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Post Higgs boson Era

2

! Study on properties of the Higgs boson including looking for further 
extensions has been one of the high priority in the next few decades  

Higgs boson introduces new phenomenas for study of elementary particles, 
spin-0 particle, scalar self interactions, Yukawa interactions 

Yukawa

scalar self new scalars?

Standard Model dynamics [Wikipedia]

Yukawa



Decays of the Higgs boson
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! Higgs boson with a mass of 125 GeV decays dominantly to bottom 
quark pair via Yukawa yb~0.01 resulting in small width ! /m~3×10-5  



Hadronic decays of the Higgs boson
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! Higgs boson event of hadronic decays can be selected based on the 
recoil mass and be fully reconstructed

3

into a pair of visible fermions f øf ,

m2
recoil = s− 2Eff̄

√
s + m2

ff̄ , (2)

where Eff̄ and mff̄ are the total energy and invariant
mass of the fermion pair. The recoil mass spectrum
should present a sharp peak at the Higgs boson mass.
The Higgs boson events can be selected with a high sig-
nal to background ratio independent of the decay modes
of the Higgs boson. Using the kinematic information of
the recoil system, we can boost all decay products back
to the rest frame of the Higgs boson and measure the
event shape distributions in that frame.

Table I summarizes the decay BRs of the hadronic de-
cays of the SM Higgs boson and the expected numbers
of events at the CEPC through ZH production, with
the Z boson decaying into electron or muon pairs. As
one can see, theqøq (light quarks) channel is negligible in
the case of the SM Higgs boson. All the hadronic chan-
nels in Table I contribute to the distribution of the event
shapes. We must carefully select the one that we are
interested in, which is the jj (gg+ qøq) channel. To sup-
press the heavy-quark contributions, one can use ßavor
tagging of the heavy quarks,b and c, a technique which
is well established at hadron and lepton colliders [38]. It
has been shown that, assuming an e! ciency of 97.2% for
identiÞcation of gluon or light quarks j , the misclassiÞ-
cation rate of a b or c quark to j at CEPC could reach
8.9% and 40.7% respectively [4, 39]. Since there are two
quarks/gluons from the decay, by requiring both of them
untagged one can remove 99(84)% of thebøb(cøc) back-
ground while only changing the signaljj by 6%. There
are also backgrounds from other SM processes, especially
from the SM Z boson pair production, which have a ßat
distribution in the recoil mass. After applying further se-
lection cuts, e.g., on recoil mass, dilepton mass, and the
polar angle of the Higgs boson, we estimate a total signal
(jj ) e! ciency of 50% [4, 36]. We assume a totalqøq-like
background of 30% of the signal rate from Higgs boson
decays to bøb, cøc and the SM ZZ production. A second
category of backgrounds are from decays toW W ! , ZZ !

and further to four quarks. Since they are away from the
peak region of our signal, as shown in Fig. 1, they do
not have a large impact to the measurement of the light-
quark couplings. We estimate a total rate of 60% of the
signal for these four-quark backgrounds after all selection
cuts. They can be further suppressed if additional cuts
on dijet masses are used.

Including both the signal and backgrounds, the event
shape distributions at hadron level can be expressed as2

dN
dO

= NS(rf qq̄(O) + (1 − r )f gg(O))

2 Interference e! ects of di! erent couplings are negligible since they
are further suppressed by the quark masses.

Z (l+ l ! )H (X ) gg bøb cøc W W " (4h) ZZ " (4h) qøq

BR [%] 8.6 57.7 2.9 9.5 1.3 ! 0.02

Nevent 6140 41170 2070 6780 930 14

TABLE I. The decay branching ratios of the SM Higgs boson
with a mass of 125 GeV to di! erent hadronic channels [37]
and the corresponding expected numbers of events in ZH
production, with subsequent decays at a e+ e! collider with"

s = 250 GeV and an integrated luminosity of 5 ab ! 1. Only
decays of the associatedZ boson to electrons and muons are
included. h represents any of the quarks except the top quark
and q are light quarks.

+ NB,1f "
qq̄(O) + NB,2f WW (O), (3)

where NS , NB,1, and NB,2 are the expected number
of events for the signal, the qøq-like background and
the four-quark background, respectively. We normalize
the signal rate to the SM result, NS = λNS,SM with
λ = σ(HZ )BR( jj )/ σ(HZ )BR( jj )SM . From previous
discussions, we haveNS,SM = 3070 and NB,1 = NB,2 =
0.3NS,SM . In addition, r = BR( qøq)/ BR(jj) is the frac-
tion of the Higgs boson BR to light quarks which we
would like to measure. Both r and λ allow possible devi-
ations from the SM which hasr = 0 and λ = 1. In Eq. (3)
f qq̄/gg/WW is the normalized distribution of the Higgs bo-
son decay to light quarks, gluons, or four quarks through
W boson pairs as shown in Fig. 1.f "

qq̄ is a mixture of the
normalized distributions f bb̄,cc̄ and the one from Z ! / γ!

decay f Z . We set f "
qq̄ = f qq̄ for simplicity since all of

the above components are very similar. In principle, all
of f bb̄# qq̄,Z,WW can also be measured directly from in-
dependent data samples with high statistics. We do not
consider any theoretical uncertainties off qq̄,WW and f "

qq̄

in the discussions below. Since most of the selection cuts
do not alter the hadronic system, they are not expected
to change the normalized distributions greatly especially
for the signal.

We further investigate the sensitivity of the proposed
measurement to the light-quark Yukawa couplings using
pseudo-data. To be speciÞc, we study the expected ex-
clusion limit on r , as a function ofλ, assuming the decay
to qøq vanishes. We take into account 6 systematic uncer-
tainties for the thrust distribution. Three of them are the
theoretical uncertainties of the normalized distribution
for the decay to gg, as shown in Fig. 1, (anti-)correlated
among all bins. The other three are for the normaliza-
tion of the signal and the two backgrounds in Eq. (3).
Normalization uncertainties on both of the backgrounds
are set to 4%. Normalization of the signal can be mea-
sured independently using hadronic decays of theZ bo-
son in ZH production with the Higgs boson decay tojj ,
and the uncertainty is estimated to be 3% [4]. System-
atic uncertainties are treated using nuisance parameters.
Statistical errors are included according to the assumed
event rates. We use the proÞled log-likelihood ratioqµ as
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recoil = s ! 2Ef øf
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s + m2

f øf , (2)

where Ef øf and mf øf are the total energy and invariant
mass of the fermion pair. The recoil mass spectrum
should present a sharp peak at the Higgs boson mass.
The Higgs boson events can be selected with a high sig-
nal to background ratio independent of the decay modes
of the Higgs boson. Using the kinematic information of
the recoil system, we can boost all decay products back
to the rest frame of the Higgs boson and measure the
event shape distributions in that frame.

Table I summarizes the decay BRs of the hadronic de-
cays of the SM Higgs boson and the expected numbers
of events at the CEPC through ZH production, with
the Z boson decaying into electron or muon pairs. As
one can see, theqøq (light quarks) channel is negligible in
the case of the SM Higgs boson. All the hadronic chan-
nels in Table I contribute to the distribution of the event
shapes. We must carefully select the one that we are
interested in, which is the jj (gg+ qøq) channel. To sup-
press the heavy-quark contributions, one can use ßavor
tagging of the heavy quarks,b and c, a technique which
is well established at hadron and lepton colliders [38]. It
has been shown that, assuming an e! ciency of 97.2% for
identiÞcation of gluon or light quarks j , the misclassiÞ-
cation rate of a b or c quark to j at CEPC could reach
8.9% and 40.7% respectively [4, 39]. Since there are two
quarks/gluons from the decay, by requiring both of them
untagged one can remove 99(84)% of thebøb(cøc) back-
ground while only changing the signaljj by 6%. There
are also backgrounds from other SM processes, especially
from the SM Z boson pair production, which have a ßat
distribution in the recoil mass. After applying further se-
lection cuts, e.g., on recoil mass, dilepton mass, and the
polar angle of the Higgs boson, we estimate a total signal
(jj ) e! ciency of 50% [4, 36]. We assume a totalqøq-like
background of 30% of the signal rate from Higgs boson
decays to bøb, cøc and the SM ZZ production. A second
category of backgrounds are from decays toW W ! , ZZ !

and further to four quarks. Since they are away from the
peak region of our signal, as shown in Fig. 1, they do
not have a large impact to the measurement of the light-
quark couplings. We estimate a total rate of 60% of the
signal for these four-quark backgrounds after all selection
cuts. They can be further suppressed if additional cuts
on dijet masses are used.

Including both the signal and backgrounds, the event
shape distributions at hadron level can be expressed as2

dN
dO

= NS(rf qøq(O) + (1 ! r )f gg(O))

2 Interference e! ects of di! erent couplings are negligible since they
are further suppressed by the quark masses.
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TABLE I. The decay branching ratios of the SM Higgs boson
with a mass of 125 GeV to di! erent hadronic channels [37]
and the corresponding expected numbers of events in ZH
production, with subsequent decays at a e+ e! collider with"

s = 250 GeV and an integrated luminosity of 5 ab ! 1. Only
decays of the associatedZ boson to electrons and muons are
included. h represents any of the quarks except the top quark
and q are light quarks.

