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I. INTRODUCTION

The discovery of the Higgs boson at LHC [1,2] was a
triumph for the Standard Model and ushered in a new era in
high-energy physics, marked by intensive research on the
properties of this particle at LHC (see, for example, [3]).
However, for a more detailed investigation of the
Higgs boson new facilities are needed. Currently, several
projects are discussed, such as ILC, FCC, and the muon
collider. The energy range announced for FCC isffiffiffi
s

p ¼ 90 ÷ 400 GeV [4] and
ffiffiffi
s

p ¼ 250 GeV is proposed
for ILC [5]. In the project of muon collider, it is planned to
implement the μþμ− collisions at energies from 3 TeV to
14 TeV [6]. At all these facilities a detailed study of
numerous Higgs boson decays is expected. In this paper
we theoretically consider Higgs boson decays into pairs of
vector quarkonia within QCD one-loop accuracy. The
predicted partial widths ofH → VV 0 decays are quite small,
however, such processes attract the researchers due to their
good signatures and high-attainable mass resolutions.
First estimations of decay width of Higgs boson into

a pair of heavy quarkonia were done in [7] and [8]. In
study [8] the process of Higgs boson decay into quarko-
nium pairs through the direct interaction of Higgs and a
heavy quark was discussed at the lowest QCD order as
shown in Fig. 1(a). The study [7] was devoted to decay into
quarkonium pairs in the process H → γ�γ� → VV 0, where
the intermediate virtual photons are produced through the
fermionic loop as shown in Fig. 2(a). These studies were
continued in the works [9–11].

From the theoretical side, Higgs boson decay modes
with a heavy quarkonium in a final state might be pretty
interesting for testing the charm-quark and bottom-quark
Yukawa couplings. In this regard two more decay modes
must be mentioned: H → Vγ and H → VQQ̄. Predictions
for the H → Vγ decay have been known for a long
time [12] and have recently improved using several
approaches [13–15]. The authors of [13] point out that
such decay rates are sensitive to gHQQ coupling and can
possibly probe this coupling directly at the LHC.
Nevertheless in such decays the “indirect” contribution
(which is free of gHQQ interaction) dominates, and therefore
gHQQ estimation is accessible only through the direct-
indirect interference term. The perspectives for gHQQ

measurement at LHC in the H → VQQ̄ decay mode are
discussed in [16]. In the latter case the heavy-quark
fragmentation decay mechanism obviously dominates.
Meanwhile, the presence of two hadronic jets in the
inclusive sample makes an experimental analysis rather
challenging. Finally, we have to stress that neither of
mentioned decay modes have been observed so far.
Returning to the decays into quarkonium pairs, one

should note that they have a very good experimental
signature; H → Vð→ lþl−ÞV 0ð→ lþl−Þ. For this reason,
despite the expected theoretical suppression, these proc-
esses are already being sought experimentally. To date, the
following upper limits have been achieved by the CMS
Collaboration [17,18]:

BrðH → J=ΨJ=ΨÞ < 3.8 × 10−4;

BrðH → ϒϒÞ < 1.7 × 10−3:

Obviously, these searches should be complemented by the
accurate theoretical evaluation within SM. The certain
theoretical interest lies in inspecting the example, where
the subprocesses, different in terms of the orders by

*ilia.belov@cern.ch

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 108, 036013 (2023)

2470-0010=2023=108(3)=036013(10) 036013-1 Published by the American Physical Society

https://orcid.org/0000-0003-1699-9202
https://orcid.org/0000-0002-4431-7582
https://orcid.org/0009-0008-3664-4293
https://orcid.org/0000-0002-9160-5130
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.036013&domain=pdf&date_stamp=2023-08-15
https://doi.org/10.1103/PhysRevD.108.036013
https://doi.org/10.1103/PhysRevD.108.036013
https://doi.org/10.1103/PhysRevD.108.036013
https://doi.org/10.1103/PhysRevD.108.036013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


coupling constants, yield comparable contributions to the
total amplitude.
In the present work we study the different mechanisms of

Higgs decay into the pairs J=ψJ=ψ , ϒϒ, and J=ψϒ within
the QCD one-loop accuracy and estimate the role of the
direct mechanism therein. In the main text we consider the
analytic formulas for two identical mesons in a final state
while the formulas for J=ψϒ case are given in theAppendix.

