijet background at the LHC inhibits the study of
such couplings with inclusive H ! qq̄ decays. Rare exclusive decays of the Higgs boson into a light
meson, M , and a photon, �, have been suggested as a probe of the couplings of the Higgs boson to
light quarks and would allow a search for potential deviations from the SM prediction [23, 25, 26].
Specifically, the observation of the Higgs boson decay to a � or ⇢(770) (denoted as ⇢ in the following)
meson and a photon would provide sensitivity to its couplings to the strange-quark, and the up- and
down-quarks, respectively. The expected SM branching fractions are B (H ! ��) = (2.31± 0.11)⇥ 10�6

and B (H ! ⇢�) = (1.68 ± 0.08) ⇥ 10�5 [23]. The decay amplitude receives two main contributions that
interfere destructively. The first is referred to as “direct” and proceeds through the H ! qq̄ coupling,
where subsequently a photon is emitted before the qq̄ hadronises exclusively to M . The second is referred
to as “indirect” and proceeds via the H ! �� coupling followed by the fragmentation �⇤ ! M . In the
SM, owing to the smallness of the light-quark Yukawa couplings, the latter amplitude dominates, despite
being loop induced. As a result, the expected branching fraction predominantly arises from the “indirect”
process, while the Higgs boson couplings to the light quarks are probed by searching for modifications of
this branching fraction due to changes in the “direct” amplitude.

This paper describes a search for Higgs boson decays into the exclusive final states �� and ⇢�. The decay
� ! K

+
K

� is used to reconstruct the � meson, and the decay ⇢ ! ⇡+⇡� is used to reconstruct the ⇢
meson. The presented search uses approximately 13 times more integrated luminosity than the first search
for H ! �� decays [27], which led to a 95% CL upper limit of B (H ! ��) < 1.4 ⇥ 10�3, assuming SM
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.

fraction are also estimated for the Higgs boson decays, yielding 25.3 fb for the H ! �� decay, and 45.5 fb
for the H ! ⇢� decay.

The systematic uncertainties described in Section 6 result in a 14% deterioration of the post-fit expected
95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.

Table 3: Expected and observed branching fraction upper limits at 95% CL for the �� and ⇢� analyses. The ±1�
intervals of the expected limits are also given.

Branching Fraction Limit (95% CL) Expected Observed
B (H ! ��) [ 10�4 ] 4.2+1.8

�1.2 4.8
B (Z ! ��) [ 10�6 ] 1.3+0.6

�0.4 0.9
B (H ! ⇢�) [ 10�4 ] 8.4+4.1

�2.4 8.8
B (Z ! ⇢�) [ 10�6 ] 33+13

�9 25

8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into

13

H→φγ H→ργ
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Figure 6: Summary of the all-hadronic, photon and combined results for the fitted signal strength parameters µH
(left) and µVBF (right). The inner error bars show the statistical uncertainties. The outer error bars show the total
uncertainties.

Table 5: Expected and observed results for the Higgs boson production rate, for both inclusive production and VBF
production only, relative to the Standard Model prediction. Where the results are reported by channel, the fit is
performed with that channel only. The limits shown refer to 95% CL upper limits.

Results
Inclusive production VBF production

All-hadronic Photon Combined All-hadronic Photon Combined

Expected significance 0.5� 0.6� 0.8� 0.4� 0.6� 0.7�
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Expected limit on signal strength 4.1+1.9
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�2.9 2.5+2.0
�1.9 3.0+1.7

�1.6

Table 6: Uncertainties and their e�ects on the Higgs boson signal strength in the combined fit for both the inclusive
production (µH ) and VBF-only production (µVBF). The combined fit includes all signal regions for the all-hadronic
channels and photon channel. Uncertainties are grouped into statistical and systematic uncertainties.