+ NB, 1f "
qøq(O) + NB, 2f W W (O), (3)

where NS, NB, 1, and NB, 2 are the expected number
of events for the signal, the qøq-like background and
the four-quark background, respectively. We normalize
the signal rate to the SM result, NS = ! NS,SM with
! = " (HZ )BR( jj )/ " (HZ )BR( jj )SM . From previous
discussions, we haveNS,SM = 3070 and NB, 1 = NB, 2 =
0.3NS,SM . In addition, r = BR( qøq)/ BR(jj) is the frac-
tion of the Higgs boson BR to light quarks which we
would like to measure. Both r and ! allow possible devi-
ations from the SM which hasr = 0 and ! = 1. In Eq. (3)
f qøq/gg/W W is the normalized distribution of the Higgs bo-
son decay to light quarks, gluons, or four quarks through
W boson pairs as shown in Fig. 1.f "

qøq is a mixture of the
normalized distributions f bøb,cøc and the one from Z ! / #!

decay f Z . We set f "
qøq = f qøq for simplicity since all of

the above components are very similar. In principle, all
of f bøb# qøq,Z,W W can also be measured directly from in-
dependent data samples with high statistics. We do not
consider any theoretical uncertainties off qøq,W W and f "

qøq
in the discussions below. Since most of the selection cuts
do not alter the hadronic system, they are not expected
to change the normalized distributions greatly especially
for the signal.

We further investigate the sensitivity of the proposed
measurement to the light-quark Yukawa couplings using
pseudo-data. To be speciÞc, we study the expected ex-
clusion limit on r , as a function of ! , assuming the decay
to qøq vanishes. We take into account 6 systematic uncer-
tainties for the thrust distribution. Three of them are the
theoretical uncertainties of the normalized distribution
for the decay to gg, as shown in Fig. 1, (anti-)correlated
among all bins. The other three are for the normaliza-
tion of the signal and the two backgrounds in Eq. (3).
Normalization uncertainties on both of the backgrounds
are set to 4%. Normalization of the signal can be mea-
sured independently using hadronic decays of theZ bo-
son in ZH production with the Higgs boson decay tojj ,
and the uncertainty is estimated to be 3% [4]. System-
atic uncertainties are treated using nuisance parameters.
Statistical errors are included according to the assumed
event rates. We use the proÞled log-likelihood ratioqµ as

[An + for CEPC, 2018]

SM event numbers assuming 250 GeV, 5 ab -1 and Z to electrons and muons
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Figure 3.17 Left: Feynman diagram of Higgs invisible decay. Right: Higgs recoil mass spectrum for
Br (H ! inv ) measurement, assuming ! (ZH ) " Br (H ! inv ) = 200fb! 1

.

Table 3.8 Expected accuracy for the BR(H ! inv) measurement, normalized to 5 ab! 1.

Channel Accuracy Methods
Z ! µµ, H ! inv 0.8% CEPC Full Simulation
Z ! ee, H ! inv 1.1% Estimation
Z ! qøq, H ! inv 0.14% Extrapolated from ILC result
Combined 0.14%

with ! in the final state are also regarded as background. The event selection is based on
the invariant mass and recoil mass of the di-lepton system, b-tag flag, and total missing
energy.

In the fully visible exotic decay, Higgs boson decays to lighter Higgs bosons are consid-
ered, and the lighter Higgs bosons subsequently decay to four b-quarks: H ! h1h1, a1a1 !
bøbbøb. The dominant background process is ZH ! ""ZZ ! ""bøbbøb. For both semi-
invisible and fully visible exotic decays, a 5# discovery is expected for Br(H ! exo) of
0.1% [42].

3.3.4 Measurements of Branching Ratios

With the measurements of inclusive cross section #(ZH ) and the cross sections of indi-
vidual Higgs boson decay mode #(ZH ) # BR, the Higgs boson branching ratio BR can
be extracted. Most of the systematic uncertainties associated with the measurement of
#(ZH ) cancel out. A maximum likelihood fit is used to estimate the precisions of the
BRs. For a given Higgs decay channel, the likelihood has the form:

L(BR, $) = Poisson
!
N obs

"
" N exp(BR, $)

#
áG($), (3.3)

where BR is the parameter of interest and $ represent nuisance parameters. N obs is the
number of observed events in the channel, N exp(BR, $) is the expected number of events,

full kinematic information allowing 
measurement of event shapes in 
Higgs rest frame

Chinese Physics C Vol. 43, No. 4 (2019) 043002

(a) (b)

Fig. 10. The inclusive recoil mass spectra of e+ e! ! ZX candidates for (a) Z ! µ+ µ! and (b) Z ! e+ e! . No
attempt to identify X is made. The markers and their uncertainties (too small to be visible) represent expectations
from a CEPC dataset of 5.6ab! 1, whereas the solid blue curves are the Þt results. The dashed curves are the signal
and background components.

tios can then be determined by studying Higgs boson
decays in selectede+ e! ! ZH candidates. The recoil
mass spectrum has been investigated for both leptonic
and hadronic Z boson decays as presented below.

4.1 Z ! ! + ! !

The leptonic Z boson decay is ideal for studying the
recoil mass spectrum of thee+ e! ! ZX events. The de-
cay is easily identiÞable and the lepton momenta can be
precisely measured. Figure10 shows the reconstructed
recoil mass spectra ofe+ e! ! ZX candidates for the
Z ! µ+ µ! and Z ! e+ e! decay modes. The analy-
ses are based on the full detector simulation for the sig-
nal events and on the fast detector simulation for back-
ground events. They are performed with event selections
entirely based on the information of the two leptons, in-
dependent of the Þnal states of Higgs boson decays. This
approach is essential for the measurement of the inclu-
sivee+ e! ! ZH production cross section and the model-
independent determination of the Higgs boson branching
ratios. The SM processes with at least 2 leptons in their
Þnal states are considered as backgrounds.

The event selection of theZ ! µ+ µ! decay mode
starts with the requirement of a pair of identiÞed muons
with opposite charges. Events must have the dimuon in-
variant mass in the range of 80Ð100 GeV and the recoil
mass between 120 GeV and 140 GeV. The muon pair is
required to have its transverse momentum larger than
20 GeV, and its opening angle smaller than 175" . A
Boosted Decision Tree (BDT) technique is employed to

enhance the separation between signal and background
events. The BDT is trained using the invariant mass,
transverse momentum, polar angle and acollinearity of
the dimuon system. Leading background contributions
after the selection are fromZZ , W W and Z " events. As
shown in Fig. 10(a), the analysis has a good signal-to-
background ratio. The long high-mass tail is largely due
to the initial-state radiation.

Compared to the analysis of theZ ! µ+ µ! decay,
the analysis of the Z ! e+ e! decay su! ers from addi-
tional and large background contributions from Bhabha
scattering and single boson production. A cut based
event selection is performed for theZ ! e+ e! decay.
The electron-positron pair is required to have its invari-
ant mass in the range of 86.2Ð96.2 GeV and its recoil
mass between 120 GeV and 150 GeV. Additional selec-
tions based on the kinematic variables of the electron-
positron system, the polar angles and the energies of the
selected electron and positron, are applied. Events from
e+ e! ! e+ e! (" ), e+ #W ! (e! ø#W + ), e+ e! Z production
are the dominant backgrounds after the selection. The
recoil mass distribution of the selected events is shown
in Fig. 10(b).

While event selections independent of the Higgs bo-
son decays are essential for the model-independent mea-
surement of $(ZH ), additional selection criteria using
the Higgs boson decay information can, however, be ap-
plied to improve the Higgs boson mass measurement.
This will be particularly e ! ective in suppressing the large
backgrounds from Bhabha scattering and singleW or Z

043002-11



Higgs measurements at CEPC

5

! CEPC Higgs factory can provide percent-level precision with model-
independent measurement of various Higgs couplings 

different hadronic channels can be separated through jet identifications, 
e.g., heavy-flavor tagging, quark-gluon jet discrimination 

[An + for CEPC, 2018]

Chinese Physics C Vol. 43, No. 4 (2019) 043002

Table 11. Estimated precision of Higgs boson property measurements for the CEPC-v1 detector concept operating
at

p
s= 250 GeV. All precision are relative except for mH and BRBSM

inv

for which ! mH and 95% CL upper limit are
quoted respectively. The extrapolated precision for the CEPC-v4 concept operating at

p
s= 240 GeV are included

for comparisons, see Section6.2.

Estimated Precision
Property CEPC-v1 CEPC-v4

mH 5.9 MeV 5.9 MeV
! H 2.7% 2.8%
! (ZH ) 0.5% 0.5%
! (" ø" H ) 3.0% 3.2%

Decay mode ! ⇥BR BR ! ⇥BR BR

H ! bøb 0.26% 0.56% 0.27% 0.56%
H ! cøc 3.1% 3.1% 3.3% 3.3%
H ! gg 1.2% 1.3% 1.3% 1.4%
H ! W W ! 0.9% 1.1% 1.0% 1.1%
H ! ZZ ! 4.9% 5.0% 5.1% 5.1%
H ! ## 6.2% 6.2% 6.8% 6.9%
H ! Z # 13% 13% 16% 16%
H ! $+$" 0.8% 0.9% 0.8% 1.0%
H ! µ+µ" 16% 16% 17% 17%
BRBSM

inv

� < 0.28% � < 0.30%

the precision of ! H is limited by the H ! ZZ ! anal-
ysis statistics. It can be improved including the decay
Þnal states with larger branching ratios, e.g. theH ! bøb
decay:

! H =
! (H ! bøb)

BR(H ! bøb)
(6)

where the partial width ! (H ! bøb) can be independently
extracted from the cross section of theW fusion process
e+e" ! " ø" H ! " ø" bøb:

! (" ø" H ! " ø" bøb) / ! (H ! W W ! ) áBR(H ! bøb) (7)

= ! (H ! bøb) áBR(H ! W W ! ). (8)

Thus, the Higgs boson total width is:

! H =
! (H ! bøb)

BR(H ! bøb)
/ ! (e+e" ! " eø" eH )

BR(H ! W W ! )
(9)

where BR(H ! bøb) and BR(H ! W W ! ) are measured
from the e+e" ! ZH process. The limitation of this
method is the precision of the! (e+e" ! " ø" H ! " ø" bøb)
measurement.

