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Boosting invisible Higgs boson searches by tagging a gluon jet
for the gluon fusion process
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We propose a novel method in that quark-gluon tagging of the jets emitted as initial state radiation (ISR)
can boost searches of invisible Higgs bosons from gluon fusion processes against irreducible electroweak
vector boson productions. While quark ISR typically takes up a dominant portion than gluon in the
background processes mainly by frequent quark-gluon-initiated hard scatterings at the LHC, the gluon ISR
portion in the gluon fusion can be significantly larger in the central region of the detector. Focusing on
invisible Higgs boson searches using jet substructure variables capturing the new features, we demonstrate
that the Higgs boson from gluon fusion constrains invisible Higgs boson decays the most, over vector
boson fusion traditionally known as the most constraining, and the limit on the branching ratio is
significantly improved. We summarize with emphasizing that our method has wider implications in the
search for new resonances from gluon fusion processes.
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I. INTRODUCTION

The Higgs boson discovery at the LHC in 2012 com-
pleted the Standard Model (SM) as a description of nature
in terms of elementary particles and their interactions [1,2],
and the precision measurement of the SM Higgs boson
couplings is one of the most important tasks for probing
new physics and the dynamics of electroweak symmetry
breaking of the Universe at future collider experiments [3].
However, Higgs boson precision measurements are highly
nontrivial tasks in the existence of huge irreducible back-
grounds. In particular, production of electroweak vector
bosons (EWVBSs), such as W, Z, and y, comprise a large
portion of the irreducible background. This is because
(i) massive gauge bosons, Z and W, are in mass scales
similar with the Higgs boson, (ii) decayed particle contents
are the same (or easy to be misidentified) with the Higgs
boson decays (H — ff), and (iii) the Higgs boson also
decays to a pair of EWVBs with BR(H - VV) ~ 23%.

Among various production mechanisms of the Higgs
boson at the LHC, Higgs boson production via gluon fusion
(ggH) [4,5] has the most dominant contribution (90%) to
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the total production cross sections. The ggH process is a
very unique process, in that it can transform between the
state of QCD force carriers and electroweak bosons via
quark loops, and not leaving any other QCD remnants at
leading order (LO), so its event topology can basically be
the same as the EWVB production from the leading orders.
In result, tagging the Higgs boson from gluon fusion has
been suffering from the irreducible backgrounds much
more than the other subdominant productions including
vector boson fusion (VBF), Higgsstrahlung (VH), and ¢7H,
as it does not have associated objects with fixed particle
identity good for tagging the whole process.

For this reason, the most stringent constraints for probing
the Yukawa couplings of Higgs bosons have usually been
obtained via the non-ggH processes, e.g., in H — bb [6],
cc [7), t77 (8], utu~ [9], and ete™ [10]. The same
argument also applies to the searches of Higgs boson pair
production via gluon fusion against the EWVB back-
grounds, but in this case things can get worse, as the
dominant ggH contribution increases (93%).

In this paper, we revisit and generalize an overlooked
property and investigate a new possibility for boosting
Higgs boson searches via ggH. We focus on the sizable
differences in quark-gluon composition of the central initial
state radiation (ISR) jets between the general ggH pro-
ductions and their irreducible EWVB backgrounds. Based
on such differences, we then show that ragging the central
gluon jets from ISR can provide useful discrimination
power to overall Higgs boson searches. The difference was
stated earlier in Ref. [11] without attention, and the new
possibility on the difference was claimed in Ref. [12] for
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H — up and studied [13] for a monojet analysis. As the
new method can have big impacts, here we generalize the
property for (multiple) Higgs boson and EWVB produc-
tion, emphasizing that, in the central region of detector, the
leading ISR jet from ggH is mostly a gluon jet. To prove its
experimental feasibility, then we apply the new method in
search for invisible Higgs boson decays and show that the
limit on the Higgs boson invisible decay branching ratio
can be improved significantly (60% — 5%) for the most
dominant gluon fusion, to be the most constraining
channel, which has been not so useful compared to the
other channels at the LHC.