Uncertainty �(µH ) �(µVBF)
Total stat. uncertainty +1.3 �1.3 +1.6 �1.5

Data stat. uncertainty +0.6 �0.6 +0.9 �0.9
Non-resonant bkg +1.0 �1.0 +1.2 �1.2
Z+jets normalization +0.5 �0.5 +0.5 �0.5

Total syst. uncertainty +0.6 �0.4 +0.6 �0.5
Higgs boson modeling +0.3 �0.1 +0.2 �0.1
JES/JER +0.3 �0.2 +0.4 �0.2
b-tagging (incl. trigger) +0.2 �0.1 +0.2 �0.1
Other exp. uncertainty +0.4 �0.3 +0.4 �0.4

Total +1.4 �1.3 +1.7 �1.6
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Figure 3: Data and fit model comparison for the combined profile likelihood fit for µVBF in the two-central channel
signal regions. The combined fit includes all signal regions for the all-hadronic and photon channels. The fitted
continuum background is shown with a dashed green line, the fitted Z boson background with a dotted gray line,
and the fitted Higgs boson signal with a dash-dotted red line. The total fit is displayed with a solid blue line. The
bottom panels show the residuals of the data relative to the continuum background fit, along with the simulated Z

boson background and Higgs boson signal normalized to the fitted signal strengths. Only statistical uncertainties
are shown.

Table 4: Numbers of signal, background and data events within the Higgs boson mass window of 100 GeV < mbb <
140 GeV. Signal and background yields are derived from the combined fit for the extraction of µVBF. Uncertainties
include both the statistical and systematic uncertainties.

Channel Two-central Four-central Photon

Region SR I SR II SR I SR II SR III SR IV SR I SR II SR III

Higgs boson 340+�120
130 165+�50

29 167+�60
58 101+�40

21 183+�50
46 304+�100

51 21.1+�7.7
7.1 20.1+�9.5

7.2 10.6+�7.8
4.1

Z+jets (Z�) 470+�140
180 230+�210

230 22+�80
22 197+�90

95 720+�190
180 1 260+�270

250 5.8+�3.3
3.6 1.1+�5.8

1.1 9.8+�7.8
7.9

Non-resonant bkg 34 620+�310
280 95 620+�420

420 12 870+�150
190 19 340+�200

240 59 340+�340
340 146 930+�630

510 140.4+�6.1
6.8 518+�10

13 1 296+�18
19

Data 35 496 95 802 13 139 19 611 60 314 148 413 162 565 1 270
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production only, relative to the Standard Model prediction. Where the results are reported by channel, the fit is
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Figure 6: Invariant mass distribution of selected signal and background candidates, scaled to 3000 fb�1, for the
reference detector scenario, assuming hµi = 200.

Table 5: Expected signal and background yields and signal significance in a ±1.5�G invariant-mass window around
mµµ = 125 GeV for each category, where �G is the resolution of the core of the invariant mass distribution of
signal events. The last rows shows the total signal and background yields, the average invariant mass resolution, and
the sum in quadrature of the significance of each category. The projections correspond to an integrated luminosityR
Ldt = 3000 fb�1 for a center-of-mass energy

p
s=14 TeV for the reference detector scenario.

Category S VBF B FWHM �G S/
p
S + B

[GeV] [GeV]
VBF-like 386 197 19430 4.37 1.88 2.75
low pT, central 921 11 350500 3.21 1.37 1.55
med pT, central 2210 84 300500 3.08 1.32 4.01
hi pT, central 1810 242 211800 3.50 1.56 3.91
low pT, non central 2460 28 1740500 4.11 1.79 1.86
med pT, non central 5860 230 1483600 4.24 1.80 4.80
hi pT, non central 4380 588 829000 4.70 1.92 4.80
Total 18020 1380 4935500 3.93 1.69 9.53
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H→ττ in each production mode and mass
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Figure 8: Observed and expected mMMC
⌧⌧ distributions as used in the fit in all signal regions (SRs) in the boosted

category for the ⌧lep⌧lep (left), ⌧lep⌧had (middle) and ⌧had⌧had (right) analysis channels. The Higgs boson signal
(mH = 125 GeV) is shown with the solid red line. The signal and background predictions are determined in the
likelihood fit. The size of the combined statistical, experimental and theoretical uncertainties in the background are
indicated by the hatched bands. The ratios of the observed data to the expectations are shown in the lower panels.
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Fig. 20. Local p-value and significance as a function of the SM Higgs boson mass hy-
pothesis. The observation (red, solid) is compared to the expectation (blue, dashed) 
for a Higgs boson with a mass mH = 125.09 GeV. The background includes Higgs 
boson decays to pairs of W bosons, with mH = 125.09 GeV.

and eµ channels, are not included. The two panes of Fig. 19 group 
the compatible bins of Figs. 6 –17.