II. NONRELATIVISTIC QCD FACTORIZATION
AND WORKFLOW

The production of double heavy bound states is effec-
tively described by the nonrelativistic QCD (NRQCD)
factorization [19–21]. The factorization formalism is intro-
duced to factor out the perturbative degrees of freedom in
order to separate the production mechanism into hard
(short-distance) and soft (long-distance) subprocesses.
Given the fact that mQ ≫ mQv, where v is the velocity
of heavy quark in quarkonium, the short-distance inter-
action corresponds to the perturbative part of QQ̄-pair
production, whereas the long-distance interaction describes
the bound state formation and dynamics.
In our computations of the decay matrix elements we

start from the matrix element H → QðpQÞQ̄ðpQ̄ÞQ0ðpQ0 Þ
Q̄0ðpQ̄0 Þ with heavy quarks and antiquarks defined on their
mass shells, p2

Q ¼ p2
Q̄ ¼ m2

Q and p2
Q0 ¼ p2

Q̄0 ¼ m2
Q0 . As we

assign v ¼ 0 before the projection onto the bound states V
and V 0, each quark carries away half the momentum of the

corresponding meson. To construct the bound states, we
replace the spinor products vðpQ̄ÞūðpQÞ and vðpQ̄0 ÞūðpQ0 Þ
by the appropriate covariant projectors for color-singlet
spin-triplet states with a zero relative velocity as per

ΠVðP;mÞ ¼ =P −m

2
ffiffiffi
2

p =ϵ ⊗
1ffiffiffiffiffiffi
Nc

p ;

ΠV 0 ðP0; m0Þ ¼ =P0 −m0

2
ffiffiffi
2

p =ϵ0 ⊗
1ffiffiffiffiffiffi
Nc

p ; ð1Þ

where P and P0 are momenta of the mesons, m ¼ 2mQ,
Nc ¼ 3, ε, and ε0 are polarizations of the vector mesons,
satisfying the following constraints: ϵ · ϵ� ¼ −1, ϵ · P ¼ 0,
ϵ0 · ϵ0� ¼ −1, ϵ0 · P0 ¼ 0.
The factorized matrix element within the framework of

NRQCD has the form specified as

AVV 0 ¼ hOVi1=2hOV 0 i1=2ffiffiffiffiffiffiffiffiffi
mm0p

Nc

MμνðP;P0Þϵμϵ0ν; ð2Þ

whereMμνðP;P0Þϵμϵ0ν is the perturbative matrix element of
Higgs decay into the two quark-antiquark pairs, projected
onto the two vector quark-antiquark states with momenta P
and P0 by means of the projectors (1); hOVi and hOV 0 i are
vacuum-saturated analogs of the NRQCD matrix element
hOð3S1Þi defined in [19]. Using the relation to the wave
function at origin Ψð0Þ2 ¼ 1

2Nc
hOi one can rewrite (2)

through ΨVð0Þ, ΨV 0 ð0Þ as follows:

(a) (b) (c)

FIG. 2. Diagrams for H → VV decay through the subdecay H → γ�γ�. Diagrams include: (a) fermionic loops and (b),(c) bosonic
loops. Account for the diagrams with ghost loops is a subject of gauge choice. The gray ovals express the quarkonium final states.

(a) (b) (c) (d)

FIG. 1. Tree-level diagrams for H → VV decay. Several contributions are shown: (a) quark-gluon contribution; (b) quark-photon
contribution; (c) and (d) Z-boson contribution. The complete set includes four nonzero diagrams of each type (a) and (b) plus one
nonzero diagram of each type (c) and (d). The gray ovals express the quarkonium final states.
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AVV 0 ¼ ΨVð0ÞΨV 0 ð0Þ
ffiffiffiffiffiffiffiffiffi
4

mm0

r
MμνðP;P0Þϵμϵ0ν: ð3Þ

For compatibility with the previous articles on H → VV
decay study [7–11] in the text we follow the form of
writing (3).
The computation of tree-level diagrams is organized with

the help of two packages: FeynArts [22] for generation of
matrix elements and FeynCalc [23] for further symbolic
calculation. For the computation of one-loop diagrams
we use a more complicated toolchain; FeynArts [22] →
FeynCalc [23] → FIRE [24] → X [25].
To calculate the amplitudes with a loop we set the

relative momenta of heavy quark-antiquark motion inside
quarkonia to zero before carrying out loop integrations
rather than resorting to much more expensive matching
calculations (see Ref. [26] for details). After the projection
onto the bound states, traces calculation and calculation of
color factors the tensor integrals are reduced to scalar ones
by means of Passarino-Veltman reduction. The infrared
divergent integrals are optionally simplified by partial
decomposition of fractions to integrals with fewer propa-
gators. The FIRE package provides the complete reduction
of the obtained integrals to master integrals, using the IBP
reduction strategy based on the Laporta algorithm [27].
After the FIRE reduction only one-, two- and three-point
master integrals A0, B0, C0 are left in the amplitudes. The
master integrals are handled in the representation of X

package.