This paper is composed as the following. In Sec. II, we
discuss the dynamics of the ISR from two main processes,
gluon fusion Higgs boson production and massive
vector boson production, quantitatively at the leading order,
and investigate the existence of a gluon-enriched kine-
matic region of leading ISR jet from the ggH process.
The discussion is generalized by including the case of
general Higgs boson signal production with n Higgs
boson (ggH”" + jets) and EWVB production (V" + jets).
In Sec. III, we demonstrate the performance of the event
classifier based on the ISR jet properties at detector level, in
search for invisible Higgs boson decay. The performances
of various discrimination models are compared in terms of
the upper limit of confidence level on the invisible Higgs
boson branching ratio in Sec. IV, and Sec. V is devoted to
the conclusion. Miscellaneous details about multivariate
models using deep neural networks and the others are
added in the Appendixes.

II. DYNAMICS OF LEADING ISR JET

In this section, we discuss the dynamics of ISR at leading
order associated with the ggH and EWVB production at the
LHC. Figure 1 shows the leading diagrams (in bold) of
general Higgs boson signal production from gluon fusion
(ggH" + jets) and EWVB production (V" + jets) as irre-
ducible backgrounds with an emission of ISR(s), for three
different initial parton configurations (g9¢, gg, and ¢g).

Proc. 99 99 qq
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FIG. 1. Leading diagrams (bold) of the (multi-)Higgs boson

production from gluon fusion (ggH” + jets), against the corre-
sponding irreducible (multi-)EWVB backgrounds (V" + jets)
with additional ISR(s) for three parton initial states (gq, g¢,
and ¢q).

Here, the n can be larger than one for multi-Higgs boson or
multi-EWVB production, and additional Higgs boson or
EWVB production with n > 2 is also represented. The
gluon lines in gray indicate extra gluon emissions, and the
V" + jets diagram (bottom center) from gg initial states is
drawn also in gray, as it is subleading to the other five
diagrams in ;. By the irreducibility, we can assume that
the particle IDs from the decays of the Higgs boson and
EWYVB are the same or very similar.

From Fig. 1, it should be first noted that the flavor of
ISR(s) emitted in the leading diagrams (in bold) is uniquely
fixed, since the other final state (H"/V") accompanied with
is a colorless non-QCD particle in the 2 to (n+ 1)
processes, for the given initial parton configurations.
It is also noticeable that the parton luminosity functions,
L4047 Teferring to Fig. 2(a) for the three initial
partonic states, are hierarchical—Ly,>L, >L ., e.g.,
Loy Ly Lyg ~2:1:0.07 at /3 ~ 100 GeV—and such a
hierarchy persists to higher energy scale as shown in the
same plot. Based on these two observations, the dominant
flavor of the leading ISR jet from the whole ggH" + jets
and V" 4 jets processes can be predicted and their quark-
gluon compositions can be compared.

Let us consider the background process, the production
of EWVB, first. In the n = 1 case, the differential partonic
cross sections in the center-of-mass frame with respect to
Mandelstam variable 7 are given as the following for the
respective processes, gg — Vg and gq — Vq:

d&vg_ (X3 CFZ t +l/l +2va
di 163N, in
dqu §2

a; Tr 7 §2 + 0% +2tm3,
7 + —_—, (1
di 168N, Z oy ( Sh m
with the number of colors N, the mass of gauge boson my,,
strong coupling as, vectorial coupling ¢f, and axial
coupling ¢4 between V and massless quarks ¢, so, e.g.,

for the Z-boson case, g{, = Cofzew (A T% - Q4sin*Oyy) and

gl = 2cgszaw T. The Tp(=1/2) and Cp(=4/3) are the
Dynkin index and quadratic Casimir of fundamental
representation of QCD, respectively. Since the matrix
elements corresponding to the cross sections have crossing
symmetry with each other, their angular profiles are not so
distinctive in the LAB frame even after the integration with
parton distribution functions as can be seen in Fig. 2(b).
However, their total cross sections become very different
considered with the two main scaling factors: (i) different
interaction strengths from different initial states and
(ii) hierarchical initial parton luminosity function values.
As the gg — Vg process is averaged over two quarks, so
the amplitude has a tr(z,t*) /N2 = Cr/N, factor with t, as
the SU(3),. generators at fundamental representation, while

the gg — Vq process has tr(t,t)/(N.(N2 = 1)) = T¢/N...
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FIG. 2. (a) The parton luminosity £,; with parton density function (PDF) f :(x, 0% = §) at the LHC with CT10nlo PDF as indicated in
the figure. (b) Rapidity distribution of leading gluon and quark ISR jets from Z boson production and (c) from ggH processes.