The expected precision on! H is 5.1% from the mea-
surements of ! (ZH ) and BR(H ! ZZ ! ) and is 3.5%
from the measurements of! (" ø" H ! " ø" bøb), BR( H ! bøb)
and BR(H ! W W ! ). The quoted precision is dominated
by the BR(H ! ZZ ! ) measurement for the former case

and the ! (" ø" H ! " ø" bøb) measurement for the latter case.
The combined ! H precision of the two measurements is
2.8%, taking into account the correlations between the
two measurements.

7 Higgs Boson Coupling Measurements

To understand the implications of the estimated
CEPC precision shown in Table 11 on possible new
physics models, the results need to be interpreted in
terms of constraints on the parameters in the La-
grangian. This is often referred to as the ÒHiggs boson
coupling measurementsÓ, even though the term can be
misleading as discussed below.

There is no unique way to present the achievable pre-
cision on the couplings. Before going into the discussion
of the CEPC results, we brießy comment on the choices
made here. The goal of the theory interpretation here
is to obtain a broad idea of the CEPC sensitivity to the
Higgs couplings. The interpretation should be simple
with intuitive connections between the models and the
experimental observables. Ideally, it should have as little
model assumptions as possible. Furthermore, it would be
convenient if the results can be interfaced directly with
the higher order theoretical calculations, renormalization
group equation evolutions, etc. Unfortunately, it is im-
possible to achieve all of these goals simultaneously.

043002-22
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Figure 2: Γ(H ! hadrons)/A bøb(µ = MH ) as a function of the renormalization scaleµ.

(short-dashed) curve we haveΓ(H ! hadrons)/A bøb(µ = MH ) = 1 for µ = MH . The six
curves represent (from bottom to top, i.e. from the short-dashed to the solid curve) the
predictions of order! 0

s, . . . , ! 5
s, where! 5

s terms are only included for∆mb=0
gg . µ is varied

between 10 GeV and 500 GeV which is signiÞcantly larger than the usual range spanned
betweenMH / 2 and 2MH . Nevertheless, one observes a steady ßattening of the curves
when including higher order corrections; the result represented by solid line is almost
µ-independent.

4 Conclusions

We complete the corrections of order! 4
s to the hadronic decay rate of the Standard Model

Higgs boson by computing the top quarkÐinduced contributions in aneffective Þeld-theory
framework. This requires the calculation of four-loop propagator-type integrals. Our
new corrections are numerically of the same order of magnitude as the purely massless
contribution [8], however they have an opposite sign. We provide all analytic results
presented in this paper in a computer-readable format [41], making itstraightforward

10

Total hadronic decay width

6

! High precision theoretical predictions exist, full results known at 
O(as^4); even higher order results exist for individual channels

1 Introduction

In particle physics, one of the most important tasks in the coming years is the precise
measurement of the couplings of the Higgs boson to fermions and bosons. An important
ingredient in this context is the decay rate of the Higgs boson into bottom quarks, which
has the by far largest branching ratio. Together with the decay rate into gluons it con-
stitutes almost 70% of the hadronic decay width and it thus has a major inßuence on all
Higgs boson branching ratios.

One-loop1 QCD corrections to ! (H ! bøb) have been known for a long time, including
the full bottom quarkÐmass dependence [1]. The massless approximation2 at order ! 2

s
has been computed in Ref. [2] and the full bottom quarkÐmass dependence is known from
Ref. [3Ð5]. Three- and four-loop corrections, of order! 3

s and ! 4
s, have been computed in

the massless limit in Refs. [6Ð8]. A summary of further corrections,including top quarkÐ
mass-suppressed terms and electroweak e" ects can be found in recent review articles [9,10]
(see also the programHDECAY [11]).

The main aim of this paper is to complete the corrections of order! 4
s to the total decay

rate of the Higgs boson into hadrons. In Ref. [8] only the contribution involving the
bottom quark Yukawa coupling was considered. We compute the contributions induced
by e" ective HiggsÐbottom quark and HiggsÐgluon couplings. The corresponding three-
loop calculation, which was performed in Ref. [7], produces a similarly-sized contribution
to the ! 3

s coe# cient as that of the purely massless contribution. It is therefore necessary
also to evaluate the top quarkÐinduced contributions at order! 4

s.

For the calculation performed in this paper the relevant part the Standard Model (SM)
Lagrange density is given by the Yukawa terms supplemented by thestrong interaction
terms. For the production and decay of the SM Higgs boson it turnsout that the e" ective
theory in which the top quark is integrated out provides a good approximation to the full
theory. This leads to the following e" ective Lagrangian [12Ð14]3

Le! = "
H 0

v0
(C1[O!

1] + C2[O!
2]) + L!

QCD , (1)

where the primed quantities are deÞned in the Þve-ßavour theory.H 0 and v0 are the
bare Higgs boson Þeld and vacuum expectation value which can be identiÞed with their
renormalized counterparts if, as in this paper, electroweak e" ects are neglected. In Eq. (1)
all dependence on the top quark is contained in the coe# cient functions (or e" ective
couplings) C1 and C2. [O!

1] and [O!
2] are renormalized e" ective operators constructed

from the light degrees of freedom. Their bare versions read

O!
1 =

!
G0!

a,µ!

"2
,

1In the following we count the number of loops needed for the virtualcorrections
2Here ÒmasslessÓ refers to the bottom quark mass in the propagators; the bottom quark Yukawa coupling

remains non-zero.
3We follow the notation of Ref. [7].
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In particle physics, one of the most important tasks in the coming years is the precise
measurement of the couplings of the Higgs boson to fermions and bosons. An important
ingredient in this context is the decay rate of the Higgs boson into bottom quarks, which
has the by far largest branching ratio. Together with the decay rate into gluons it con-
stitutes almost 70% of the hadronic decay width and it thus has a major influence on all
Higgs boson branching ratios.

One-loop1 QCD corrections to Γ(H → bb̄) have been known for a long time, including
the full bottom quark–mass dependence [1]. The massless approximation2 at order ! 2

s
has been computed in Ref. [2] and the full bottom quark–mass dependence is known from
Ref. [3–5]. Three- and four-loop corrections, of order ! 3

s and ! 4
s, have been computed in

the massless limit in Refs. [6–8]. A summary of further corrections, including top quark–
mass-suppressed terms and electroweak effects can be found in recent review articles [9,10]
(see also the program HDECAY[11]).

The main aim of this paper is to complete the corrections of order ! 4
s to the total decay

rate of the Higgs boson into hadrons. In Ref. [8] only the contribution involving the
bottom quark Yukawa coupling was considered. We compute the contributions induced
by effective Higgs–bottom quark and Higgs–gluon couplings. The corresponding three-
loop calculation, which was performed in Ref. [7], produces a similarly-sized contribution
to the ! 3

s coefficient as that of the purely massless contribution. It is therefore necessary
also to evaluate the top quark–induced contributions at order ! 4

s.

For the calculation performed in this paper the relevant part the Standard Model (SM)
Lagrange density is given by the Yukawa terms supplemented by the strong interaction
terms. For the production and decay of the SM Higgs boson it turns out that the effective
theory in which the top quark is integrated out provides a good approximation to the full
theory. This leads to the following effective Lagrangian [12–14]3

L e! = −
H0

v0
(C1[O!

1] + C2[O!
2]) + L !

QCD , (1)

where the primed quantities are defined in the five-flavour theory. H0 and v0 are the
bare Higgs boson field and vacuum expectation value which can be identified with their
renormalized counterparts if, as in this paper, electroweak effects are neglected. In Eq. (1)
all dependence on the top quark is contained in the coefficient functions (or effective
couplings) C1 and C2. [O!

1] and [O!
2] are renormalized effective operators constructed

from the light degrees of freedom. Their bare versions read

O!
1 =

!
G0!

a,µ!

"2
,

1In the following we count the number of loops needed for the virtualcorrections
2Here ÒmasslessÓ refers to the bottom quark mass in the propagators; the bottom quark Yukawa coupling

remains non-zero.
3We follow the notation of Ref. [7].

2

Figure 1: Sample Feynman diagrams contributing to! 11, ! 12 and ! 22. The curly and
straight lines represent gluons and quarks, respectively. The blobs stand for the e" ective
operatorsO!

1 and O!
2.

O!
2 = m0!

b
øb0!b0! , (2)

whereG0!
a,µ! is the bare gluon Þeld strength tensor andøb0! is the bare bottom quark Þeld.

Further corrections to L e! are suppressed by the inverse top quark mass, contributing
terms of orderM 2

H /M 2
t to the decay rate. These terms are available to order! 3

s [15Ð17]
and are known to be small. For example, at order! 2

s the M 2
H /M 2

t term changes the
coe# cient by less than 1% and thus induces a correction which is of the same order of
magnitude as non-suppressed contributions of order! 4

s. We also restrict ourselves to
the leading m 2

b term and neglect higher powers in the bottom quark mass which are
numerically even smaller than the 1/M t terms.

On the basis of the Lagrange density of Eq. (1) we deÞne correlators formed by the
operatorsO!

1 and O!
2,

! ij (q2) = i
!

dxeiqx ⟨0|T[O!
i , O!

j ]|0⟩.

(3)

Sample Feynman diagrams contributing to! 11, ! 12 and ! 22 are shown in Fig. 1.

Using the optical theorem, the total decay rate can be obtained from the imaginary part
of ! ij . In this context it is convenient to introduce the quantities

$ ii = K ii Im
"
! ii (M 2

H )
#

,

$ 12 = K 12 Im
"
! 12(M 2

H ) + ! 21(M 2
H )

#
, (4)

3

with 1/K 11 = 32! M 4
H and 1/K 12 = 1/K 22 = 6! M 2

H m 2
b . Note that ! 12(M 2

H ) = ! 21(M 2
H ).

