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To measure the invisible branching ratio of Higgs 
is crucial for precision measurement of Higgs couplings

The signal has missing transverse energy:
Z to neutrinos are irremovable backgrounds

Higgs produced from vector boson fusion
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Current Limits on Higgs Invisible Branching Ratio

CMS 2018 result
Current Status 
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VBF channel gives the strongest bound on the BR upper limit. 
But production cross section is in ggH > VBF > VH  order. 
 
Dominant production cross section does not contribute to the search. 

From arXiv:1809.05937 
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tion from large SM backgrounds, targeting a particular Higgs boson production mode. The
analyses included in this combination are listed in Table 6, together with their expected sig-
nal composition and their individual upper limits on B(H ! inv). The results quoted for the
VBF channel come from the shape analysis described earlier in this Letter. The Z(! + !�)H
analysis is identical to the one described in Ref. [72], where the expected signal comes entirely
from invisible decays of the SM Higgs boson produced in association with a leptonically de-
caying Z boson, via either qq ! ZH or gg ! ZH production. In contrast, the V(qqÕ)H and
the ggH-tagged searches are similar to those described in Ref. [73], but events which overlap
with the VBF analysis have been removed to avoid double counting. In both the ggH and
V(qqÕ)H searches, overlapping events represent about 6 (15)% of the total background for a
pmiss

T of about 250 (1000) GeV. The overlap removal introduces a 5% loss in the expected exclu-
sion sensitivity compared to that of Ref. [73]. Both the V(qqÕ)H and the ggH searches target
events with at least one high-pT central jet, and their SRs contain a mixture of different pro-
duction modes. This mixture results from the limited discrimination power of the substructure
observables exploited to select boosted V(qqÕ)H candidates.

Table 6: Signal composition and upper limits (observed and expected) on the invisible Higgs
boson branching fraction classified according to the final state considered in each analysis. The
relative contributions from the different Higgs production mechanisms are derived from simu-
lation, fixing the Higgs boson mass to 125.09 GeV and assuming SM production cross sections.

Analysis Final state Signal composition Observed limit Expected limit
VBF-tag VBF-jet + pmiss

T 52% VBF, 48% ggH 0.33 0.25

VH-tag Z(!! ) + pmiss
T [72] 79% qqZH, 21% ggZH 0.40 0.42

V(qqÕ) + pmiss
T [73] 39% ggH, 6% VBF, 33% WH, 22% ZH 0.50 0.48

ggH-tag jets + pmiss
T [73] 80% ggH, 12% VBF, 5% WH, 3% ZH 0.66 0.59

No significant deviations from the SM expectations are observed in any of the searches. The
results are interpreted as an upper limit on (s/sSM) B(H ! inv). These limits are calculated
following the same approach described in Section 7.1. The combined likelihood fit accounts for
correlations between the nuisance parameters in each search. The uncertainties in the diboson
backgrounds (except for those considered in the Z(!! )H channel), tt and single top quark cross
sections, lepton efficiencies, momentum scales, integrated luminosity, b quark jet and th vetoes
are correlated among all the searches. In addition, the uncertainties in the inclusive signal pro-
duction cross sections, due to renormalization and factorization scale variations, and the PDF
uncertainties are also correlated across the channels. In contrast, since the jet kinematics in the
VBF search differ from that in the other analyses, jet energy scale and resolution uncertainties
are correlated only across the ggH and VH-tagged categories. The theoretical uncertainties
applied to the V+jets (QCD) ratios are assumed to be uncorrelated between the VBF analysis
and the other searches.

Observed and expected upper limits on (s/sSM) B(H ! inv) are computed at 95% CL and
are presented in Fig. 8 (left). Assuming SM cross sections for each production mode, the com-
bination yields an observed (expected) upper limit of B(H ! inv) < 0.26 (0.20). The profile
likelihood ratios as a function of B(H ! inv), for both the combined fit and each individual
search channel, are reported in Fig. 8 (right). Results are shown for both data and an Asimov
dataset [65], defined by fixing the nuisances parameters to their maximum likelihood estimate
obtained from a fit to the data in which B(H ! inv) = 0 is assumed.

VBF, VH, ggH overlap is removed 
in order to avoid double counting 

in the combined analysis



Higgs Invisible Branching Ratio
from Gluon Fusion Production

Production Cross Section

Current Status 
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VBF channel gives the strongest bound on the BR upper limit. 
But production cross section is in ggH > VBF > VH  order. 
 
Dominant production cross section does not contribute to the search. 