Although T < Cp, the hierarchically larger parton lumi-
nosity function of gg, £(gq) compared to £(gg), makes
the hadronic total cross section o(pp — V¢q) much bigger
than the o(pp — Vg) by O(10) at the LHC.

This property can be generalized also for V*(n >2) +
jets processes, and in result the leading ISR jet is expected
most likely to be a quark jet for general EWVB processes.
As a demonstration of the quark jet portion dominance, we
checked gluon jet portions RY of the leading ISR (|/1| < 1
and p’}‘ > 100 GeV) in various EWVB processes, and
they are found to be (i) Rs(lww,wz,zz) ~ (0.20,0.16,0.30)
for V=2 4 jets processes, (ii) R?W,Z) ~ (0.13,0.19) for
V=l 4 jets, and (iii) Rj, ~0.15 for prompt diphoton +
jet processes, as in Fig. 3.

For the ggH signal, since £ ; is much smaller than the
others, the gg — Hg process can be ignored for the
estimation. Relevant partonic differential cross sections,
déy,/dt from gq - Hq and 6y,/di from the gg — Hyg
process, computed at next-to-leading order (NLO) with
massless five quarks and a finite top-mass effect, are given
[5] as the following:

100 = LNSLUNLINLI NOLUNL LN LU N L N L B B | T T 1T B
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FIG. 3. Gluon portion over |7/1],.. (p% > 100 GeV) of the
leading ISR jet associated with ggH" and V" production.

S 3 8

+ A (1,7,8) ]2 +|As (11,3,7) > +|A4 (5.1,

déy, A Cr <_§2+a2>m;§ As(?
di — 647°520v* N2 -1 1

Here my is the mass of the Higgs boson, and C, is the
quadratic Casimir of adjoint representation of SU(3), so
that C, = N2 —1is 8. A,, A,, and As are loop functions of
which definitions are in Appendix A. From £, < L,,, one
may think that the hadronic cross section o(pp — Hgq) is
larger than the other one, o(pp — Hg), but there is a
difference in associated color factors. It makes C,/Cr =
9/4 enhancement on ¢(pp — Hg), and two cross sections
are compatible with each other. Therefore, the quark-gluon
portion of the leading ISR jet can highly depend on the
dynamics of the leading ISR from the two dominant signal
processes, especially on their transverse momentum and
angular distributions.

To understand the differences on the p; profiles
of the two processes, let us consider the infinite-top-
mass (m, — oo) limit. This limit is safe as long as
|3 — m2,|/(4m?) < 1, with the mass of the top quark, m,.
In this limit, loop functions are approximated as

A ) e Ay
s, L,u) > — ) - =7,
: 3my, N 3
and
X 2141
A AatﬂA A )
5<S L{)—>3 m%I

also for all the other permuted arguments. The effective

differential cross sections d&i'" /di and déf"/di are,
respectively,
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e Cy 47+ +mf
di  1447°8%0* N? - 1 5t ’
doy™ A Cr ([ ¥+ )
di 1447°5%0> N2 — 1 i)

Note that each Mandelstam variable at the lowest order of

transverse momentum py is given by (8 ~ m3)
t~mypre® and f~mypre™,

where Ay =y, —y; is the rapidity difference of the two

initial parton system (y,) and the jet (y;) in the LAB frame.
Therefore,

dé HEFT 1 d &HEFT 1

OHyg Hq
S and , 4
7 P 7 P (4)

which implies that a gluonic leading ISR jet is likely to
have softer p; than a quark ISR jet.

The angular dependence can also be figured out by
considering s-wave scattering of two processes. If the
orbital angular momentum is zero, the spin of the outgoing
gluon should be aligned along the direction perpendicular
to the beam; otherwise, the total angular momentum is not
conserved. However, the outgoing quark is likely to be
backward to the incoming quark for angular momentum
conservation in gg — Hg. Then, combined with the bal-
anced momentum profile of the initial gg state at the LHC,
the gluon jets are likely to be emitted more in a central
rapidity region with soft pr, in comparison to the quark jet
as can be seen in Fig. 2(c).