The total decay width is then given by

" (H ! hadrons) = Abøb

!
(C2)

2 (1 + # 22) + C1C2# 12

"
+ Agg (C1)

2 # 11 , (5)

where

Abøb =
3GF MH m 2

b (µ)

4!
"

2
,

Agg =
4GF M 3

H

!
"

2
. (6)

Note that for clarity, we restrict ourselves in Eq. (5) to the QCD corrections that we
compute in this paper; we neglect both electroweak e$ects and power corrections sup-
pressed byM 2

H /M 2
t . Furthermore, we concentrate on the decay of the Higgs boson only

to bottom quarks and to gluons. The results can easily be extendedto include the decay
to additional light quark ßavours, if necessary. A more complete formula can be found
in Eq. (10) of Ref. [7]. Note that in Eq. (6),mb(µ) refers to the MS bottom quark mass
evaluated at the renormalization scaleµ.

In Ref. [8] ! 22 has been computed to Þve-loop order, yielding order" 4
s corrections to the

Higgs boson decay. For these corrections we have thatC2 = 1 and therefore refer to them
in the following as Òmassless contributionsÓ, despite the fact that there is an overall factor
of m 2

b from the bottom quark Yukawa coupling.

The leading-order term of! 11 describes the decay of the Higgs boson into gluons. Starting
from next-to-leading order (two loops) the gluonic and fermionic decay cannot be sepa-
rated in the approach based on the optical theorem, since there are diagrams containing
both purely gluonic cuts and cuts involving both gluons and quarkÐantiquark pairs.

The main result of this paper is the extension of [7]. We compute the four-loop correction
to ! 12 which contributes to the hadronic Higgs boson decay at order" 4

s, along with the
Þve-loop calculation of Ref. [8]. This is because the leading term ofC1 contains a factor
" s.

Note that ! 22 has an overall prefactorm 2
b , which comes from the two operatorsO!

2. ! 12

is also proportional to m 2
b ; one factor arises fromO!

2 the other from the trace of the
bottom quark loop. In the limit mb ! 0 the correlator ! 11 has a non-zero contribution.
Terms proportional to m 2

b appear for the Þrst time at two-loop order, due to the presence
of closed bottom quark loops. We compute such terms up to three loops, which give
rise to order " 4

s corrections to the Higgs boson decay. We want to remark that themb-
independent terms of! 11 have been computed to four-loop order in Ref. [18] leading to
corrections of order" 5

s to the hadronic Higgs boson decay.

In the next section we provide several technical details of our calculation. In particular,
we discuss the computation of the four-loop integrals and explain the operator mixing and
renormalization. We additionally provide explicit expressions for the e$ective couplings

4

[Davies, Steinhauser, Wellmann, 
2017]

[Herzog, Ruijl, Ueda, Vermaseren, 
Vogt, 2017]
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! Measuring Yukawa couplings of light-quarks at LHC are particularly 
challenging due to their smallness, ys/yb~2%,  and huge QCD Bks

[HX Zhu +, 2016]

2

the presence of new physics.
Constraints from the current data . In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ø! i .
The current ATLAS [ 14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di! erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in" s based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [ 20].

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.70. (2)

If all of the Higgs couplings (including h !
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! s| < 1.4. (3)

We repeat the analysis for the o! -diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (4)

for q, q! " u, d, s, c, band q #= q!. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|ø! bs| < 8á10" 2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the ßavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays . We begin
with h ! &$. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig.1. The indirect contribu-
tion proceeds through theh$$ coupling, followed by the

h

!

s

øs

h

s

øs

!

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

fragmentation of $# ! &. The direct amplitude involves
a hard h ! søs$ vertex, where an intermediate s-quark
line with an o! -shellnessQ2 $ O(m2

h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(ø! s). Working in the limit of real
ø! s, the h ! &$ decay amplitude is

M �

ss =
Qse

2
' � á' �

!
ø! s

mb

v
f �

$ %1/u øu&�$ +
4"
( v

!
�

A
�

f
�

m2
h

m
�

"
,

(5)
where the Þrst and second terms are the direct and in-
direct contributions; f �

$ and %1/u øu&�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Qse = ' e/3 is
the strange quark electric charge, and)

�

and )
�

are the
$ and & polarization vectors. We have used the deÞni-
tion %&|J µ

EM (0)|0&= f
�

m
�

' µ
�

for the & decay constantf
�

,
whereJ µ

EM =
#

f Qf
øf $µ f is the electromagnetic current.

Note that for CP violating couplings, M �

ss is sensitive to
the phase betweenA

�

and ø!
�

.
The LCDA convolution integral is

%1/u øu&�$ =
$ 1

0
du

&�

$ (u)
u(1 ' u)

. (6)

The leading twist chiral-odd LCDA &$ (u) is deÞned
through the following matrix element of the transversely
polarized & meson on the light-cone [24, 25]:

%&(p,) $ )|øs(x)* µ⌫

s(0)|0&=

' if �

$

$ 1

0
dueiup áx () $ µ p

⌫

' ) $ ⌫

pµ )&�

$ (u).
(7)

The partial decay width for h ! &$ decay is

" h% ��

=
1

8(
1

mh
|M �

ss |2, (8)

where we used the fact that|' �$ á' � | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
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amplitude diagram (right) contributing to h ! !" .
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h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(ø! s). Working in the limit of real
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where the Þrst and second terms are the direct and in-
direct contributions; f �

$ and %1/u øu&�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Qse = ' e/3 is
the strange quark electric charge, and)

�

and )
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are the
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h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
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where the Þrst and second terms are the direct and in-
direct contributions; f
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stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Qse = �e/3 is
the strange quark electric charge, and)
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where we used the fact that|' �$ · ' � | = 1 for the two pos-
sible photon polarizations, so that the two corresponding

exotic decays (BR~10 -6)

Interference

low sensitivity due to huge 
hadronic backgrounds

[Kagan + , 2014, 2016]
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Figure 1: The 1/ ! h ád! h/dy h (left) and 1/ ! h ád! h/dp T (right) normalized distributions for several

values of up quark Yukawa couplings, ø" u = 0 (SM, blue), ø" u = 1 (orange), ø" u = 4 (green).

of theoretical uncertainties is observed for normalizedpT distribution, illustrated in the bot-

tom panels of Fig.2, although the reduction of theoretical uncertainties is not as dramatic as

in the rapidity distribution. Normalized distribution also help reduces many of the experi-

mental uncertainties. For un-normalized distribution, the total systematic uncertainties due

to, e.g., luminosity and background estimates range from 4% to 12% [36]. However, most

of the systematic uncertainties cancel in the normalized shape distribution. The dominant

experimental uncertainties for the shape of the distribution are statistical ones, ranging from

23% to 75% [36], and can be improved with more data.

In this work we perform an initial study using the rapidity and pT distributions to con-

strain the light-quark Yukawa couplings. In the study we use Monte Carlo samples of events

on which we impose the experimental cuts in SectionIII . We generate the parton level sig-

nal, qøq ! h + n jets, and background events,gg ! h + n jets, using MadGraph 5 [55] with

LO CT14 parton distribution function (PDF) [ 56] and Pythia 6.4 [57] for the showering,

whereq = u, d, s, c and n = 0, 1, 2. Events of di! erent multiplicities are matched using the

MLM scheme [58]. Further re-weighting of the generated tree-level event samples is nec-

essary because of the largek-factor due to QCD corrections to the Higgs production [59].

We re-weight the LO cross section, obtained in the MLM matching scheme, to the best

available theoretical predictions so far, namely N3LO forgg ! h [60, 61] and NNLO for

qøq ! h [62, 63].

In Fig. 3, we compare our tree-level MadGraph 5+Pythia prediction for the normal-

ized rapidity and pT distribution against the available precise QCD prediction based on
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Figure 1: The 1/ ! h ád! h/dy h (left) and 1/ ! h ád! h/dp T (right) normalized distributions for several

values of up quark Yukawa couplings, ø" u = 0 (SM, blue), ø" u = 1 (orange), ø" u = 4 (green).

of theoretical uncertainties is observed for normalizedpT distribution, illustrated in the bot-
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in the rapidity distribution. Normalized distribution also help reduces many of the experi-

mental uncertainties. For un-normalized distribution, the total systematic uncertainties due

to, e.g., luminosity and background estimates range from 4% to 12% [36]. However, most

of the systematic uncertainties cancel in the normalized shape distribution. The dominant

experimental uncertainties for the shape of the distribution are statistical ones, ranging from

23% to 75% [36], and can be improved with more data.

In this work we perform an initial study using the rapidity and pT distributions to con-

strain the light-quark Yukawa couplings. In the study we use Monte Carlo samples of events

on which we impose the experimental cuts in SectionIII . We generate the parton level sig-

nal, qøq ! h + n jets, and background events,gg! h + n jets, using MadGraph 5 [55] with

LO CT14 parton distribution function (PDF) [ 56] and Pythia 6.4 [57] for the showering,

whereq = u, d, s, c and n = 0, 1, 2. Events of di! erent multiplicities are matched using the

MLM scheme [58]. Further re-weighting of the generated tree-level event samples is nec-

essary because of the largek-factor due to QCD corrections to the Higgs production [59].

We re-weight the LO cross section, obtained in the MLM matching scheme, to the best

available theoretical predictions so far, namely N3LO forgg ! h [60, 61] and NNLO for
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LHC/HL-LHC can probe Yukawa 
of u/d quarks to ~0.3yb

transverse momentum
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Exclusive hadronic decays
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! Using hadronic event shapes to look for light-quark decay modes and 
Yukawa couplings; projected sensitivity for 250 GeV run with 5 ab-1

from various event shapes

expected exclusion limit
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Figure 4 . Expected 95% CLs exclusion limit on r and the 1! and 2! ßuctuations based on measure-
ments of di! erent event shape observables and assuming a theory of the SM. Theoretical uncertainties
on the event shape distributions are not included.

larger than the qøq ones for a Higgs boson mass of 125 GeV. Thus, a small downward shift of
the gg induced cross sections comparing to experimental data, either due to the experimental
or theoretical uncertainties, can allow for a much larger light-quark Yukawa coupling.