III. CONTRIBUTIONS WITHOUT A GLUON LOOP

There are two tree-level contributions to the process
under study, described by the diagrams, in which a pair of
heavy quarks is being produced in a direct interaction with
a Higgs boson. In case of H → Vγ or H → VQQ̄ decays
these contributions are known from literature as “direct”

ones [13–16]. In the first contribution a pair of heavy
quarks emits a virtual gluon: H → QQ̄þ gð→ ½Q0Q̄0�8Þ as
shown in Fig. 1(a). In this study we will refer to this
mechanism as a quark-gluon one. In the second contribu-
tion a pair of heavy quarks emits a virtual photon—
H → QQ̄þ γð→ ½Q0Q̄0�1Þ—as shown in Fig. 1(b). We
will refer to the last mechanism as a quark-photon one.
Despite the fact that the amplitudes of these two contri-
butions are proportional to different coupling constants
(αs and α respectively), their values are comparable due to
the different structures of propagators.
The contribution of quark-gluon and quark-photon sub-

processes to the Higgs boson decay width into two
equivalent mesons V has a simple analytic form [8,10],

Γdir
VV ¼ 128

ffiffiffi
2

p
πGFjΨVð0Þj4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2=4 − 1

p
ðr4 − 4r2 þ 6Þ

9r7M3
H

× ½8αs þ 9αe2qr2�2; ð4Þ

where r ¼ MH
mV

¼ MH
2mQ

. The small value ofα is compensated by

the large coefficient r2; r2 ∼ 103 for charmonium-pair
and r2 ∼ 102 for bottomonium pairs. As seen from (4),
the amplitudes of two regarded mechanisms interfere
constructively.
According to our estimations, the quark-gluon contri-

bution is essential only in case of decay into ϒϒ.
Obviously, the quark-gluon mechanism is absent in case
of the decay into J=ψϒ—a pair of quarkonia with different
hidden flavors. The quark-photon mechanism essentially
contributes to both decays into J=ψJ=ψ and ϒϒ and
dominates in the decay into J=ψϒ. The estimated decay
widths for each of the discussed contributions are presented
in Table I.
Except for the direct-decay mechanisms there are two

decay mechanisms going through the intermediate Higgs

TABLE I. Decay widths at the next-to-leading approximation by αs in units 10−12 GeV. The values are calculated at scale μ ¼ MH
with wave functions [28] and masses mJ=ψ ¼ 3.10 GeV, mϒ ¼ 9.46 GeV.

Width in 10−12 GeV at μ ¼ MH

Mechanism Figure H → J=ψ J=ψ H → ϒϒ H → J=ψ ϒ

Main contribution Quark-gluon 1(a) 8.34 × 10−4 0.22 —
Quark-photon 1(b) 2.25 0.42 5.61
Vector-boson 1(c,d) 0.48 3.82 0.19
EW-loop 2 29.04 0.06 3.48

Total 19.62 4.90 3.02

Correction Quark-gluon 3 −0.64 (−3.3%) −0.09 (−1.8%) — —
Quark-photon 4 4.57 (þ23%) −0.40 (−8.2%) −1.48 (−49%)
Vector-boson 5 0.16 (þ0.8%) −0.84 (−17%) −0.27 (−8.9%)

Total (with corrections) 23.72 3.57 1.27
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decay into two virtual bosons; either photons or Z-bosons.
With respect to the direct ones these two decay mechanisms
might be called as “indirect”. Let us move to their detailed
consideration.
First indirect decay mechanism considers Higgs decay

into two virtual photons via a fermionic or bosonic loop,
H → γ�γ� → VV 0, as shown in Fig. 2. We will refer to this
mechanism as an electroweak(EW)-loop one. In case of the
H → γγ decay into two real photons the loop factor
Jðr2f; r2WÞ is well known [29–31]. Under approximation
of negligible virtuality of intermediate photons we have
derived the following expression for Higgs decay width
into two equivalent mesons V:

ΓEW-loop
VV ¼ 18

ffiffiffi
2

p
GFα

4e4QjΨVð0Þj4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2=4 − 1

p
πM3

H

× rðr4 − 4r2 þ 6ÞjJðr2f; r2WÞj2; ð5Þ

where Jðr2f; r2WÞ ∼ 1 is a complex-valued loop factor
accounting for quark and W-boson loops, Jðr2f; r2WÞ ¼P

f Nce2fAfðr2fÞ þ AWðr2WÞ and rf ¼ MH
2mf

, rW ¼ MH
2MW

. See,

for example, [31] and formulas (1–4) therein for definition
of Af and AW functions.
Since formulas (4) and (5) have been derived from

amplitudes with the same Lorentz structures, they can be
easily joined as per

ΓdirþEW-loop
VV ¼128

ffiffiffi
2

p
πGFjΨVð0Þj4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2=4−1

p
ðr4−4r2þ6Þ

9r7M3
H

×
���8αsþ9αe2Qr

2þ 9

8π
α2e2Qr

4Jðr2f;r2WÞ
���2:

ð6Þ

Equation (6) demonstrates that the EW-loop contribution is
enhanced by a factor α2r4 with respect to the quark-photon
one. Bearing in mind αr2 ∼ 10 for charmonium pairs and
αr2 ∼ 1 for bottomonium pairs one might conclude that in
case of the decay into J=ψJ=ψ this contribution is to be
dominant. Our numerical estimations confirm this sugges-
tion (see Table I).
It should be noted that the naive consideration of loop

contributions described above leads to the loss of additional
structure in the amplitude, which appears due to the
virtuality of intermediate photons. Within this approach
the amplitude corresponding to the decay width (5) can be
expressed as per

AEW-loop
VV ∼ Jðr2f; r2WÞ

�
ϵ� · ϵ0�

M2
H − 2m2

V

2m2
V

−
PV · ϵ0�

mV

PV 0 · ϵ�

mV

�
:

ð7Þ

In contrast, the rigorous consideration of virtual photons
gives rise to a more complex amplitude, which consists of
two structures,

AEW-loop
VV ∼ J̃ðr2f; r2W; r2Þ

�
ϵ� · ϵ0�

M2
H − 2m2

V

2m2
V

−
PV · ϵ0�

mV

PV 0 · ϵ�

mV

�

þ Kðr2f; r2W; r2Þ
�
PV · ϵ0�

mV
−
PV 0 · ϵ�

mV

M2
H − 2m2

V

2m2
V

��
PV 0 · ϵ�

mV
−
PV · ϵ0�

mV

M2
H − 2m2

V

2m2
V

�
: ð8Þ

The loop factors J̃ðr2f; r2W; r2Þ and Kðr2f; r2W; r2Þ have
been obtained within the already mentioned toolchain
FeynArts → FeynCalc → FIRE → X.
As it is shown in [13] and as confirmed by our

calculations, the structure (7) is enough to describe the
amplitude of the process H → Vγ with an accuracy up to
Oð1=r2Þ. However that is wrong for the process H → VV 0,
where both the structures (8) should be taken into account.
According to our exact calculation, accounting for the
second structure, proportional to Kðr2f; r2W; r2Þ, increases
the loop contribution by approximately 20%. The analo-
gous comment has been made in Ref. [11], where the
discussed processes were studied within the relativistic
quark model. We point out that in Table I we provide the

correct values using the complete expression (8) for EW-
loop amplitude.
The second indirect decay mechanism for the studied

process originates from Higgs decay into two virtual
Z-bosons, H → Z�Z� → VV 0, as shown in Figs. 1(c) and
1(d). Wewill refer to this mechanism as a vector-boson one.
Note, that unlike the EW-loop decay mechanism, where
essential is only the diagrams with each of the final mesons
being formed in a γ� → V transition (see Fig. 2), a
contribution of the diagram (d) in Fig. 1 is not suppressed,
since the propagators of intermediate bosons are massive
[MZ ∼MH, compare two terms in parentheses in (9)].
The expression for decay width into two equivalent

mesons V through the vector boson mechanism can be
written out as follows:
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Γvb
VV ¼ 16

ffiffiffi
2

p
πGFα

2jΨVð0Þj4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2=4 − 1

p
M4

ZMHðr4=4 − r2 þ 3Þ
r3sin42θW

�
6ðgQv Þ2

ðM2
Z −m2

VÞ2
þ ðgQv Þ2 þ ðgQa Þ2
ðM2

Z −M2
H=4Þ2

�
2

; ð9Þ

where gQv ¼ TQ
3 − 2eQ sin2 θW and gQa ¼ TQ

3 , eQ—the
quark charge, TQ

3 —the third component of weak isospin
and

P
spin jϵ� · ϵ0�j2 ¼ ðr4=4 − r2 þ 3Þ. Such a contribution

dominates in case of decay into ϒϒ, while in case of decay
into J=ψJ=ψ or J=ψϒ it appears to be negligible with
respect to the above-mentioned contributions.
It is meaningful to mention the signs of the interference

terms between all the discussed contributions. The total
decay width is proportional to

Γ ∼ jAQg þAQγ þAvb þAEW-loopj2: ð10Þ

In the right-hand side of (10) the amplitudes Avb and
AEW-loop (as well as AQg and AQγ) interfere constructively
with each other. The rest four direct-indirect interference
terms are destructive: 2Re½AQg ·AEW-loop� < 0, etc. A more
particular conclusion about negative interference between
EW-loop and quark-photon amplitudes has been made
in [13,15] with regard to H → Vγ decay.