From arXiv:1809.05937 
From arXiv:1610.07922 

ggH > VBF > VH

Invisible Br limit (strongest)

VBF > VH > ggH

ISR + MET for ggH,
same for Z to neutrinos



Signal  : Higgs production from gluon fusion

Background  : Z to neutrinos from Drell-Yan
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[b1]Background Description 

2019 KPS Fall Meeting 

Background processes 
 - �<�\ �å�å 
 - �9 �\ �H�å 
 -di-boson 
 -SM top 
 -QCD multi-jet 
 
 
 The most of jets in QCD multi-jet events are gluon jet, 
 but this process can be suppressed by setting cuts. 

Mainly qq-initiated 

Mainly gg-initiated 

Main Backgrounds for Higgs Invisible Br from ggH

[b2]Selection criteria 

Selection criteria is followed the choice made in reference 
[arXiv:1610.09218]. 
 
 
 
 
 
 
 
The number of jets is not constrained, and the minimum in the last 
cut was derived from iteration thru all jets. 
 
The first and the last cuts mainly reduces QCD multi-jet events. 
 

2019 KPS Fall Meeting 

Selection Criteria
(arXiv:1610.09218)
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We propose that tagging the jets emitted by initial state radiation (ISR) can help search invisible
Higgs decays. Quark and gluon composition of ISR jets are di↵erent for signal and background
process and we can enhance the signal to background ratio using the flavour contents of the ISR.
The machine learning can distinguish quark and gluon jets using jet substructure variables. Using
the jet substructure variables in addition to the missing transverse energy (MET), we show that
Higgs production from the gluon fusion can be the main process constraining the invisible Higgs
decay and the result is slightly better than the one obtained from vector boson fusion which is
usually regarded as the best channel for the invisible Higgs decay. Combining all channels, the
branching ratio limit for the Higgs invisible decay can be improved significantly. ISR jet tagging
method can be used in a broad class of the signal search whenever the properties of the ISR are
sizeably di↵erent for the signal and background.

INTRODUCTION

Higgs discovery at the LHC in 2012 completed the
Standard Model as a description of the nature in terms
of elementary particles and their interactions. At the
same time more than 95% of the universe is composed
of dark matter and dark energy of which the properties
are not known yet. Higgs boson is hard to produce at
the colliders as it has the strongest interactions with the
heaviest particle which decays instantaneously while it
has the weakest coupling to the lightest particle which
is stable. Therefore, if new sectors are connected to the
visible section only through Higgs boson, it would be dif-
ficult to probe it. The possibility of having dark matter
coupling to the Higgs boson is tantalising as dark matter
can be probed at the colliders through Higgs production.

The LHC was originally proposed as a factory produc-
ing many new particles. The absence of new particles for
a decade of running made the LHC as a precision machine
which can be compared with perturbative computation
of QCD. The precision measurement of Higgs couplings
is also considered as one of the best ones new physics can
probed. Higgs precision : importance of invisible
decay

In this Letter XXX
Contents and explanation of the Letter here
Invisible Higgs search can be improved if it is combined

with ISR jet tagging. Fig. 1 shows the leading diagrams
for the Higgs invisible decay with gluon fusion production
and Z ! ! !̄ from Drell-Yan process. Parton luminosity
function is also drawn in Fig. 1 (e). The ISR emitted
from each process has a di↵erent composition of gluon
and quark jets. Gluon initiated Higgs signal has more
gluon ISR while Z ! ! !̄ background has more quark ISR
compared to the Higgs signal. Therefore, it is possible to
enhance the signal to background ratio significantly if we
use the flavor information of ISR jets.

Naive one loop estimation suggests a significant en-
hancement of signal to background ratio if the ISR
flavour can be tagged properly. For the signal events

(a) ggH with g-jet (b) ggH with q-jet

(c) Z with g-jet (d) Z with
q-jet
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FIG. 1: Diagrams and parton-parton luminosity

of Higgs production through gluon fusion(ggH), from
Fig. 1a and Fig. 1b, the ratio of gluon and quark ISR
is
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ISR for the signal  and background

qg > gg > qqbar

more gluon  ISR from ggH

more quark  ISR from Znunu

Parton Luminosity
13 TeV LHC



Sig(ggH)         4(2)        :        6(8)

Bg(Znunu )         8(7)         :        2(3)

2

and, at
!

ŝ = mZ , it is approximately 1/6. If I consider
the

!
ŝ = mZ +minpjT " (80 + 100)GeV, then Bg/B q "

1/ 5. The estimate more or less agrees with the ratio given
in Fig. 3 which is about 1/4.