We also comment on the comparison of our proposal with the possibility of using gluon/quark
jet discriminators. On the theory side, the event shape distributions can be calculated sys-
tematically in perturbative QCD, and the theoretical uncertainties are under control. Exper-
imentally, the hadronic even-shape observables have been studied extensively at LEP. The
experimental systematics are well understood. By comparing with the experimental results
on the " s(M Z ) measurement [44, 45], we found the sensitivity obtained in this study is real-
istic. Even after all the experimental systematics are included, the expected exclusion limit
should not change greatly.

In summary, we have proposed a novel idea for measuring the light-quark Yukawa cou-
plings using hadronic event shape distributions in addition to the conventional measurement
of Higgs couplings at lepton colliders. We show that for ae+ e! collider with a center-of-mass
energy of 250 GeV and an integrated luminosity of 5 ab! 1 one can expect to exclude a decay
BR of 0.48% for the Higgs boson decay toqøq, at 95% CLs, with q be any of theu, d, s quarks,
assuming a hypothesis of SM-like theory and only modiÞcations to the Higgs boson couplings
to gluon and light quarks. That corresponds to an exclusion limit on a light-quark Yukawa
coupling of about 9% of the strength of the bottom quark coupling in the SM.
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! Works are in progress on improving theoretical predictions on event 
shapes in Higgs decay, NLO and beyond

Improving theoretical prediction

[JG, Gong, Ju, Yang, 2019]

[Luo, Shtabovenko, Yang, Zhu, 2019]

Figure 7 : Comparison between the exact results and the singular terms at NLO.
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Namely, we add the NNLO singular contribution from ! (3)
i to the exact NLO result cal-

culated in the previous section.
In Þg. 8, we show the approximate NNLO results for theHgg and Hqøq channels in

the region 0.05 ! ! ! 0.25. In the upper plots we show the absolute distributions, while
in the lower plots we show the ratios of the di" erential cross sections to the LO central
values. We see that the NNLO corrections are still quite large. Especially for theHgg
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a!=b. The Þxed order pQCD predictions for EEC are obtained by calculating Eq. ( 1.2)
at the parton level, with the LO contribution arising from th e tree level hard process

e+(k1) e" (k2) ! ! #/Z0 ! q(p1) øq(p2) g(p3). (1.3)

At a future Higgs factory, it appears very natural to measure the EEC in hadronic
decay of the Higgs boson. Higgs can decay to a pair of gluons through a top quark loop,
or to bøb/cøc directly via Yukawa couplings. In this paper we are mainly concerned with the
gluon initiated decay of the Higgs boson within the framework of the Higgs E! ective Field
Theory (HEFT) [ 48Ð51]. The b or c quark Yukawa initiated decay will be considered in
future work. In the HEFT, the top quark can be integrated out t o obtain operators that
contain the Higgs ÞeldH and two QCD Þeld-strength tensorsGµ! . The interacting part
of the HEFT Lagrangian is then given by

LHEFT = "
1
4

" H Tr ( Gµ! Gµ! ) . (1.4)

The corresponding Wilson coe" cient " is determined from matching the amplitude for
H ! gg in SM to the one in HEFT order by order in the strong coupling #s and the
inverse of the top quark mass 1/mt. Currently, it is known at the N 4LO [52] accuracy. The
e! ective operator in Eq. (1.4) gives rise to tree-level coupling of the Higgs with 2, 3, and
4 gluons. In this work, we would like to consider the correlations between energies of the
partons that arise from a gluon-initiated decay of the Higgsparticle at rest, via

H ! q(p1) øq(p2) g(p3) (1.5)

and
H ! g(p1) g(p2) g(p3). (1.6)

To avoid possible confusion between the EEC from Eq. (1.2) and the one considered in
this paper, in the following we will denote them as ÒstandardEECÓ and ÒHiggs EECÓ
respectively. Then, in analogy to Eq. (1.2) we can deÞne the Higgs EEC as

1
#tot

d$ H ($)
d cos$

=
"

a,b

#
2EaEb

m2
H

%(cos&ab " cos$) d#a+b+X , (1.7)

wheremH is the Higgs boson mass,#tot is the total decay width for H ! gg and d#a+b+X

denotes the di! erential decay rate for Higgs decaying into gluons plus anything else. The
normalization of the Higgs EEC with respect to

#tot =
" 2m3

H

8'
K(µ) (1.8)

ensures the cancellation of" in the Þnal result for the Higgs EEC. The factor K accounts
for the corrections to the total decay width H ! gg within the HEFT. For our purposes
it is su" cient to use its NLO value [53]

K(µ) = 1 +
#s

2'

$
73
2

+ 11 log
µ2

m2
H

" Nf

%
7
3

+
2
3

log
µ2

m2
H

&'
+ O(#2

s), (1.9)

Ð 3 Ð

N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
0
7
9
P
_
0
4
1
9
 
v
1

with AH (z) and BH (z) being the LO and NLO coefficients respectively, while ! 0 =
11/3CA − 4/3Nf Tf . In QCD we have CA = Nc = 3, CF = ( N2

c − 1)/(2Nc) = 4 /3
and Tf = 1/2, while Nc denotes the number of colors. The overall prefactor 1/K arises
from the normalization with respect to the total decay width for H → gg in HEFT, cf.
Eq. (1.8). Fig. 2 shows the Higgs EEC at LO and NLO forNf = 5 with the corresponding
uncertainties from varying the renormalization scaleµ between 2mH and mH /2. We set
mH = 125.0 GeV and use the following values of the strong coupling" s obtained with
RunDec [103, 104] at 4-loop accuracy

" s(mH /2) = 0 .125, " s(mH ) = 0 .113, " s(2mH ) = 0 .103. (3.2)
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Figure 2 : Analytic Þxed-order results for Higgs EEC at LO (lower curve) and NLO (upper
curve) in the Higgs EFT. In both cases the solid black curves correspond to the central
values, while the colored bands give the uncertainties fromvarying the renormalization
scaleµ betweenmH /2 and 2mH . We useµ = mH as the central value. The number of
ßavorsNf is set to 5 and the number of colorsNc to 3.

Before presenting the explicit result for the LO and NLO contributions let us, for the
sake of clarity, decompose the corresponding coefficients AH (z) and BH (z) into di fferent
color pieces that appear in the full result. For AH (z) we will use the subscript ÒlcÓ to
denote the leading color contribution (∼ Nc). In the case of BH (z) ÒlcÓ stands for the
component proportional to N2

c , ÒnlcÓ for the next-to-leading color part (∼ Nc) and ÒnnlcÓ
for the next-next-to-leading color piece (∼ 1/Nc). The components proportional to the
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energy-energy correlations

NLO predictions in a compact 
analytic form, only di-gluon 
channel yet 

large QCD corrections similar to 
the inclusive decay 



10

! Exact NNLO QCD corrections have been recently carried out for 
Higgs decaying into three-jet for the (massless) bottom quark channel

Improving theoretical prediction

scale variations largely reduced at 
NNLO
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Figure 3. The ! cut
3 dependence of the NNLO coe! cient for three di" erent jet definitions.

[30, 31], which takes the variable ycut as an input variable. Starting at the parton level, the
algorithm computes the following quantity for every possible pair of partons (i, j):

yij =
2 min(E2

i , E2
j )(1 ! cos" ij )

Q2
(4.1)

where Ei is the energy of parton i, " ij is the angle between partons i and j, and in our case
Q = mH . If yij < ycut the pairs are combined into a new object with momentum pi + pj .
The algorithm then repeats until no further clusterings are possible and the remaining
objects are classified as jets. These algorithms have been widely used at LEP to study
e+e! " jets, which is the process most similar to our H " bbj calculation. Our results are
presented in the Higgs rest frame.

We first validate our calculation by studying the dependence of the NNLO coefficient on
the unphysical slicing parameter ! cut

3 . To do so we focus on three representative clustering
options corresponding to ycut = 0 .1, 0.002 and 10! 4. These choices span the various regions
of interest theoretically and experimentally. The value ycut = 0 .1 is within the perturbative
regime, in which the higher-order corrections are expected to be small and agreement with
future data should be good (assuming similarity to the NNLO calculations of e+e! "
jets [62, 63]). The second choice ycut = 0 .002 corresponds to the region in which the three-
jet rate peaks. Finally, the choice ycut = 10! 4 is around the region in which the NNLO
three-jet rate turns negative and becomes unphysical (the need for resummation of large

– 13 –

phase space slicing method is now 
widely used for NNLO calculations 
in QCD
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Figure 4 . The three-jet rate at LO, NLO, and NNLO as a function of ycut for the Durham jet
algorithm. The renormalization scale is set toµ = mH .

Figure 5 . The maximum energy of the jets (divided by the Higgs mass) for di! erent jet-clustering
options. The right-hand panel presents the ratio of the NNLO to NLO (with µ = mH ) predictions
for each jet-clustering option.
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[Boughezal, Focke, Liu, Petriello, 2015]

3-jettiness for slicing
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! Dependence of the event shape distributions on hadronization effects 
via either MC or analytic models

Improving theoretical prediction

770 Page 6 of 10 Eur. Phys. J. C (2017) 77 :770

Fig. 3 The normalized thrust spectrum for quarks at NNLL! (orange
band) compared to Pythia (violet) and Herwig ’s angular-ordered
(green) and dipole shower (yellow) at parton level (left panel) and

hadron level (right panel). The band in the left panel shows the per-
turbative uncertainty in Eq. (13). In the right panel, it shows the sum of
perturbative and nonperturbative uncertainties as in Eq. (17)

Fig. 4 The normalized thrust spectrum for gluons at NLL!+NLO (blue
band) compared to Pythia (violet) and Herwig ’s angular-ordered
(green) and dipole shower (yellow) at parton level (left panel) and
hadron level (right panel). The band in the left panel shows the per-
turbative uncertainty in Eq. (13). In the right panel, it shows the sum of

perturbative and nonperturbative uncertainties as in Eq. (17). The result
from the angular-ordered shower in Herwig 7.0.4 is shown in light gray,
which differs significantly from the resummed results, highlighting the
noticeable improvement in Herwig 7.1

the angular ordered shower from Herwig 7.0.4 shown by the
gray lines shows clear discrepancies from our predictions. (It
also yields similarly large differences between Herwig and
Pythia for the quark-gluon separation as observed for Her-
wig 2.7.1 in Refs. [10,14].) This highlights the substantial
improvement in the description of gluon jets in the latest
version of Herwig .