IV. GLUON-LOOP CORRECTIONS

QCD corrections to the EW-loop decay mechanism are
fairly well studied within the Higgs decay into two photons
(see for example the first works [32,33]). At present the
loop factor Jðr2f; r2WÞ entering (7), is known through three
loops by αs [34]. The correction size is well under control
and restricted to < 2%.
QCD corrections to the direct-decay mechanisms are

known only for decay H → Vγ driven by the quark-photon
mechanism [12,14]. In this study we concentrate on the
estimation of one-loop QCD corrections to the quark-
gluon, quark-photon, and vector-boson mechanisms con-
tributing to H → VV 0 decay. The examples of the diagrams
describing these corrections are schematically shown in
Figs. 3–5.1
At the next-to-leading order we evaluate three sets of

diagrams, whose amplitudes are designated as AQg
NLO,

AQγ
NLO, A

vb
NLO. In order to distinguish the one-loop correc-

tions to the tree-level amplitudes from amplitude of the
EW-loop mechanism in the text, we stick to the term “gluon
loop” correction. Hence amplitudes for all the contribu-
tions, shown in Figs. 1–5, are combined as

A ¼ AQg
LO þAQγ

LO þAvb
LO þAEW-loop; ð11Þ

Agluon loop ¼ AQg
NLO þAQγ

NLO þAvb
NLO; ð12Þ

where subscripts “LO” and “NLO” refer to the αs
expansion.
Within the quark-photon decay mechanism the decay

H → Vγ� is followed by the transition γ� → V. These two
subprocesses are entirely separated and obviously take
place at different scales, so it seems reasonable to treat the
gluon corrections to the hard part of the amplitude and to
the relatively soft part of the amplitude separately. We take
into account the OðαsÞ correction only to the hard part of
the amplitude, i.e., to the decay H → Vγ�. The diagrams of
type Fig. 4(e) have been skipped in our estimations, insofar
as such diagrams can be interpreted as a correction to the
wave function of the final quarkonium. Nevertheless it is
not entirely clear whether a similar factorization takes place
against the Z� → V subprocess in the vector boson mecha-
nism. We do not skip the diagrams of type Fig. 5(e) in our
estimations given the presence of massive propagator with
MZ ∼MH. However, in the latter case the question of
including the OðαsÞ correction into the quarkonium wave
function requires further consideration.
In the studied decay the one-loop QCD corrections are

entirely manifested in the interference term between real
and virtual amplitudes,

jAtotj2 ¼ jAj2 þ 2Re½A ·Agluon loop�: ð13Þ

The correction for soft-gluon radiation is not the case since
the final states are in color singlets. The finite expression
for Agluon loop is obtained by the application of renormal-
ization procedure.
The next-to-leading order calculation technique was

reported in our previous paper [35], devoted toOðαsÞ correc-
tion to quark-gluon mechanism in quarkonium-pair produc-
tion. Here we briefly repeat the renormalization technique.
In semiautomatic computations the calculation of ANLO

starts with the generation of the NLO matrix elements
ÃNLO with physical values of masses and spinors.
Algebraic transformations and evaluation of Feynman
integrals are carried out in the conventional dimensional
regularization (CDR) scheme where all the momenta (loop
and external) as well as Dirac matrices are defined in
D ¼ 4 − 2ε dimensional space.2 Within the dimensional

1Note, that in our study we do not single out a contribution of a
top quark to the decay like it was considered, for example, in [9].
Instead we include the diagram (b) in Fig. 3 into AQg

NLO as a one-
loop correction to the quark-gluon mechanism.

2It is worth to note that Avb
NLO is the only term to which a trace

with a single γ5 matrix contributes generating a structure propor-
tional to εpVpV0 ϵϵ

0
. This structure disappears after summation over

polarizations in (13). For this reason, it is safe to discard the traces
with a single γ5, and thus avoid the problem with definition of γ5
in D dimensions.
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regularization, singular and regular parts of the amplitudes
are isolated. The divergences are further canceled with
counterterms built from the leading-order amplitudes so
thatANLO ¼ ÃNLO þACT yields a finite expression for the
renormalized amplitude.
The renormalization procedure implies that masses

and spinors are renormalized in the so-called on shell
scheme and the coupling constant is renormalized in MS
scheme,

ZOS
m ¼ 1 − 3CF

αs
4π

�
1

ϵ
− γE þ ln

�
16πμ2R
m2

	
þ 4

3

�
þOðα2sÞ;

ZOS
2 ¼ 1 − 3CF

αs
4π

�
1

ϵ
− γE þ ln

�
16πμ2R
m2

	
þ 4

3

�
þOðα2sÞ;

ZMS
g ¼ 1 −

β0
2

αs
4π

�
1

ϵ
− γE þ lnð4πÞ

�
þOðα2sÞ; ð14Þ

where m ¼ mV ; ϵ ¼ ϵUV ¼ ϵIR (infrared and ultra-
violet divergences are evaluated within a single code);

CF ¼ N2
c−1
2Nc

¼ 4=3, β0 ¼ 11
3
Nc − 2

3
Nf, γE is the Euler con-

stant and μR is a renormalization scale.
The divergent parts of the next-to-leading order ampli-

tudes carry only the poles 1=ϵ. The counterterms for their
subtraction are constructed according to

δZ2
2A

Qg
LOjm→δZm m

gs→δZggs
¼ AQg

CT þOðα3sÞ þ…;

δZ2A
Qγ
LOjm→δZm m ¼ AQγ

CT þOðα2sÞ þ…;

δZ2
2A

vb
LOjm→δZm m ¼ Avb

CT þOðα2sÞ þ…; ð15Þ

where in the right-hand side AQg
CT is the lowest-order term

Oðα2sÞ in expansion by αs, whereas A
Qγ
CT and Avb

CT are the
lowest-order terms OðαsÞ in the expansion by αs.