[DS]Here, for Fig. 3, we used simulation sample gener-
ated at next-to-leading order in QCD with associated one
additional jet. Respective signal and background pro-
cesses are Higgs produced via gluon fusion, and Z # ! !̄ .

The result given in this Letter has been obtained with
the following data generations. Monte Carlo genera-
tor was MadGraph5 aMC@NLO v.2.6.2 [1]. Showering
and Hadronisation was done by Pythia v.8.235 [2] and
Delphes v.3.4.1 was used for detector simulation[3]. Sig-
nal process, Higgs produced via gluon-fusion, was gener-
ated with Higgs Characterisation model[4].

We used FxFx scheme with kT -algorithm and �R = 1
for jet merging [5] and for jet clustering, FastJet v.3.2.1
[6] was used with anti-kT algorithm, �R = 0.4. Finally,
parton distribution function CT10NLO [7] was used.

In this Letter XXX
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[DS] Maybe better to move below two paragraphs
to above. The result given in this Letter has been
obtained with the following data generations. Monte
Carlo generator was MadGraph5 aMC@NLO v.2.6.2
[1]. Showering and Hadronisation was done by Pythia
v.8.235 [2] and Delphes v.3.4.1 was used for detector
simulation[3]. Signal process, Higgs produced via
gluon-fusion, was generated with Higgs Characterisation
model[4].

We used FxFx scheme with kT -algorithm and �R = 1
for jet merging [5] and for jet clustering, FastJet v.3.2.1
[6] was used with anti-kT algorithm, �R = 0.4. Finally,
parton distribution function CT10NLO [7] was used.

Parton contents(initial particle) of jets makes di↵er-
ence in distribution of jets substructure variables. We
use the following jet substructure variables to distinguish
quark and gluon ISR jets.
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For the energy energy correlation (EEC), the parame-
ter # is the power of angular separation between tracks.
It is fixed by # = 0.2 following the previous study [12] to
separat quark and gluon maximally.
All five variables are not independent and there are

correlations among themselves. The fatness of the jets
which is called as ’girth’ plays the most important role in
the jet flavour tagging but it is also important to consider
all these five variables to have the best discrimination
power from the jet substructure variables. Gluon jets
have more shower and have a tendency to be fatter (jet
energy is more spread than is peaked at the center) than
quark jets for the same pT . Also gluon jets have larger
track multiplicities. The color factor CF (q # gq) < C A(
g # gg) can explain the broader tendency of gluon jet
compared to the quark jet.
We take invisible decay of the Higgs production

through gluon fusion as the main signal. Main back-
ground list is following.

¥ Z # ! ! with associated jets

¥ W # $�! ($+! ) with associated jets and missing $±

¥ SM Diboson

¥ SM top quark

¥ Z/ %# $$with associated jets and missing $$

¥ QCD multi-jet

Z # ! !̄ is the main background and W # $�! ($+! ) with
associated jets and one lepton misidenfied is comparable
to Z # ! !̄ . The remaining background events are small
compared to two main backgrounds[13].
For the signal and background events generated, we

take the following selection criteria to maximise the sig-
nal to background ratio [13].

¥ pj1T > 100GeV
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Z ! ! !̄ is the main background andW ! $" ! ($+! ) with
associated jets and one lepton misidenfied is comparable
to Z ! ! !̄ . The remaining background events are small
compared to two main backgrounds[13].
For the signal and background events generated, we

take the following selection criteria to maximise the sig-
nal to background ratio [13].
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The number in the 
parenthesis ( )
shows the ratio 
before applying 

the cuts

Cuts eliminates 
more gluon jets 
than quark jets



Jet Substructure 
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How to use this new handle?  Using ‘jet substructure variables’. 
 
Jet substructure variables :  Describing internal structure of jets, 
   quark/gluon jet have different distributions. 
   (e.g) girth, broadening, track multiplicity etc[b3]. 

𝑬𝑻
𝒎𝒊𝒔𝒔 distribution 

 
 
 
 
 
 
 
 
 
 

𝑔𝑔𝐻 
𝑍 → 𝜈𝜈 

Conventional invisible Higgs search from ggH

MET is harder for ggH compared to bg(Znunu)



Quark Jet vs Gluon Jet
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obtained with the following data generations. Monte
Carlo generator was MadGraph5 aMC@NLO v.2.6.2
[1]. Showering and Hadronisation was done by Pythia
v.8.235 [2] and Delphes v.3.4.1 was used for detector
simulation[3]. Signal process, Higgs produced via
gluon-fusion, was generated with Higgs Characterisation
model[4].