Finally, in Fig. 5 we show the classifier separation at
NLL!+NLO compared to Pythia and Herwig at parton and
hadron level. This is similar to Fig. 1, but we do not impose
a cut on thrust and therefore omit the NNLL! result. The
perturbative uncertainty δpert is shown, as well as the total
uncertainty. Both Pythia and Herwig agree with our results
within uncertainties. They differ from each other more than
in Fig. 1, which is due to the relatively large differences in the
gluon distribution at larger τ . Herwig predicts a lower clas-

sifier separation #, because its gluon distribution is peaked at
smaller values of τ and thus closer to the quark distribution.
As in Fig. 1, this is most pronounced for the Herwig dipole
shower, which has the gluon distribution with the lowest peak
and as a result gives the lowest #.

Finally, it is worth noting that the resummation and
hadronization uncertainties on the classifier separation are of
similar size. Thus at higher orders the hadronization uncer-
tainty currently becomes the limiting factor, as can be seen in
the NNLL! results in Fig. 1. This is of course also due to our
rather generous variations for the hadronization parameter
$i . This situation can be improved by using a more refined
treatment than carried out here, including renormalon sub-
tractions and performing a fit to LEP data as done in Ref. [18],
which yields a much more precise determination of $q . How-
ever, one would then also have to perform a more careful

123
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also yields similarly large differences between Herwig and
Pythia for the quark-gluon separation as observed for Her-
wig 2.7.1 in Refs. [10,14].) This highlights the substantial
improvement in the description of gluon jets in the latest
version of Herwig.

Finally, in Fig. 5 we show the classifier separation at
NLL!+NLO compared to Pythia and Herwig at parton and
hadron level. This is similar to Fig. 1, but we do not impose
a cut on thrust and therefore omit the NNLL! result. The
perturbative uncertainty ! pert is shown, as well as the total
uncertainty. Both Pythia and Herwig agree with our results
within uncertainties. They differ from each other more than
in Fig. 1, which is due to the relatively large differences in the
gluon distribution at larger " . Herwig predicts a lower clas-

sifier separation # , because its gluon distribution is peaked at
smaller values of " and thus closer to the quark distribution.
As in Fig. 1, this is most pronounced for the Herwig dipole
shower, which has the gluon distribution with the lowest peak
and as a result gives the lowest # .

Finally, it is worth noting that the resummation and
hadronization uncertainties on the classifier separation are of
similar size. Thus at higher orders the hadronization uncer-
tainty currently becomes the limiting factor, as can be seen in
the NNLL! results in Fig. 1. This is of course also due to our
rather generous variations for the hadronization parameter
$ i . This situation can be improved by using a more refined
treatment than carried out here, including renormalon sub-
tractions and performing a fit to LEP data as done in Ref. [18],
which yields a much more precise determination of $ q. How-
ever, one would then also have to perform a more careful
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[Mo, Tackmann, Waalewijn, 2017]

Non-perturbative corrections are not well understood in general for case of 
quark-gluon jet discrimination

thrust distribution (hadron level)
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! Exotic hadronic decay modes can be explored directly at future 
electron-positron colliders, e.g., Higgs boson to four bottom quarks 

Exotic hadronic decays

[ATLAS, 1806.07355]
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direct search of new light scalars
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Figure 1: Representative tree-level Feynman diagrams for the (a)WH and (b)ZH production processes with the
subsequent decaysW ! !" , Z ! !! (! = e, µ) andH ! aa ! 4b.

Several kinematic variables, including the reconstructed masses in the decayH ! aa ! 4b, are combined
to identify signal events. The background estimation techniques, systematic uncertainties and statistical
treatment closely follow those used in other ATLAS searches with similar signatures [28Ð32].

2 ATLAS detector

The ATLAS experiment [33] is a multipurpose particle physics detector with forwardÐbackward symmetric
cylindrical geometry and nearly 4# coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID) tracking system, a calorimeter system, and a muon spectrometer (MS). The ID covers
|$| < 2.5 and consists of a silicon pixel detector, a silicon microstrip detector, and a transition radiation
tracker. The ID includes the insertable B-layer [34], a pixel layer close to the interaction point, which
provides high-resolution measurements at small radius to improve the tracking performance. A thin
superconducting solenoid surrounds the ID and provides a 2 T axial magnetic Þeld. The calorimeter
system features a high-granularity lead/liquid-argon sampling calorimeter that measures the energy and
the position of electromagnetic showers within|$| < 4.9. Liquid-argon sampling calorimeters are also
used to measure hadronic showers in the endcap (1.5 < |$| < 3.2) and forward (3.1 < |$| < 4.9) regions,
while a steel/scintillator tile calorimeter measures hadronic showers in the central region (|$| < 1.7). The
MS surrounds the calorimeters and consists of three large superconducting air-core toroid magnets, each
with eight coils, a system of precision tracking chambers (|$| < 2.7), and fast trigger chambers (|$| < 2.4).
For Run 2, the ATLAS detector has a two-level trigger system. The Þrst-level trigger is implemented
in hardware and uses a subset of the detector information to reduce the rate of accepted events to 100

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and they-axis points
upward. Cylindrical coordinates(r, %) are used in the transverse plane,%being the azimuthal angle around thez-axis. The
pseudorapidity is deÞned in terms of the polar angle&as$ = " ln tan(&/2). The transverse momentumpT and other transverse

variables are deÞned by projecting these variables into thexÐy plane, and the transverse energyET is deÞned as
q

m2 + p2
T,

wherem represents the mass of a considered object. The distance in the pseudorapidityÐazimuthal-angle space is deÞned as
�R =

p
(�$)2 + (�%)2.

3

current LHC limit on BRs 
(H" aa" 4b) at ~50%

LHC
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! A complete next-to-leading order calculation including both Yukawa 
and EW couplings with full bottom quark mass dependences

Higgs boson to four bottom quarks in SM

exotic decay in the  SM

Yukawa
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Figure 1 : Feynman diagrams at leading order for the Higgs boson decaying into four
bottom quarks via Yukawa interactions. Diagrams can be obtained with interchanges of
identical particles are not shown for simplicity.

branching ratio turns to be comparable to the one as induced by the Yukawa couplings
of bottom quarks and top quarks. At leading order the relevant Feynman diagrams in
Feynman-Õt Hooft gauge are shown in Fig.2. Those diagrams mediated byZ boson and
goldstone bosons! must be considered together to form a gauge invariant set. Further-
more, we also include the diagrams mediated by Higgs bosons though their contributions
are small, since we would like to keep full bottom quark mass dependence. In principle
there are also Feynman diagrams mediated by photons. We do not consider them here
since there at next-to-leading order in QCD one will also need to include one-loop QED
corrections of decay via Yukawa couplings for consistency.

As mentioned earlier dominant contributions to decay via electroweak couplings arise
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are manifestly gauge invariant. The squared amplitudes needed for the next-to-leading
order QCD calculation are again generated automatically with GoSam 2.0 [55] and are
checked against MadGraph5aMC@NLO [62]. Good agreements are found between the
two programs.

2.3 Inclusive decay rate

Similar to the total hadronic width, the inclusive decay width of the Higgs boson to four
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bottom-quark Yukawa coupling, the gluon e! ective coupling, and their interferences. It
can be expressed as [63]
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and C1(µ), C2(µ) as given in Eq. (2.4). The leading-order form factors ! ij carry up to
quadratic dependence on logarithm of the bottom quark mass. Scale dependent terms in
the next-to-leading order corrections " ij can be obtained through renormalization scale
invariance, e.g.,
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Furthermore, the contributions via Higgs boson decaying into electroweak gauge bosons
can be written as

" 4b,ew = AZZ ! ZZ (x)(1 + "ZZ (x)) , (2.10)
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branching ratio turns to be comparable to the one as induced by the Yukawa couplings
of bottom quarks and top quarks. At leading order the relevant Feynman diagrams in
Feynman-Õt Hooft gauge are shown in Fig.2. Those diagrams mediated byZ boson and
goldstone bosons! must be considered together to form a gauge invariant set. Further-
more, we also include the diagrams mediated by Higgs bosons though their contributions
are small, since we would like to keep full bottom quark mass dependence. In principle
there are also Feynman diagrams mediated by photons. We do not consider them here
since there at next-to-leading order in QCD one will also need to include one-loop QED
corrections of decay via Yukawa couplings for consistency.

As mentioned earlier dominant contributions to decay via electroweak couplings arise
from the resonance region, namely one of thebøb pairs lies at Z boson mass pole. Thus one
must include Þnite width e! ects of the electroweak gauge bosons which may violate gauge
symmetry since that will mix contributions from various orders of the EW couplings. In
order to preserve gauge symmetry especially at one-loop level in QCD, we use the complex
mass scheme [61]. There the masses ofW and Z bosons and the electroweak couplings
are complex numbers depending on the width ofW and Z bosons, and the Lagrangian
are manifestly gauge invariant. The squared amplitudes needed for the next-to-leading
order QCD calculation are again generated automatically with GoSam 2.0 [55] and are
checked against MadGraph5aMC@NLO [62]. Good agreements are found between the
two programs.