This property can also be applied to ggH"(n>2) + jets
processes, and in result the leading ISR jet is expected
likely to be a gluon jet for general ggH processes. As a
demonstration of the gluon jet portion dominance, we also
showed the gluon jet portions RY of the leading ISR
(I!| <1 and pj' > 100 GeV), associated with a single
(ggH) and a pair of Higgs boson (ggHH) production from
gluon fusion. They are found to be (i) RZgH ~0.75 for
geH"=" +jets and (i) Ry~ 0.87 for a pair of Higgs
boson production, as in Fig. 3. If Py cut is lowered to
P} > 50 GeV, the RY for the ggH" (V") process increases
(decreases), respectively, by ~2%-5% in the |/!|,,,, range
of Fig. 3, which is also consistent with our expectation of
the soft pr dominance of gluon ISR from the ggH
processes, as in Eq. (4).

Like the two quark jets in the forward region from the
VBE, and the extra Z or W from the VH, now the ggH" +
jets also has such a unique property—the gluonlike ISR jets
in the central region. In this regard, if some relevant
techniques using quark-gluon tagging of ISR jets are
employed, one can improve the constraints from the most
dominant gluon fusion channel for a broad range of Higgs

boson signatures which are buried in the irreducible EWVB
backgrounds matched with.

III. INVISIBLE DECAY OF HIGGS BOSON

In order to demonstrate experimental feasibility, here we
utilize the gluonic ISR jet from the ggH for constraining
invisible decays of the Higgs boson where the decayed
particles from the Higgs boson and irreducible EWVB are
electrically neutral and invisible. Historically, there had been
lots of studies on the possibility of invisible Higgs boson
decays along the developments of the Standard Model and
beyond. The early proposals include the models in diversity,
e.g., with Majorons [14,15], supersymmetries [16], heavy
neutrinos with radiatively generated masses [17], large extra
dimensions [18,19], the fourth generation [20-22], and so
on, while recent interpretations are mainly based on the
effective singlet extensions of the SM, in the context of so-
called Higgs-portal models with dark matter [23-26]. For
these proposals, there exist numerous phenomenological
and experimental researches in the search for the invisible
Higgs boson decays, via the production channels, including
VH [11,27-38], tH [11,39-41], ggH (monojet) [11,25,28—
30,34,35,42-44], and VBF [28,30,31,34,36-38,45-48],
among which the VBF has been presented the most sensitive
limits on the invisible Higgs boson decay BR at the LHC.
There also have been interesting surveys via diffractive
Higgs boson production [21], total decay width [49], Higgs
boson rare B decays [50], di-Higgs boson [51], Higgs boson
off-shell decays [52], and lepton colliders [53], including
global analysis [54]. Throughout the searches, the dominant
ggH channel has never been competitive to the other
subdominant channels. However, employing the new
method, we show that the most stringent constraint can
be obtained from the ggH channel for the invisible Higgs
boson decays, as is demonstrated in the next paragraphs.

Assuming the Higgs boson production cross section
of the SM, we perform the analysis in search for the
invisible Higgs boson decays in EJ'S + jets signature via
the ggH + jets channel. Samples are generated by
Monte Carlo simulated pp collisions at a center-of-mass
energy of /s = 13 TeV at the LHC, for 36 fb~! using
MadGraph5 aMC@NLO v2.6.2 [55] interfaced with PYTHIA v8.235
[56] for hadronization and fragmentation. Delphes v.3.4.1 is
used for detector simulation [57]. The signal process
(ggH + jets) is generated with up to extra one jet at LO,
taking into account finite top-mass effects [58] with
My = 125 GeV, and backgrounds are generated at NLO
in QCD. We use the FxFx scheme with a k; algorithm and
AR =1 for jet merging [59]. For jet clustering, Fastet v3.2.1
[60] is used with an anti-ky algorithm with AR = 0.4, and
CT10NLO [61] is used for the parton distribution function.

Among the relevant background processes—V (Z(wv),
W(£7)) + jets, diboson, top quarks, Z/y — £¢, and QCD
multijets, where the leptons (£) in W/Z/y decays are
misidentified—we included only the most dominant
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irreducible EWVB backgrounds, V + jets, while the others
take just O(1)% level for the event selection criteria as
follows [34]:

() py > 100 GeV, |p/t] <2.5, EPS > 200 GeV,

minje{jels} A¢(ﬁ1713155’ ﬁJT) 2 0.5, and Njel > 1.