We used FxFx scheme with kT -algorithm and �R = 1
for jet merging [5] and for jet clustering, FastJet v.3.2.1
[6] was used with anti-kT algorithm, �R = 0.4. Finally,
parton distribution function CT10NLO [7] was used.

Parton contents(initial particle) of jets makes di↵er-
ence in distribution of jets substructure variables. We
use the following jet substructure variables to distinguish
quark and gluon ISR jets.
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For the energy energy correlation (EEC), the parame-
ter � is the power of angular separation between tracks.
It is fixed by � = 0.2 following the previous study [12] to
separat quark and gluon maximally.
All five variables are not independent and there are

correlations among themselves. The fatness of the jets
which is called as ’girth’ plays the most important role in
the jet flavour tagging but it is also important to consider
all these five variables to have the best discrimination
power from the jet substructure variables. Gluon jets
have more shower and have a tendency to be fatter (jet
energy is more spread than is peaked at the center) than
quark jets for the same pT . Also gluon jets have larger
track multiplicities. The color factor CF (q ! gq) < CA(
g ! gg) can explain the broader tendency of gluon jet
compared to the quark jet.
We take invisible decay of the Higgs production

through gluon fusion as the main signal. Main back-
ground list is following.

¥ Z ! ⌫⌫ with associated jets

¥ W ! `" ⌫(`+⌫) with associated jets and missing `±

¥ SM Diboson

¥ SM top quark

¥ Z/� ! `` with associated jets and missing ``

¥ QCD multi-jet

Z ! ⌫⌫̄ is the main background andW ! `" ⌫(`+⌫) with
associated jets and one lepton misidenfied is comparable
to Z ! ⌫⌫̄. The remaining background events are small
compared to two main backgrounds[13].
For the signal and background events generated, we

take the following selection criteria to maximise the sig-
nal to background ratio [13].

¥ pj1T > 100GeV

2

and, at
!

ös = mZ , it is approximately 1/6. If I consider
the

!
ös = mZ + min pj

T " (80 + 100)GeV, then Bg/B q "
1/ 5. The estimate more or less agrees with the ratio given
in Fig. 3 which is about 1/4.

[DS]Here, for Fig. 3, we used simulation sample gener-
ated at next-to-leading order in QCD with associated one
additional jet. Respective signal and background pro-
cesses are Higgs produced via gluon fusion, andZ # ⌫ø⌫.

The result given in this Letter has been obtained with
the following data generations. Monte Carlo genera-
tor was MadGraph5 aMC@NLO v.2.6.2 [1]. Showering
and Hadronisation was done by Pythia v.8.235 [2] and
Delphes v.3.4.1 was used for detector simulation[3]. Sig-
nal process, Higgs produced via gluon-fusion, was gener-
ated with Higgs Characterisation model[4].

We used FxFx scheme withkT -algorithm and �R = 1
for jet merging [5] and for jet clustering, FastJet v.3.2.1
[6] was used with anti-kT algorithm, �R = 0 .4. Finally,
parton distribution function CT10NLO [7] was used.
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For the energy energy correlation (EEC), the parame-
ter � is the power of angular separation between tracks.
It is Þxed by � = 0 .2 following the previous study [12] to
separat quark and gluon maximally.

All Þve variables are not independent and there are
correlations among themselves. The fatness of the jets
which is called as ÕgirthÕ plays the most important role in
the jet ßavour tagging but it is also important to consider
all these Þve variables to have the best discrimination
power from the jet substructure variables. Gluon jets
have more shower and have a tendency to be fatter (jet
energy is more spread than is peaked at the center) than
quark jets for the samepT . Also gluon jets have larger
track multiplicities. The color factor CF (q # gq) < C A (
g # gg) can explain the broader tendency of gluon jet
compared to the quark jet.

We take invisible decay of the Higgs production
through gluon fusion as the main signal. Main back-
ground list is following.

¥ Z # ⌫⌫ with associated jets

¥ W # `" ⌫(`+ ⌫) with associated jets and missing̀ ±

¥ SM Diboson

¥ SM top quark

¥ Z/ � # `` with associated jets and missing̀ `

¥ QCD multi-jet

Z # ⌫ø⌫ is the main background andW # `" ⌫(`+ ⌫) with
associated jets and one lepton misidenÞed is comparable
to Z # ⌫ø⌫. The remaining background events are small
compared to two main backgrounds[13].

For the signal and background events generated, we
take the following selection criteria to maximise the sig-
nal to background ratio [13].