2.3 Inclusive decay rate

Similar to the total hadronic width, the inclusive decay width of the Higgs boson to four
bottom quarks in the limit of inÞnite top-quark mass includes contributions from the
bottom-quark Yukawa coupling, the gluon e! ective coupling, and their interferences. It
can be expressed as [63]
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with

AZZ =
32M 4

Z M H

! 3v4 , "ZZ =
#S(µ)

2!
[aZZ (x)]. (2.11)

In this case both ! ZZ (x) and aZZ (x) depend on the bottom-quark mass weakly. We do
not consider the interferences between decay induced by Yukawa couplings and via the
electroweak gauge bosons.

mb (GeV) x (10! 3) ! bøb ! bg ! gg abøb abg agg ! ZZ aZZ

4.2 1.129 7.32 -144.0 1.160 45.2 56.9 57.80.1222 5.64
4.4 1.239 6.80 -133.3 1.094 45.2 56.0 56.70.1205 5.80
4.6 1.354 6.32 -123.4 1.032 45.1 55.2 55.70.1188 5.97
4.8 1.474 5.89 -114.7 0.976 45.0 54.5 54.80.1170 6.14
5.0 1.600 5.49 -106.7 0.922 44.9 53.8 53.90.1152 6.32
5.2 1.730 5.13 -99.4 0.873 44.9 53.2 53.20.1133 6.50

Table 1 : Numerical results of the LO form factors and their NLO corrections for repre-
sentative values of the bottom-quark pole mass and withM H = 125 GeV.

Figure 3 : Decay branching ratio of the Higgs boson to four bottom quarks as a function
of the renormalization scale via either Yukawa couplings (left plot) or the electroweak
couplings (right plot), at both LO and NLO.

Full mass dependence of factors! ij and aij can be complicated. We provide their
numerical values in Table. 1 for several choices of the bottom-quark pole mass. We set
mass of the Higgs bosonM H = 125 GeV, vacuum expectation valuev = 246.22 GeV, and
#S(M Z ) = 0 .118 in all numerical calculations. The from factors further depend on the
masses of the electroweak gauge bosons, as well as their width, which we set to [64]

M W = 80.379 GeV, M Z = 90.1876 GeV,

" Z = 2 .4952 GeV, " W = 2 .085 GeV. (2.12)

Negative sign of ! bg shown in Table. 1 indicates a constructive interference between the
Feynman diagrams due to bottom-quark Yukawa coupling and those induced by e#ective
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Figure 7: Partial decay width for H ! qqqqas a function of the Higgs-boson mass. The
individual curves are deÞned as in Figure 5.
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NLO QCD correction for massless 
quarks from PROPHECY4F [Denner, 
Dittmaier+, 2006]

complex mass scheme 
[Denner, Dittmaier+, 2005]

Higgs boson to four bottom quarks in SM
! A complete next-to-leading order calculation including both Yukawa 

and EW couplings with full bottom quark mass dependences

[JG, 1905.04865]
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Table 1: Numerical results of the LO form factors and their NLO corrections for repre-
sentative values of the bottom-quark pole mass and withMH = 125 GeV.

Figure 3: Decay branching ratio of the Higgs boson to four bottom quarks as a function
of the renormalization scale via either Yukawa couplings (left plot) or the electroweak
couplings (right plot), at both LO and NLO.

Full mass dependence of factors�ij and aij can be complicated. We provide their
numerical values in Table. 1 for several choices of the bottom-quark pole mass. We set
mass of the Higgs bosonMH = 125 GeV, vacuum expectation valuev = 246.22 GeV, and
↵S(MZ ) = 0 .118 in all numerical calculations. The from factors further depend on the
masses of the electroweak gauge bosons, as well as their width, which we set to [64]

MW = 80.379 GeV, MZ = 90.1876 GeV,

�Z = 2 .4952 GeV, �W = 2 .085 GeV. (2.12)

Negative sign of�bg shown in Table. 1 indicates a constructive interference between the
Feynman diagrams due to bottom-quark Yukawa coupling and those induced by e↵ective
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Bottom mass (pole) dependence, at LO and for the NLO QCD corrections

SM predictions on BRs(H" 4b) 
at ~0.3% with large QCD 
corrections; and dominated by 
Yukawa interactions

coupling with gluons. We found large NLO QCD corrections for ! bøb, ! gg, and the inter-
ference! bg contributions, with mild dependence on the mass of the bottom quark. We
further calculate the decay branching ratio of the four bottom quark channels assuming
a total width of the Higgs boson " tot of 4 MeV [65]. We plot the decay branching ratio
as a function of the renormalization scale in Fig.3 at both LO and NLO for a bottom-
quark mass of 4.8 GeV. The decay branching ratio due to Yukawa couplings can reach
a few per mill and receives large QCD corrections. The LO prediction has a large scale
uncertainty which is improved with the NLO corrections. The NLO prediction amounts to
2.59+0 .7

! 0.6 ! 10! 3 if using a central scale ofµ0 = M H / 2 and a conventional scale variation by
a factor of two. The decay branching ratio via electroweak couplings of the bottom quarks
is smaller and receives mild QCD corrections. The NLO prediction is 0.656+0 .01

! 0.01 ! 10! 3

using the same scale choice.

Figure 4 : Fractional contributions to partial decay width of the Higgs boson to four
bottom quarks as a function of the bottom quark mass, at both LO and NLO.

Fractional contributions from di #erent terms to the total decay branching ratio to four
bottom quarks are shown in Fig. 4 as a function of the bottom quark mass. Decay via
electroweak couplings is sub-dominant but has larger contribution than interference of the
bottom-quark Yukawa coupling and the gluon e#ective coupling. Decay due to pure gluon
e#ective coupling is at the level of a few percents of the total decay branching ratio.

2.4 Jet cross sections

We consider Þnal state with at least 4b-tagged jets to separate from other multi-parton
hadronic decay modes, for instance, Higgs boson decaying into a bottom quark pair plus
two gluons or two light quarks. We use thekT jet algorithm [ 66] with a resolution parameter
y varied between 10! 3 and 0.5. The separation of any two clusters are calculated as

dij =
2 min(E 2

i , E 2
j )

Q2 (1 " cos! ij ), (2.13)

Ð 8 Ð

Higgs boson to four bottom quarks in SM
! A complete next-to-leading order calculation including both Yukawa 

and EW couplings with full bottom quark mass dependences
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QCD scale dependence is reduced though still significant for decay via 
Yukawa interactions,~25%

with

AZZ =
32M 4

Z M H

! 3v4 , "ZZ =
#S(µ)

2!
[aZZ (x)]. (2.11)

In this case both ! ZZ (x) and aZZ (x) depend on the bottom-quark mass weakly. We do
not consider the interferences between decay induced by Yukawa couplings and via the
electroweak gauge bosons.

mb (GeV) x (10! 3) ! bøb ! bg ! gg abøb abg agg ! ZZ aZZ

4.2 1.129 7.32 -144.0 1.160 45.2 56.9 57.80.1222 5.64
4.4 1.239 6.80 -133.3 1.094 45.2 56.0 56.70.1205 5.80
4.6 1.354 6.32 -123.4 1.032 45.1 55.2 55.70.1188 5.97
4.8 1.474 5.89 -114.7 0.976 45.0 54.5 54.80.1170 6.14
5.0 1.600 5.49 -106.7 0.922 44.9 53.8 53.90.1152 6.32
5.2 1.730 5.13 -99.4 0.873 44.9 53.2 53.20.1133 6.50

Table 1 : Numerical results of the LO form factors and their NLO corrections for repre-
sentative values of the bottom-quark pole mass and withM H = 125 GeV.

Figure 3 : Decay branching ratio of the Higgs boson to four bottom quarks as a function
of the renormalization scale via either Yukawa couplings (left plot) or the electroweak
couplings (right plot), at both LO and NLO.

Full mass dependence of factors! ij and aij can be complicated. We provide their
numerical values in Table. 1 for several choices of the bottom-quark pole mass. We set
mass of the Higgs bosonM H = 125 GeV, vacuum expectation valuev = 246.22 GeV, and
#S(M Z ) = 0 .118 in all numerical calculations. The from factors further depend on the
masses of the electroweak gauge bosons, as well as their width, which we set to [64]

M W = 80.379 GeV, M Z = 90.1876 GeV,

" Z = 2 .4952 GeV, " W = 2 .085 GeV. (2.12)

Negative sign of ! bg shown in Table. 1 indicates a constructive interference between the
Feynman diagrams due to bottom-quark Yukawa coupling and those induced by e#ective

Ð 7 Ð

Higgs boson to four bottom quarks in SM
! A complete next-to-leading order calculation including both Yukawa 

and EW couplings with full bottom quark mass dependences

QCD scale variations
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Jet cross sections
! Jet cross sections by requiring at least four b-tagged jets in the final 

state with e+e- kT algorithm

coupling with gluons. We found large NLO QCD corrections for ! bøb, ! gg, and the inter-
ference! bg contributions, with mild dependence on the mass of the bottom quark. We
further calculate the decay branching ratio of the four bottom quark channels assuming
a total width of the Higgs boson " tot of 4 MeV [65]. We plot the decay branching ratio
as a function of the renormalization scale in Fig.3 at both LO and NLO for a bottom-
quark mass of 4.8 GeV. The decay branching ratio due to Yukawa couplings can reach
a few per mill and receives large QCD corrections. The LO prediction has a large scale
uncertainty which is improved with the NLO corrections. The NLO prediction amounts to
2.59+0 .7

! 0.6 ! 10! 3 if using a central scale ofµ0 = M H / 2 and a conventional scale variation by
a factor of two. The decay branching ratio via electroweak couplings of the bottom quarks
is smaller and receives mild QCD corrections. The NLO prediction is 0.656+0 .01

! 0.01 ! 10! 3

using the same scale choice.

Figure 4: Fractional contributions to partial decay width of the Higgs boson to four
bottom quarks as a function of the bottom quark mass, at both LO and NLO.

Fractional contributions from di #erent terms to the total decay branching ratio to four
bottom quarks are shown in Fig. 4 as a function of the bottom quark mass. Decay via
electroweak couplings is sub-dominant but has larger contribution than interference of the
bottom-quark Yukawa coupling and the gluon e#ective coupling. Decay due to pure gluon
e#ective coupling is at the level of a few percents of the total decay branching ratio.