The first (second) cut on the transverse momentum (pseu-
dorapidity) of the leading jet is imposed to suppress all of
the backgrounds, the third cut on the missing transverse
energy is mainly to reduce the QCD and top quarks, and the
fourth cut with the missing transverse momentum ppiss
suppresses the QCD multijets very efficiently [35].

There also exist contributions from other Higgs
boson productions, VBF and VH with yield rates
(ggH:VBF:VH ~ 70:20:10%). However as the leading
jets from VBF are most likely quark jets opposed to the
gluonic leading jets in the ggH + jets, we checked that
the VBF can be easily separated (see Appendix C) from the
ggH + jets by tagging the gluonic central leading jet in
addition to the forward jet tagging for VBF. As for the VH
which also has quark-jet-like leading ISRs according to the
same argument as the V +jets, it can have additional
selection criteria [62,63] for identifying jets from hadroni-
cally decaying vector bosons. In this regard, to demonstrate
the main idea without making the event selection scheme
too complicated, we simply consider the ggH + jets as the
only signal versus the V + jets as the main background in
this analysis, without loss of consistency in applying the
flavor information for discrimination of a gluon-jet-rich
ggH signal from general quark-jet-rich backgrounds.

IV. MULTIVARIATE ANALYSIS AND RESULT

We use a set of jet substructure variables [64], say, Siet in
our analysis as the following:
(i) §° = {ny (track multiplicity) [65], girth [65,66],
broadening [67], energy-energy correlation (EEC)
[68] with = 0.2 [69], and rms-p [65]},
which contain the information on jet flavors. It can also be
extended to include more raw data, e.g., jet images [70,71]
for deep learning. Among the five jet substructure variables
used, the girth as the linear radial moment of a jet reflects a
fatness or radius of a jet. As gluon jets tend to have more
showers and be fatter by the color factor enhancement,

L B B 107---................,....

_. 30 1 C ]
> 255 L 1 8r . ]
& 20py Missing Transver Energy - o Girth of leading jet ]
= I5fL —ggH = Vijets sl o —ggH  — V+jets
T SIS :
—lb 4F b

of ]

O FEFEFE EEFETEr BT B ]

ET;"SS[GCV]

Girth of leading jet(G;,)

0 0.05 0.1 015 02 025

Ca(g = 99)/Cr(q — gq), such a property can be checked
in the girth distribution of the leading jet from ggH and
V + jet processes in Fig. 4(b).

Jet substructure observables have been used to build a jet
tagger, P, /y(Sje‘), while the kinematic observables, such as
reconstructed four-momenta of jets, have been used to build
an event classifier, Ps/p({p'™, ...}). However, as can be
seen from d?c/dp’'dy® in Fig. 2(c), the flavor of a jet can
have a correlation with kinematic information depending
on the scattering process. This observation motivates us

to build Pg/p({p*, ...} U S*) rather than a factorized
classifier, Pg/g({ P, ...}) ® P, ,(5%).

Forthe S (B) = ggH (V + jets) process, Fig. 4 shows the
normalized distribution of (a) EF'**, (b) girth, (c) Ps,p (5™,
and (d) Ps/p (S U {ERS, pf', #'}). The two event
classifiers Pg/p in Figs. 4(c) and 4(d) are obtained by
training neural networks with 2—4 layers, each with 200—
300 nodes with the specified input features. We used one
million event samples with Keras [72] for building and
training the neural network models. More detailed infor-
mation about using the neural network can be found in
Appendix. B. It is noticeable that the event classifier using
the set of jet substructures alone can provide much better
separation of signal and background compared to the one
E™ss as in Fig. 4(c). Combining them all, we get the best
separation, as is clearly seen in Fig. 4(d).