¥ pj 1
T > 100GeV

Jet substructure variables can 
distinguish quark and gluon jets
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¥ |! j 1 | < 2.5

¥ Emiss
T > 200GeV

¥ minj ! { jets } �" (#p miss
T , #p j

T )

The first and the second cuts on the transverse momen-
tum and pseudo rapidity of the leading jets are applied
to suppress all kinds of background processes appear in
practical analysis listed above. The third cut on miss-
ing transverse energy mainly reduce the QCD multi-jet
event ans SM t background, since in such processes non-
zero Emiss

T is often not because of invisible particles. The
last cut is applied in similar context. In QCD multi-jet
process, Emiss

T could yield along the jet direction, so this
cut reduces QCD multi-jet background much[14].

After the selection event with above criteria, we per-
formed the likelihood test following the procedure ex-
plained in [16] with various template; distribution of
Emiss

T , girth of leading jet and neural network output
from DNN model trained with jet substructure variables
and all variables. We considered the 10% of systematic
uncertainties for respective signal and background which
vary the over all shape of signal/background distribu-
tion. Nuisance parameters associated to each systematic
uncertainties is introduced as the power of systematic un-
certainties, with the normal distribution as their penalty
term. We repeated analysis 5,000 times by randomly
sampling the ‘pseudo data’ from background events for
each templates.

We referred to [17] for the signal cross section. For
background process, since we only utilised the Z ! $$̄
process, we introduced K-factor to make central value
expected limit using Emiss

T to be compatible with the re-
sult from the experiment group[14].

RESULT

Fig. 2 shows the composition of ISR jets for the signal
and background events. More gluon ISR is emitted from
gluon initiated Higgs production (ggH) while more quark
ISR is emitted from Drell-Yan Z production (Z ! $$̄).
If ISR flavour can be tagged with 100% e�ciency, choos-
ing ISR jet to be gluons, we keep 0.6 of signal events
while keeping 0.2 of background events, thus the signal
to background ratio can be enhanced by factor 3.

Flavour tagging is possible with help of jet substruc-
ture variables which show a di↵erence between quark
and gluon jets. Fig. 3 shows the normalised distribu-
tion of missing transverse energy and girth, and neural
network output from DNN trained with jet substructure
variables(girth, EEC, ntk , pT -RMS and broadening) and
all variables(MET, pj

T and ! j with 5 jet substructure vari-
ables). It is very clear that missing transverse energy it-
self does not distinguish the signal and background very
well. Instead jet substructure variables can provide nice

separation of signal and background in score boards and
the girth is shown as one example. Most of all, com-
bining missing transverse energy and all jet substructure
variables, we get the best separation of signal and back-
ground in score boards as is clearly seen in Fig. 3 (d).
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FIG. 4: Scores using MET, girth, jet substructure
variables and all variables

The result obtained here can be used to discover in-
visible Higgs decay or put constraints on the invisible
branching ratio of Higgs. So far all the invisible Higgs
search has been done for the vector boson fusion process
as two forward jets can be used to select the events with
eliminating otherwise overwhelming QCD backgrounds
and Z boson decaying to neutrinos. Gluon initiated
Higgs invisible search has been done but the result was
much poor compared to one obtained from vector bo-
son fusion even though the production cross section was
much larger by a factor of 7. This was the case without
jet flavour tagging. As we can distinguish quark jets from
gluon jets and the ratio of quark and gluon ISR jets is
di↵erent for the signal and background, we can do much
better Higgs invisible search using Higgs produced from
gluon fusion.
The new result which used the jet substructure vari-

ables in addition to the traditional missing transverse
energy is given in Fig. 4. We obtained the result for the
integrated luminosity 36 fb" 1 in order to compare the re-
sult with existing experimental result[15]. From the left
of Fig. 4, the constraint on the Higgs invisible branching
ratio is drawn for (traditional) missing transverse energy,
girth, all jet substructure variables and the combination
of missing transverse energy and all jet substructure vari-

Girth(gluon) > Girth(quark)
&

More gluons from ggH

Example : Girth
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The Þrst and the second cuts on the transverse momen-
tum and pseudo rapidity of the leading jets are applied
to suppress all kinds of background processes appear in
practical analysis listed above. The third cut on miss-
ing transverse energy mainly reduce the QCD multi-jet
event ans SMt background, since in such processes non-
zeroEmiss

T is often not because of invisible particles. The
last cut is applied in similar context. In QCD multi-jet
process,Emiss

T could yield along the jet direction, so this
cut reduces QCD multi-jet background much[14].