2.4 Jet cross sections

We consider Þnal state with at least 4b-tagged jets to separate from other multi-parton
hadronic decay modes, for instance, Higgs boson decaying into a bottom quark pair plus
two gluons or two light quarks. We use thekT jet algorithm [ 66] with a resolution parameter
y varied between 10! 3 and 0.5. The separation of any two clusters are calculated as

dij =
2 min(E 2

i , E 2
j )

Q2 (1 " cos! ij ), (2.13)

Ð 8 Ð

with Q2 = M 2
H / 4. Constituents of jets are combined withE scheme by directly summing

the four momentums. Flavor of jets are deÞned by counting netb-quark numbers within
the jet, namely a jet with a b quark and a b anti-quark is considered as light-ßavor jet [67].

We show the decay branching ratio to 4 b-jets as a function of the jet resolution
parameter in Fig. 5 via either Yukawa couplings or electroweak couplings with a bottom-
quark mass of 4.8 GeV. In the upper panel we plot the branching ratio at LO and NLO.
In the lower inset we show several ratios including the NLO prediction to the LO one for
the nominal scale choice and the scale variations of the LO or NLO predictions. The jet
rate approaches the inclusive rate of the decay wheny goes to 0 since then the four bottom
quarks are always fully resolved. It decreases rapidly as the increasing ofy especially for
the case of decay via Yukawa couplings where the dominant contributions are from quasi-
collinear region of bøb in the phase space. The e! ects of QCD corrections are similar as in
the inclusive decay rate and exhibit mild dependence on the resolution parameter except
when close to the endpoint region of the phase space. We found sizable NLO corrections
and reduced scale variations for decay via Yukawa couplings. We further summarize the
fractional contributions from di ! erent channels to the jet rate in Fig. 6. Contributions from
" bøb are always dominant while the contributions from " ZZ increase with the increasing of
the resolution parameter.

Figure 5 : Decay branching ratio of the Higgs boson to fourb-jets as a function of the jet
resolution parameter via either Yukawa couplings (left plot) or the electroweak couplings
(right plot), at both LO and NLO.

2.5 Event topology

We consider several kinematic distributions of the Þnal stateb-jets, that includes energy
of individual jets, invariant mass and energy of b-jet pairs. Jets are ordered according
to their energies. For invariant mass of b-jet pairs, we include the highest and lowest
mass among all combinations,M bb,H, M bb,L, the inclusive massM bb,inc by counting all
possible combinations, and the mass asymmetry" M bb that is the minimum of absolute
mass di! erence of two jet pairs for all possible divisions. We deÞne similar variables for
energy of jet pairs, highest and lowest pair energyEbb,H and Ebb,L, inclusive pair energy
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rate approaches the inclusive rate of the decay wheny goes to 0 since then the four bottom
quarks are always fully resolved. It decreases rapidly as the increasing ofy especially for
the case of decay via Yukawa couplings where the dominant contributions are from quasi-
collinear region of bøb in the phase space. The e! ects of QCD corrections are similar as in
the inclusive decay rate and exhibit mild dependence on the resolution parameter except
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and reduced scale variations for decay via Yukawa couplings. We further summarize the
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Figure 5 : Decay branching ratio of the Higgs boson to fourb-jets as a function of the jet
resolution parameter via either Yukawa couplings (left plot) or the electroweak couplings
(right plot), at both LO and NLO.

2.5 Event topology

We consider several kinematic distributions of the Þnal stateb-jets, that includes energy
of individual jets, invariant mass and energy of b-jet pairs. Jets are ordered according
to their energies. For invariant mass of b-jet pairs, we include the highest and lowest
mass among all combinations,Mbb,H, Mbb,L, the inclusive massMbb,inc by counting all
possible combinations, and the mass asymmetry" Mbb that is the minimum of absolute
mass di! erence of two jet pairs for all possible divisions. We deÞne similar variables for
energy of jet pairs, highest and lowest pair energyEbb,H and Ebb,L, inclusive pair energy

Ð 9 Ð

partial width as a function of the jet resolution parameter y; y=0.02 corresponds 
to an opening angle of about 0.3(17 degrees)

kT algorithm
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Event topology
! Four b-jets are ordered by energy; kinematic distributions are 

constructed for individual jet and jet pairs

Figure 7 : Di! erential decay branching ratio of the Higgs boson to four bottom quarks
as a function of the energy of the leadingb-jet, via the Yukawa couplings (left plot) and
electroweak couplings (right plot), at both LO and NLO.

Figure 8 : Similar to Fig. 7 for distribution as a function of of the energy of the sub-leading
b-jet.

QCD corrections turn to induce a change of spectrum towards high mass regions. We plot
the inclusive invariant mass distribution of jet pairs in Fig. 13. They show a much broader

Ð 11 Ð

energy of the leading b-jet

spectrum are harder and broader for decay via Yukawa couplings; QCD 
corrections change the shapes in different ways
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Event topology
! Four b-jets are ordered by energy; kinematic distributions are 

constructed for individual jet and jet pairs

energy of the softest b-jet

softest b-jet peaked at E~15 GeV and are broader for decay via Yukawa 
couplings; QCD corrections show less dependence on energy

Figure 9: Similar to Fig. 7 for distribution as a function of of the energy of the third-

leading b-jet.

Figure 10: Similar to Fig. 7 for distribution as a function of of the energy of the softest

b-jet.

spectrum as expected and peak around 0.2MH . The invariant mass peak at Z boson mass

in decay via electroweak couplings are diluted for the inclusive mass distribution. The QCD

corrections sharpen the peak slightly in the case of decay via Yukawa couplings. Finally in

– 12 –
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Event topology
! Four b-jets are ordered by energy; kinematic distributions are 

constructed for individual jet and jet pairs

highest b-jet pair invariant mass 

clear Z mass peak in decay via EW coupling, while much broader for decay 
via Yukawa couplings; QCD corrections are quite different in two cases

Fig. 14 we show distributions of the invariant mass asymmetry. Both channels can have
rather large asymmetry and show similar shapes. The QCD corrections are stable crossing
the full kinematic range.

Figure 11: Similar to Fig. 7 for distribution as a function of of the highest invariant mass
of all b-jet pairs.

Figure 12: Similar to Fig. 7 for distribution as a function of the lowest invariant mass of
all b-jet pairs.

Ð 13 Ð
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Event topology
! Four b-jets are ordered by energy; kinematic distributions are 

constructed for individual jet and jet pairs

inclusive b-jet pair invariant mass 

Z mass peak is diluted for decay via EW coupling and another peak arises for 
M~0.2MH; QCD corrections are almost flat except close to Z mass region
Figure 13: Similar to Fig. 7 for distribution as a function of the inclusive invariant mass
of all b-jet pairs.

Figure 14: Similar to Fig. 7 for distribution as a function of the invariant mass asymmetry
of all b-jet pairs.

We present various distributions on energy of the jet pairs in Figs.15-18. The distri-
bution on the highest energy of all jet pairs in Fig. 15 tends to be very similar to the case
of highest invariant mass as discussed in Fig.11 since they are mostly from the same jet

Ð 14 Ð
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Event topology
! Four b-jets are ordered by energy; kinematic distributions are 

constructed for individual jet and jet pairs

inclusive b-jet pair energy

Symmetric at LO, asymmetries driven by unclustered gluon in QCD real 
radiations; triple peak structure expected for decay via EW couplings 

Figure 16 : Similar to Fig. 7 for distribution as a function of the lowest energy of all b-jet

pairs.

Figure 17 : Similar to Fig. 7 for distribution as a function of the inclusive energy of all

b-jet pairs.

for the SM case. Afterwards we compare various kinematic distributions for Higgs boson

decays into four bottom quarks via two light scalars to those predicted in the SM.

– 16 –
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SM vs BSM to four bottom quarks 
! A comparison of the four bottom quark decay mode in SM and 

induced by two light scalars for normalized distributions

inclusive b-jet pair mass

all calculated at NLO in QCD and assuming narrow width case for the light 
scalars; Gaussian smearing are applied with different energy resolutions 

Figure 20 : Similar to Fig. 19 for distribution as a function of the inclusive energy of all
b-jet pairs.

Figure 21 : Comparison on normalized distribution of the Higgs boson decay to four
bottom quarks as a function of the inclusive invariant mass of allb-jet pairs, for the SM
decay and exotic decay via new light scalars with di! erent masses, assuming an energy
resolution of 1% (left plot) and 5% (right plot), at NLO in QCD.

3.1 Kinematic distributions and QCD corrections

In the calculation of the exotic decay, we assume the light scalar to be CP-even similar
to the SM Higgs boson. We renormalize the Yukawa coupling between the bottom quark
and the new scalar with the MS scheme. We also assume the new scalar has a small
width thus the narrow width approximation can be applied. We are mostly interested in
two kinematic distributions, i.e., the inclusive invariant mass distribution and the inclusive

Ð 18 Ð

1% resolution 5% resolution
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! Better understanding on hadronic decays of the Higgs boson, on 
both perturbative and non-perturbative QCD aspects, will be 
important for extraction of the relevant Higgs couplings  

! Rare or exotic hadronic decay modes can also be explored at 
future Higgs factory, for instance, decay to light quarks or to 
multiple heavy-quarks 

! Precision test of the Higgs couplings will be one of the most 
imperative task in the next few decades
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Thank you for your attention!

! Better understanding on hadronic decays of the Higgs boson, on 
both perturbative and non-perturbative QCD aspects, will be 
important for extraction of the relevant Higgs couplings  

! Rare or exotic hadronic decay modes can also be explored at 
future Higgs factory, for instance, decay to light quarks or to 
multiple heavy-quarks 

! Precision test of the Higgs couplings will be one of the most 
imperative task in the next few decades