The result obtained up to now can be used to discover
invisible Higgs boson decay or put constraints on the
invisible branching ratio of the Higgs boson. After selecting
the events with the criteria, we performed the profile
likelihood ratio test following the procedure in Ref. [73]
with the four template distributions in Fig. 4. The like-
lihood function is given as

Nyin ~1;

i —; 1 - 2
L= Hfl—i!e X —e (1/2)(63+63) (5)

where n; is the number of events (or pseudoevents) in the
ith bin and 7; is the number of expected events with
branching ratio parameter y = ;% x BR(h — inv) (pro-

duction cross section of invisibly decaying Higgs boson

8 [ Trrrrrrrrrrrrrrrrorer ] 8 [ TrrrrrrrrrrrrrrrroreT ]

- DNN output using b - DNN output using b

6F Jet substructure B 6F all variables E

5 L variables 1 = [ —ggH — Vijets ]

% %4; — ggH — V+jets ] ~: §41 ]

—ls } 4 —l5 L -
2+ B 2

0 I T T T T I ' 0 IR I T T I O O I ]

0 0.20 0.40 0.60 0.80 1 0 0.20 0.40 0.60 0.80 1

NN output(IPjet) NN output(P )

FIG. 4. Signal and background profiles in various templates. (a) EF*, (b) girth of the leading jet, (c) event classifier Pg /B(Sje‘)
(1, ggH-like; 0, V + jet) trained using the jet substructure observables $, and (d) Ps/p ($* U {kin}) using all features.
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over the total cross section of the SM Higgs boson, ogy),
1.€.,

Ay = pN P (i) (1+ f)% + NpPy(i)(1 + £3)%. (6)

Here the P, (i) is the expected event rate in the ith bin,
given the total number of events N ;) survived the cut, and
the 6y in the Poisson and prior probabilities denotes a
nuisance parameter associated to the systematic uncertainty
fs(v) of signal (background). As a global variation of event
rates in signal and background distributions, we tested
the fp) in 5%—20% [34], which changes the median of
expected upper limit 3% at most and set f ) to 10%. The
signal cross section (ggH + X) is taken from Ref. [74]
computed at NNLO + NNLL QCD and NLO EW, and we
applied the efficiency on the selection criteria evaluated
using simulated event samples, for the fiducial signal yield.
For the background process (V + jets), we take both the
cross section and efficiency from our MC simulation of the
Z + jets, and the fiducial background yield was obtained by
a K factor (1.53) with respect to the Z + jet, to take the
W 4+ jets into account simply, reproducing the expected
limit using missing transverse energy [35].

For the four profile likelihood ratio tests with and
without the new features of jet flavors (“missing Er,”
“girth,” “jet substructure variables,” and “all variables”), we
obtained the upper limits on the branching ratio of invisible
Higgs boson decays in 95% of confidence level, for the
integrated luminosity 36 fb~! at the LHC, as in Fig. 5 (right
panel), and show them with the existing experimental
results (left panel) [48]—ggH-tag, VBF-tag, and combined,
which did not use jet flavor information. As the results in
the two red-boxed columns can directly be compared under
the same features and selection criteria, we summarize our
results in Table I with the errors rescaled by the correction

= 0 ‘
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> [ — .
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Combined VBF—tag ggH-tag Missing Er Girth ~ Jetsub— All

structures variables

FIG. 5. Upper limit in 95% of confidence level (C.L.) on
oxBr(H—inv)
OsM

5000 ensembles of a pseudo dataset which consists of back-
ground events only. The left panel shows the results from the
experiment [48].

with the integrated luminosity 36 fb~!. Here we used

TABLE I. Summary on the upper limits in 95% of confidence
level on ZBRH=I £ 36 fb=1 at the LHC, for the four template
distributions in Fig. 4. The errors were rescaled by the factors
projecting the “missing ET” band to the reference “ggH-tag”
band in Fig. 5.

L Eiss Girth
36 b 60.2509% 20.471% %

DNN (jet sub) DNN (all)

sanfe  52n8%

factors projecting the obtained missing E; band to the
reference ggH-tag band. The result shows that the limit on
Higgs boson invisible decays from the ggH can signifi-
cantly be improved from 60% down to 5% if subjet-level
information of the leading ISR is employed. It is interesting
that the jet substructures alone provide stronger constraints
(8%) than the missing transverse energy in the Higgs boson
invisible search. Moreover, combining the features in two
kinds, we end up with the best sensitive result (5%) only
from the ggH, much lower than the one obtained from
VBF (~20%).

Though more sophisticated understanding and treatment
of systematic errors are necessary to obtain a firm number
for the expected limit on the Higgs boson invisible decays,
the exercise we did in this paper strongly suggests that 1%
(2%) precision for the Higgs boson invisible branching
ratio at the end of the LHC running with 3 ab~! (300 fb™!)
is a plausible expectation from gluon fusion solely. It is also
expected that the limit can significantly be improved
again if it is combined with the results from VBF and
other processes.