After the selection event with above criteria, we per-
formed the likelihood test following the procedure ex-
plained in [16] with various template; distribution of
Emiss

T , girth of leading jet and neural network output
from DNN model trained with jet substructure variables
and all variables. We considered the 10% of systematic
uncertainties for respective signal and background which
vary the over all shape of signal/background distribu-
tion. Nuisance parameters associated to each systematic
uncertainties is introduced as the power of systematic un-
certainties, with the normal distribution as their penalty
term. We repeated analysis 5,000 times by randomly
sampling the Ôpseudo dataÕ from background events for
each templates.

We referred to [17] for the signal cross section. For
background process, since we only utilised theZ ! $ø$
process, we introducedK-factor to make central value
expected limit using Emiss

T to be compatible with the re-
sult from the experiment group[14].

RESULT

Fig. 2 shows the composition of ISR jets for the signal
and background events. More gluon ISR is emitted from
gluon initiated Higgs production (ggH) while more quark
ISR is emitted from Drell-Yan Z production ( Z ! $ø$).
If ISR ßavour can be tagged with 100% e�ciency, choos-
ing ISR jet to be gluons, we keep 0.6 of signal events
while keeping 0.2 of background events, thus the signal
to background ratio can be enhanced by factor 3.

Flavour tagging is possible with help of jet substruc-
ture variables which show a di↵erence between quark
and gluon jets. Fig. 3 shows the normalised distribu-
tion of missing transverse energy and girth, and neural
network output from DNN trained with jet substructure
variables(girth, EEC, ntk , pT -RMS and broadening) and
all variables(MET, pj

T and ! j with 5 jet substructure vari-
ables). It is very clear that missing transverse energy it-
self does not distinguish the signal and background very
well. Instead jet substructure variables can provide nice

separation of signal and background in score boards and
the girth is shown as one example. Most of all, com-
bining missing transverse energy and all jet substructure
variables, we get the best separation of signal and back-
ground in score boards as is clearly seen in Fig. 3 (d).
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The result obtained here can be used to discover in-
visible Higgs decay or put constraints on the invisible
branching ratio of Higgs. So far all the invisible Higgs
search has been done for the vector boson fusion process
as two forward jets can be used to select the events with
eliminating otherwise overwhelming QCD backgrounds
and Z boson decaying to neutrinos. Gluon initiated
Higgs invisible search has been done but the result was
much poor compared to one obtained from vector bo-
son fusion even though the production cross section was
much larger by a factor of 7. This was the case without
jet ßavour tagging. As we can distinguish quark jets from
gluon jets and the ratio of quark and gluon ISR jets is
di↵erent for the signal and background, we can do much
better Higgs invisible search using Higgs produced from
gluon fusion.

The new result which used the jet substructure vari-
ables in addition to the traditional missing transverse
energy is given in Fig. 4. We obtained the result for the
integrated luminosity 36 fb�1 in order to compare the re-
sult with existing experimental result[15]. From the left
of Fig. 4, the constraint on the Higgs invisible branching
ratio is drawn for (traditional) missing transverse energy,
girth, all jet substructure variables and the combination
of missing transverse energy and all jet substructure vari-
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The Þrst and the second cuts on the transverse momen-
tum and pseudo rapidity of the leading jets are applied
to suppress all kinds of background processes appear in
practical analysis listed above. The third cut on miss-
ing transverse energy mainly reduce the QCD multi-jet
event ans SMt background, since in such processes non-
zeroE miss

T is often not because of invisible particles. The
last cut is applied in similar context. In QCD multi-jet
process,E miss

T could yield along the jet direction, so this
cut reduces QCD multi-jet background much[14].

After the selection event with above criteria, we per-
formed the likelihood test following the procedure ex-
plained in [16] with various template; distribution of
E miss

T , girth of leading jet and neural network output
from DNN model trained with jet substructure variables
and all variables. We considered the 10% of systematic
uncertainties for respective signal and background which
vary the over all shape of signal/background distribu-
tion. Nuisance parameters associated to each systematic
uncertainties is introduced as the power of systematic un-
certainties, with the normal distribution as their penalty
term. We repeated analysis 5,000 times by randomly
sampling the Ôpseudo dataÕ from background events for
each templates.

We referred to [17] for the signal cross section. For
background process, since we only utilised theZ ! $ø$
process, we introducedK -factor to make central value
expected limit using E miss

T to be compatible with the re-
sult from the experiment group[14].