(a) (b) (c) (d) (e)

FIG. 4. Five sample diagrams for quark-photon mechanism at the next-to-leading order by αs. The complete set includes 20 nonzero
diagrams.

(a) (b) (c) (d) (e)

FIG. 5. Five sample diagrams for vector boson mechanism at the next-to-leading order by αs. The complete set includes 20 nonzero
diagrams.

(a) (b) (c) (d) (e)

FIG. 3. Five sample diagrams for quark-gluon mechanism at the next-to-leading order by αs. The complete set includes 80 nonzero
diagrams.
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V. K-FACTORS

In order to study the gluon-loop corrections in detail, we
calculate the K-factors for the quark-gluon, quark-photon,
and vector-boson decay mechanisms separately. The
obtained K-factors can be represented as per

KQg ¼ 1þ 2Re½AQg
LO ·AQg

NLO�=jAQg
LOj2

¼ 1þ αsðμÞðc1 þ c0 lnðμ=MHÞÞ;
KQγ ¼ 1þ 2Re½AQγ

LO ·AQγ
NLO�=jAQγ

LOj2 ¼ 1− c2αsðμÞ;
Kvb ¼ 1þ 2Re½Avb

LO ·Avb
NLO�=jAvb

LOj2 ¼ 1þ c3αsðμÞ; ð16Þ

where c0 > 0, c1 > 0, c2 > 0; c3 > 0 for charmonium
pairs final state and c3 < 0 for bottomonium pairs final
state. The K-factors for the quark-photon and vector-boson

mechanisms are free of logarithmic terms ∼ lnðμÞ origi-
nating from Feynman integrals, as such terms cancel out
under renormalization. Thus, KQγ and Kvb depend on scale
only through the strong coupling αsðμÞ.
In (16) the coefficient c0 has the simplest form:

c0 ¼ β0=π, whereas the expressions for c1, c2, and c3
are too cumbersome to present their complete analytical
form in the text. Nevertheless we write out the approximate
expressions for coefficients c1, c2 under expansion over the
small parameters.
Neglecting the masses of light quarks and keeping the

masses of c-, b-, t-quarks in the loops, we expand c1
in a series by 1=r2 ¼ m2

V=M
2
H and 1=r2b;c ¼ ð2mb;cÞ2=M2

H.
The following expression has been obtained for the l
eading term:

c1 ¼
1

18π

�
36

r5t
ð1 − r2t Þ3=2 arctan

�
2rt

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − r2t

p
1 − 2r2t

	
þ 6

r5t
ðr4t þ 8r2t − 6Þð4 − r2t Þ1=2 arctan

�
rt

ffiffiffiffiffiffiffiffiffiffiffiffi
4 − r2t

p
2 − r2t

	
−

6

r2t
− 12 lnðrtÞ

þ 36ln2ðrÞ − 168 lnð2Þ lnðrÞ þ 84 lnðrÞ − 84ln2ð2Þ þ 366 lnð2Þ − 11π2 − 39

�
þOð1=r2b; 1=r2c; 1=r2Þ þ…: ð17Þ

In (17) our standard notation rt ¼ MH=ð2mtÞ is used for a top quark, whose contribution is clearly seen.
The leading term in the expansion of c2 with respect to 1=r2 reads

c2 ¼
16 lnð2Þ

3π
lnðrÞ þ 4π2 þ 42þ 36 ln2ð2Þ − 24 lnð2Þ

9π
þOð1=r2Þ þ…: ð18Þ

The leading logarithmic term 16 lnð2Þ lnðrÞ=ð3πÞ in the
expansion (18) is the same as that one obtained in [12] for
OðαsÞ correction to the direct decay H → Vγ. This serves
as an additional cross-check for our calculations.
The coefficient c3 does not acquire a compact approxi-

mate form under expansion over 1=r, and therefore we
present Kvb graphically in Fig. 6 along with KQg and KQγ .

For numerical estimations we make use of the
strong coupling constant within a two-loop accuracy and
a number of flavors Nf ¼ 6. The reference value is
αsðMZÞ ¼ 0.1129. Considering the quark-gluon mecha-
nism, we use the same scale μ both for renormalization
scale and the strong coupling scale, which is reflected
in (16).