V. CONCLUSION

We revisited and generalized the property—the gluon-rich
leading ISR jets in the central rapidity region from gluon
fusion Higgs boson production versus the quark-rich EWVB
backgrounds—and proposed the idea to improve general
Higgs boson searches produced from ggH by tagging the
central gluonic ISR jets. Applying the new method to the
searches of invisible decays of Higgs bosons, we showed that
the ggH can be the best channel with the improved limit on
invisible Higgs boson decay branching ratio (60% — 5%),
significantly exceeding the best limit given by the other
channels—VBF (~20%) and VH (~40%). The physics and
methods in this analysis can also be applied to a broad range
of new resonance and Higgs boson production induced by
gluon fusion, e.g., in the search for exotic and rare Higgs
boson decays and di-Higgs boson production, concurrently
with their irreducible EWVB backgrounds mostly contain-
ing quark-jet-dominant ISRs.
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APPENDIX A: LOOP FUNCTIONS

Here we summarized the loop functions relevant for
the Higgs boson production via gluon fusion with a jet at
the leading order with finite top-quark mass. The definition
and integral forms are referred to Ref. [5]. The two loop

|

bz(s, 1, M)

2ut(u + 2s)

F@—g+

u+s (u+s)?

2m; 1
<s—|—u 2(s +u)
2 W) — 2Wa(0) +
m;

my

functions relevant for gg — Hg, A (s, t,u) and Ay(s, t, u),
are defined, respectively, by

u,s) + by(u,s,t). (Al)

Here b, and b, are defined by

e (W1 (0) = Wy ()

(2= ) (32060 4 3Wal0m3) = W) 4 Wals. )
)W) = W)

s (s —12m - %) Wi (5.0, m%,)],

b ) = 2 [ 2 (2 L)Wt ot + W)

(A2)

respectively, with m, the mass of the top quark and my the mass of the Higgs boson. The other five light quarks are
considered to be massless. Again, W, W,, and W5 can be defined as integral forms:

1
Wi(s) :2+A dxIn <l—x(1—x)%—i£>,
t

W, (s) —2A %ln <1—x(1—x)%—ie>,
t

Ws(s, t,u,v) = I3(s, t, u, v)

The other form factor As is as follows:

4s
t+u

2
As(s, t,u) = Z—Zt [4 +
H

Note that, in the main text, As has (3, 3, &t) as its argument
rather than (3,7, #1). This is because the loop function As
was evaluated for gg — Hg rather than gg — Hg. Under
the crossing symmetry, the differential cross section
d6 451,/ dl of qg — Hyg satisfies
déy,

di

N, dé 04gq—Hyg
N2—1 di

(5.7.2) = — (1.5.2). (AS)

and we used the same loop function with a different
argument for the gg — Hgq process.

(Wi(s) = W,y (my

—I3(s,t,u,s) — Is(s, t,u,u),

1 2l -1
I3(s,t,u,v):/ dx(m—t+x(1—x)> In <1—x(1—x)12—i£>.
0 us my

APPENDIX B: DETAILS OF DEEP NEURAL
NETWORK STRUCTURE

The event classifiers which distinguish the ggH signal
from V + jets background are denoted as Pg/($*) and
Pgp(S* U {kin}). Pg/p(S™) uses five jet substructure
variables, track multiplicity (ny [65]), girth (G [65,66]),
broadening (B [67]), EEC (C’f [68]) with # = 0.2 [69], and
rms-py [65] of the jet. Ps/p(S* U {kin}) uses EJ*, e,
and 17'Tet in addition to jet substructure variables used
in Pg/p(S), so a total of eight variables are used.
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TABLE II.

DNN model specification and training prescriptions used for this study.