RESULT

Fig. 2 shows the composition of ISR jets for the signal
and background events. More gluon ISR is emitted from
gluon initiated Higgs production (ggH) while more quark
ISR is emitted from Drell-Yan Z production ( Z ! $ø$).
If ISR ßavour can be tagged with 100% e" ciency, choos-
ing ISR jet to be gluons, we keep 0.6 of signal events
while keeping 0.2 of background events, thus the signal
to background ratio can be enhanced by factor 3.

Flavour tagging is possible with help of jet substruc-
ture variables which show a di#erence between quark
and gluon jets. Fig. 3 shows the normalised distribu-
tion of missing transverse energy and girth, and neural
network output from DNN trained with jet substructure
variables(girth, EEC, ntk , pT -RMS and broadening) and
all variables(MET, pj

T and ! j with 5 jet substructure vari-
ables). It is very clear that missing transverse energy it-
self does not distinguish the signal and background very
well. Instead jet substructure variables can provide nice

separation of signal and background in score boards and
the girth is shown as one example. Most of all, com-
bining missing transverse energy and all jet substructure
variables, we get the best separation of signal and back-
ground in score boards as is clearly seen in Fig. 3 (d).
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The result obtained here can be used to discover in-
visible Higgs decay or put constraints on the invisible
branching ratio of Higgs. So far all the invisible Higgs
search has been done for the vector boson fusion process
as two forward jets can be used to select the events with
eliminating otherwise overwhelming QCD backgrounds
and Z boson decaying to neutrinos. Gluon initiated
Higgs invisible search has been done but the result was
much poor compared to one obtained from vector bo-
son fusion even though the production cross section was
much larger by a factor of 7. This was the case without
jet ßavour tagging. As we can distinguish quark jets from
gluon jets and the ratio of quark and gluon ISR jets is
di#erent for the signal and background, we can do much
better Higgs invisible search using Higgs produced from
gluon fusion.

The new result which used the jet substructure vari-
ables in addition to the traditional missing transverse
energy is given in Fig. 4. We obtained the result for the
integrated luminosity 36 fb" 1 in order to compare the re-
sult with existing experimental result[15]. From the left
of Fig. 4, the constraint on the Higgs invisible branching
ratio is drawn for (traditional) missing transverse energy,
girth, all jet substructure variables and the combination
of missing transverse energy and all jet substructure vari-
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Likelyhood Fitting

Likelihood fitting using ‘Scores’ as probability distribution fuction(pdf)
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Using ‘scores’ as PDF templates 
we tried likelihood fitting and set 
the limit[b5]. 
 
              was assumed. 
 
Benchmark systematic 
uncertainties 10%(signal, 
background) are included. 
 
 
 
 
was used as a test statistics. 
 
 
 
 

Template BR upper limit 
[95% CL] 

𝐸𝑇
𝑚𝑖𝑠𝑠 55%(100%) 

Jet sub. 41%(75%) 

All vavriables 31%(56%) 



3

event ans SMt background, since in such processes non-
zeroE miss

T is often not because of invisible particles. The
last cut is applied in similar context. In QCD multi-jet
process,E miss

T could yield along the jet direction, so this
cut reduces QCD multi-jet background much[14].

Applying such selection criteria, we performed the like-
lihood test following the procedure explained in [15] with
various template; distribution of E miss

T , girth of leading
jet and neural network output from DNN model trained
with jet substructure variables and all variables. We con-
sidered the 10% of systematic uncertainties for respective
signal and background which vary the over all shape of
signal/background distribution. Nuisance parameters as-
sociated to each systematic uncertainties is introduced as
the power of systematic uncertainties, and we assumed
them follow the normal distribution. We repeated 5,000
times by randomly sampling the Ôpseudo dataÕ from back-
ground events for each templates.

RESULT

Fig. 2 shows the composition of ISR jets for the signal
and background events. More gluon ISR is emitted from
gluon initiated Higgs production (ggH) while more quark
ISR is emitted from Drell-Yan Z production ( Z ! ! ø! ).
If ISR ßavour can be tagged with 100% e! ciency, choos-
ing ISR jet to be gluons, we keep 0.6 of signal events
while keeping 0.2 of background events, thus the signal
to background ratio can be enhanced by factor 3.

Flavour tagging is possible with help of jet substruc-
ture variables which show a di" erence between quark
and gluon jets. Fig. 3 shows the normalised distribu-
tion of missing transverse energy and girth, and neural
network output from DNN trained with jet substructure
variables(girth, EEC, ntk , pT -RMS and broadening) and
all variables(MET, pj

T and " j with 5 jet substructure vari-
ables). It is very clear that missing transverse energy it-
self does not distinguish the signal and background very
well. Instead jet substructure variables can provide nice
separation of signal and background in score boards and
the girth is shown as one example. Most of all, com-
bining missing transverse energy and all jet substructure
variables, we get the best separation of signal and back-
ground in score boards as is clearly seen in Fig. 3 (d).