FIG. 6. The scale dependence of K-factors. Left panel: quark-gluon mechanism (solid curves) and vector boson mechanism (dashed-
dotted curves). Right panel: quark-photon mechanism (dashed curves).
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The gluon loop correction to the quark-gluon mechanism
is large and positive both for decays into J=ψJ=ψ and ϒϒ.
As seen from Fig. 6 (left), the factor KQg changes in the
ranges 1.9 ÷ 2 (J=ψJ=ψ mode) and 1.3 ÷ 1.6 (ϒϒ mode)
with respect to variation of the scale μ fromMH=2 to 2MH.
These values are consistent with ones obtained for the
H → B�

cB�
c decay reported in our previous work [36].

The gluon-loop correction to the quark-photon mecha-
nism is large and negative for all the considered decay
modes [see Fig. 6 (right)]. For the decays into ϒϒ-pair and
into J=ψϒ-pair the values of KQγ change in the range
0.18 ÷ 0.33 with respect to scale variation from MH=2 to
2MH. For the decay into J=ψJ=ψ this K-factor changes
from 0.02 at μ ¼ MH=2 to 0.19 at μ ¼ 2MH. This circum-
stance suggests that the one-loop accuracy might not be
sufficient to describe this contribution. Approximately the
same values for the analogous K-factor have been obtained
in work [14], where the quark-photon mechanism is
considered for the direct decay H → J=ψγ ðϒγÞ. The
results agreement serves as a good check since in both
studies the diagrams of the same topology are regarded at
the next-to-leading order.
The gluon-loop correction to the vector-boson mecha-

nism behaves differently for each of the investigated
processes [see Fig. 6 (left)]. It is small and positive for
the decay into J=ψ J=ψ . In this case the correction size is
restricted to 10% within the mentioned scale range. For two
remaining decay modes ϒϒ and J=ψϒ the correction
appears to be negative and considerable. The corresponding
Kvb values lie in the ranges 0.76 ÷ 0.81 and 0.54 ÷ 0.62.

VI. DECAY WIDTHS

We present the numerical results for decay widths in
Table I.3 By the main contributions we mean the contri-
butions, introduced in Sec. III. By the corrections we mean
the interference terms 2Re½A ·AQg

NLO�, 2Re½A ·AQγ
NLO� and

2Re½A ·Avb
NLO�, where A is the total amplitude of the main

contribution. As could be expected for a highly suppressed
decay into quarkonium pairs, the widths are small. The
obtained values are of the order 10−11 ÷ 10−12 in GeVunits.
It is notable that for each decay mode the four considered

decay mechanisms contribute differently to the total decay
width. In case of J=ψ J=ψ mode the EW-loop decay
mechanism dominates against all the others. In case of
ϒϒ mode the vector-boson decay mechanism dominates
against all the others. In case of J=ψ ϒ mode the quark-
photon and EW-loop mechanisms are dominant. Moreover
the quark-gluon mechanism is suppressed (absent) for all
the cases.

In Table I one can see the size and the sign for each the
QCD one-loop correction with respect to including the
diagrams with a gluon loop in Figs. 3–5. In case of
J=ψ J=ψ decay mode theOðαsÞ correction is mainly driven
by the constructive interference with NLO quark-photon
amplitude (þ23%), where the correction size is mostly
determined by the interference term 2Re½AEW-loop ·AQγ

NLO�.
In case of ϒϒ decay mode the OðαsÞ correction is mainly
driven by the destructive interference with NLO vector
boson and NLO quark-photon amplitudes (−17% and
−8.2% correspondingly). In this instance the correction
size is mostly gained through the interference terms
2Re½Avb

LO ·AQγ
NLO� and 2Re½Avb

LO ·Avb
NLO�. Concerning the

J=ψϒ decay mode, the OðαsÞ correction is mainly driven
by the destructive interference with NLO quark-photon
amplitude (−49%), where the correction size is mostly
gained through the interference terms 2Re½AQγ

LO ·AQγ
NLO�

and 2Re½AEW-loop ·AQγ
NLO�.

Account for QCD one-loop correction allows one to
stabilize the scale dependence in the quark-gluon contri-
bution. The quark-photon and vector boson contributions at
the OðαsÞ accuracy remain sensitive to the scale choice.
The EW-loop contribution in our estimations is taken
without the QCD correction and thus does not carry the
dependence on μ. Combining all the contributions into the
total decay width we obtain different in size uncertainties
for different decay modes. In addition the widths are very
sensitive to the wave functions accuracy as far as propor-
tional to their fourth power.
The calculated widths under the variation of μ from

MH=2 to 2MH are

ΓðJ=ψJ=ψÞ¼
���� ΨJ=ψ

ΨJ=ψ ;0

����
4

·ð2.33÷2.39Þ×10−11GeV;

ΓðϒϒÞ¼
���� Ψϒ

Ψϒ;0

����
4

·ð3.40÷3.70Þ×10−12GeV;

ΓðJ=ψϒÞ¼
���� ΨJ=ψ

ΨJ=ψ ;0

����
2
���� Ψϒ

Ψϒ;0

����
2

·ð1.08÷1.43Þ×10−12GeV;

ð19Þ

where we have normalized the wave functions to the values
from [28]. In our predictions account for OðαsÞ corrections
increases the width of the decay H → J=ψJ=ψ by
ð19 ÷ 22Þ%, decreases the width of decay H → ϒϒ by
ð25 ÷ 30Þ% and decreases the width of the H → J=ψϒ
process by ð50 ÷ 60Þ%.