Ps/p(S*)

PS/B(Sjet U {kin})

Training data
Validation data
Preprocessing
NN package
NN structure
Normalization
Drop out

NN structure
Optimizer
Loss function
Learning rate
Minibatch size
Activation function
Initialization

30%

0.001

1 M (0.5 M each for sig/bg)
1 M (0.5 M each for sig/bg)

Standard scaler

Keras [72] with TensorFlow back end
Fully connected feed-forwarding (FF) layers
Batch normalization [75]

10%

Two hidden FF layers with 300 nodes each Four hidden FF layers with 200 nodes each

Adam [76]

Categorical cross-entropy

0.001
50000

ReLU for intermediate layers, soft-max for output layer

He [77]

The definition of jet substructure variables are as the
following:

1 .
girth: G =— Z phIAF. (B1)
pJT ie{const}
broadening: B = ;ZW x plet|
>ilP' 4
1 -
= > |k, (B2)
>.ilp |Z !
1 o
EEC: €] = =7z > _Prpr(ARy).  (B3)
S AR

mspr (o} = oS 0n7 (B

where {const} means the set of constituents of a jet.

1 b LI LU L L L L L ]
gosf :
3] L ]
.d') - -1
206[ .
=] = -
g C i
304f .
8 [ — Missing Er(AUC=0.56) i
g 0.2 [ — Girth of j;(AUC=0.67)

M ““| — DNN-jet sub.(AUC=0.75)
[ — DNN-all(AUC=0.83)
0 TN N T T I T I T I I Y
0 0.2 0.4 0.6 0.8 1

Signal Efficiency

The specification of the neural network classifiers
Ps/p(S®) and Pgp(S*u {kin}) is summarized in
Table II especially on its structure, hyperparameters, and
training prescriptions. In addition to the distribution of
neural network outputs in the main text, here the receiver
operating characteristic (ROC) curves and related e, / \/€vg
are shown in Fig. 6.

APPENDIX C: SEPARATION OF VECTOR-
BOSON-FUSION HIGGS BOSON PRODUCTION

In this Appendix, we shortly discuss the discrimination
of VBF Higgs boson production mechanism from another
Higgs boson production mechanism, ggH, and its back-
ground, Drell-Yan (DY) process. It is well known that the
VBF process has characteristic two jets with large angular
separation between them (|A#;|) and a large invariant mass
of them (m;;). This handle is used to separate the VBF from
the other processes, ggH and DY. On top of that, there is
an additional handle, which is the parton contents of jets.

2

1.5

€p

&/

— Missing Er(AUC=0.56) |
— Girth of j(AUC=0.67)
— DNN—jet sub.(AUC=0.75)"
— DNN-all(AUC=0.83) ]
TN N T N T T T T N T T

0 0.2 0.4 0.6 0.8 1
Signal Efficiency

0.5f

FIG. 6. ROC curves (left) and g,/ /€pg curves (right) derived from respective ROC curves. In each panel, ROC derived from Eiss
distribution is drawn with red, and the one from girth is green. Pg/p(S*') and Pg/p(S* U {kin}) are drawn in blue and black,

respectively.
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0.14
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0.1

2
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Girth of |
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Girth of j,
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FIG. 7. The scatter plots of girth of leading jets (x axis) versus girth of subleading jets (y axis). The three plots came from different
processes: ggH (left), DY (middle), and VBF (right). Red lines in plots indicate the peak position from three distributions. The solid red
line points out the peak from the ggH process, and the dashed line for DY and dotted line for VBFE. Details of event samples for this plot

can be found in the text.

Note that the two jets of VBF processes are mostly quark
jets, while the leading jets of ggH in the central region are
mainly gluonic. Focusing on the leading jet flavor, therefore,
does separate the VBF process from the ggH process. At the
same time, the subleading jets from the DY process are more
likely to be gluonic, due to parton luminosity. Hence, the
VBF process can be also separated from the DY process by
observing the parton contents of the subleading jets.

The difference in parton contents of associated jets can
be seen in the two-dimensional distribution of leading jet
girth and subleading jet girth as in Fig. 7. The event
samples generated at 14 TeV with aMC@NLO [55] at NLO

in QCD with m, > oo limit are used for this plot.
CTIONLO [61] PDF and Higgs characterization [78]
model are used for the simulation. Events are showered
using PYTHIAS [56] and merged via the FxFx [59] scheme
with Q. = 40 GeV. The jet clustering is done with an
anti-ky algorithm with AR = 0.4 using Fastlet [60], for

"> 30 GeV. The fast detector simulation is done with
Delphes [57].

In Fig. 7, the peaks of two-dimensional girth distribu-
tions from each process are placed away from the peaks of
the others due to different quark or gluon composition of
corresponding jets as we expected.
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