The result obtained here can be used to discover in-
visible Higgs decay or put constraints on the invisible
branching ratio of Higgs. So far all the invisible Higgs
search has been done for the vector boson fusion process
as two forward jets can be used to select the events with
eliminating otherwise overwhelming QCD backgrounds
and Z boson decaying to neutrinos. Gluon initiated
Higgs invisible search has been done but the result was
much poor compared to one obtained from vector bo-
son fusion even though the production cross section was
much larger by a factor of 7. This was the case without

(a) MET distribution (b) Girth distribution

(c) Scores using jet
substructure variables

(d) Scores using all variables

FIG. 3: Scores using MET, girth, jet substructure
variables and all variables

jet ßavour tagging. As we can distinguish quark jets from
gluon jets and the ratio of quark and gluon ISR jets is
di" erent for the signal and background, we can do much
better Higgs invisible search using Higgs produced from
gluon fusion.
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FIG. 4: Result with 36fb�1 with 5K ensembles.

The new result which used the jet substructure vari-
ables in addition to the traditional missing transverse
energy is given in Fig. 4. We obtained the result for the
integrated luminosity 36 fb�1 in order to compare the
result with existing experimental result. From the left of
Fig. 4, the constraint on the Higgs invisible branching
ratio is drawn for (traditional) missing transverse energy,
girth, all jet substructure variables and the combination
of missing transverse energy and all jet substructure vari-
ables. From the right of Fig. 4, three histogram is the
experimental result which did not use jet substructure
variables (gluon fusion, vector boson fusion, combined
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result from the right to the left). The result on the left
can be compared to the result on the right as we did it
for the gluon fusion with using missing transverse energy.
Indeed the expected central value for the branching ratio
is 0.6 (assuming the production cross section is the same
as the Standard Model) and the two results agree with
each other.

Note that jet substructure variables are much better
than missing transverse energy in Higgs invisible search.
Moreever, combining these two variables, we end up with
the result much better than the one obtained from vector
boson fusion. Current limit on Higgs invisible branching
ratio is slightly smaller than 0.2 and this result is entirely
from gluon fusion. If the analysis done in this Letter is
accepted for the real data analysis, much better limit is
expected as it can be combined with the result from vec-
tor boson fusion and other process. Though it is prema-
ture to predict the numbers and the final number would
be available only after the actual combined analysis, it
would be interesting to guess how much improvement we
would have in the combined analysis. At least 20% im-
provement is expected as the result from vector boson
fusion is not far from the one we obtained and thus close
to 0.15 would be the combined limit.

EXPECTED LIMITS FOR FUTURE AT THE LHC

Fig. 5 shows the expected limit for future at the LHC
which can be as small as 2% or even smaller for the in-
tegrated luminosity of 3 ab�1 2. Thus we conclude that
Higgs invisible branching ratio can be constrained down
to % level at the end of the LHC running with 3 ab�1.

2 Depending on the systematic uncertainty, it could be still larger
than 2%, but for fsig = fbg = 5%, it is below than 2%. And [17]
is the reference in which future prospect of VBF-tagged analysis
in HLLHC(3ab�1).
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FIG. 5: Central values of expected upper limit as
functions of integrated luminosity.

CONCLUSION

Jets from ISR can be distinguished using jet substruc-
ture and it can be used to enhance the signal when the
gluon and quark composition of ISR is di! erent for signal
and background. We apply this idea to the invisible Higgs
decay and show that Higgs invisible signal from gluon fu-
sion which usually have too much QCD background and
has a poor performance for the invisible Higgs search
turns out to be the best channel to constrain the invis-
ible Higgs branching ratio by exceeding the limit given
by vector boson fusion. More detailed result should be
summarised here.
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Expected Sensitivity for Higgs Invisible Br from ggH

3 ab^-1

2%

18%

Combining with VBF, the limit can be stronger by 20~30%

f : systematic uncertainty



Conclusion

Using jet substructure variables and machine learning,
it was demonstrated that the strongest bound 
on Higgs invisible branching ratio  can be obtained
from gluon fusion produced Higgs(ggH) signals.

Different composition of quark and gluon jets 
in ISR from signal and backgrounds can be used
to enhance the signal to background ratio in the analysis.

The idea can be generalized and applied in many processes
including Higgs to dimuons(working in progress).