The excess in data is quantified by calculating the corre-
sponding local p-value using a profile likelihood ratio test statis-
tic [70–73]. As shown in Fig. 20, the observed significance for a 
SM Higgs boson with mH = 125.09 GeV is 4.9 standard deviations, 
for an expected significance of 4.7 standard deviations.

The corresponding best fit value for the signal strength µ is 
1.09+0.27

−0.26 at mH = 125.09 GeV. The uncertainty in the best fit 
signal strength can be decomposed into four components: the-
oretical uncertainties, bin-by-bin statistical uncertainties on the 
backgrounds, other systematic uncertainties, and the statistical 
uncertainty. In this format, the best fit signal strength is µ =
1.09+0.15

−0.15 (stat)+0.16
−0.15 (syst)+0.10

−0.08 (theo)+0.13
−0.12 (bin-by-bin). The indi-

vidual best fit signal strengths per channel and per category, using 
the constraints obtained on the systematic uncertainties through 
the global fit, are given in Fig. 21; they demonstrate the channel-
and category-wise consistency of the observation with the SM 
Higgs boson hypothesis.

A likelihood scan is performed for mH = 125.09 GeV in the 
(κV, κf) parameter space, where κV and κf quantify, respectively, 
the ratio between the measured and the SM value for the cou-
plings of the Higgs boson to vector bosons and fermions, with the 
methods described in Ref. [26 ]. For this scan only, Higgs boson de-
cays to pairs of W bosons are considered as part of the signal. 
All nuisance parameters are profiled for each point of the scan. 
As shown in Fig. 22, the observed likelihood contour is consistent 
with the SM expectation of κV and κf equal to unity.

The results are combined with the results of the search for 
H → ττ performed with the data collected with the CMS detec-
tor at center-of-mass energies of 7 and 8 TeV [14], using a com-
mon signal strength for all data taking periods. All uncertainties 
are considered as fully uncorrelated between the different center-
of-mass energies. The combination leads to an observed and an 
expected significance of 5.9 standard deviations. The correspond-
ing best fit value for the signal strength µ is 0.98 ± 0.18 at 
mH = 125.09 GeV. This constitutes the most significant direct mea-
surement of the coupling of the Higgs boson to fermions by a 
single experiment.

Fig. 21. Best fit signal strength per category (top) and channel (bottom), for mH =
125.09 GeV. The constraints from the global fit are used to extract each of the 
individual best fit signal strengths. The combined best fit signal strength is µ =
1.09+0.27

−0.26 .

10. Summary

A measurement of the H → ττ signal strength, using events 
recorded in proton–proton collisions by the CMS experiment at the 
LHC in 2016  at a center-of-mass energy of 13 TeV, has been pre-
sented. Event categories are designed to target Higgs boson signal 
events produced by gluon or vector boson fusion. The results are 
extracted via maximum likelihood fits in two-dimensional planes, 
and give an observed significance for Higgs boson decays to τ
lepton pairs of 4.9 standard deviations, to be compared with an 
expected significance of 4.7 standard deviations. The combination 
with the corresponding measurement performed at center-of-mass 
energies of 7 and 8 TeV with the CMS detector leads to the first 
observation by a single experiment of decays of the Higgs boson to 
pairs of τ leptons, with a significance of 5.9 standard deviations.
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Fig. 22. Scan of the negative log-likelihood difference as a function of κV and κ f , 
for mH = 125.09 GeV. All nuisance parameters are profiled for each point. For this 
scan, the pp → H → WW contribution is treated as a signal process.
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