VII. SUMMARY

In this paper we have theoretically studied the
H → J=ΨJ=Ψ, H → ϒϒ and H → J=Ψϒ decays
within the framework of the NRQCD approach. The
tree-level contributions of quark-photon, quark-gluon and

3The width values and appropriate values of branching
fractions are calculated using the Standard Model expectation
of the total Higgs boson width ΓH ¼ 4.1 MeV and recommended
reference value of Higgs boson mass MH ¼ 125.1 GeV [37].
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vector-boson mechanisms to these decays have been
considered along with the QCD one-loop corrections.
The latter have been calculated for the first time. EW-loop
contribution and its interference with the other contribu-
tions have been also taken into account. The accounted
QCD one loop corrections increase the width of the decay
H → J=ψJ=ψ by ð19 ÷ 22Þ% and decrease the widths of
H → ϒϒ and H → J=ψϒ decays by ð25 ÷ 30Þ% and
ð50 ÷ 60Þ%, correspondingly. It has been shown that the
mechanisms of direct decay, which involve the gHQQ

interaction, do not dominate in the considered processes.
The following ranges for branching fractions in the

Standard Model have been obtained:

BrðJ=ψ J=ψÞ ¼ ð5.82 ÷ 5.98Þ × 10−9;

BrðϒϒÞ ¼ ð8.49 ÷ 9.24Þ × 10−10;

BrðJ=ψ ϒÞ ¼ ð2.71 ÷ 3.57Þ × 10−10: ð20Þ

The results are directly related to the searches of rare
H-boson decays into double quarkonia states in LHC
detectors [17,18]. However, the predicted width values
are too small, and therefore the observation of such decays

under the conditions of current experiments will mean the
manifestation of physics beyond the Standard Model.
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APPENDIX: DECAY TO CHARMONIUM-
BOTTOMONIUM PAIRS

In this appendix we provide the main formulas for
H → J=ψ ϒ decay, which are not listed in the body text.
We denote the two vector mesons as V and V 0 and use the
same mass ratios r ¼ MH

mV
and r0 ¼ MH

mV0
as in the body text.

For the main contributions to decay width (no gluon
loop) one reads

Γdir
VV 0 ¼ 128

ffiffiffi
2

p
πGFα

2jΨVð0Þj2jΨV 0 ð0Þj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2r02 − ðrþ r0Þ2

p
9M3

Hr
2r02

×

�
r2r02ðr2 þ r02Þ þ ðr2 − r02Þ2

r4r04 − ðr2 − r02Þ2
	

2

ððr2 þ r02 − r2r02Þ2 þ 2r2r02Þ; ðA1Þ

ΓEW-loop
VV 0 ¼ 8

ffiffiffi
2

p
GFα

4jΨVð0Þj2jΨV 0 ð0Þj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2r02 − ðrþ r0Þ2

p
jJðr2f; r2WÞj2

9πM3
Hr

2r02
ððr2 þ r02 − r2r02Þ2 þ 2r2r02Þ; ðA2Þ

Γvb
VV 0 ¼ 144

ffiffiffi
2

p
πα2GFjΨVð0Þj2jΨV 0 ð0Þj2ðgQv Þ2ðgQ0

v Þ2MHM4
Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2r02 − ðrþ r0Þ2

p
ðM2

Z −m2
VÞ2ðM2

Z −m2
V 0 Þ2r4r04sin42θW

ððr2 þ r02 − r2r02Þ2 þ 8r2r02Þ: ðA3Þ

Note that expressions (A1)–(A3) are symmetric with
respect to r ↔ r0 permutation, but these expressions do
not turn into the analogous expressions (4), (5), and (9) for
two identical mesons under r0 ¼ r replacement.
The approximate expression for c2 coefficient, compris-

ing the gluon-loop correction to the quark-photon mecha-
nism, takes the form

c02 ¼
16 lnð2Þ

3π

�
r2 lnðr0Þ þ r02 lnðrÞ

r2 þ r02

�

þ 4π2 þ 42 − 12ln2ð2Þ − 24 lnð2Þ
9π

þOð1=r2; 1=r02Þ þ…; ðA4Þ

which differs from the corresponding coefficient (18) for
two identical mesons under r ¼ r0 replacement.
The coefficient c3, comprising the gluon-loop correction

to the vector boson mechanism, is trivial in case of J=ψ ϒ
mode,

c03 ¼ −
32

3π
: ðA5Þ

It includes only correction caused by the diagrams of type
Fig. 5(e).
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