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Abstract:

In this paper, we investigate the decay of the Higgs boson to J/{(T) plus a photon based on NRQCD

factorization. For the direct process, we calculate the decay width up to QCD NLO. We find that the decay width
for process H— J/P(T)+v direct production at the LO is significantly reduced by the NLO QCD corrections. For
the indirect process, we calculate the H — y*y with virtual v substantially decaying to J/{(7T), including all the SM

Feynman diagrams. The decay width of indirect production is much larger than the direct decay width. Since it is

very clean in experiment, the H — J/{(Y) +y decay could be observable at a 14 TeV LHC and it also offers a new
way to probe the Yukawa coupling and New Physics at the LHC.
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1 Introduction

Recently, both ATLAS and CMS collaborations an-
nounced that they have observed a new boson with mass
around 125 GeV, whose properties are consistent with
the Standard Model(SM) Higgs in any measured chan-
nel [1-4]. After discovery of the Higgs boson, the main
task is to determine its properties, such as spin, CP,
and couplings. The couplings to gauge bosons and the
third-generation fermions are measured directly, and are
fixed through the well- measured diboson decays of the
Higgs, determined at the 20% — 30% level. However,
we have little information about the Higgs Yukawa cou-
plings to the first- and second-generation quarks at cur-
rent experiments, since these couplings are predicted to
be small in the SM, and the inclusive decays of the Higgs
to these states are swamped by large QCD backgrounds.
These couplings are indirectly and weakly constrained
by the inclusive Higgs production cross section [5, 6].
Such constraints only probe the simultaneous deviation
of all Yukawa couplings. They do not provide informa-
tion about the separate Yukawa couplings of the different
quarks.

The study of heavy quarkonium is one of the in-
teresting subjects in high energy physics, and offers a
good testing ground for investigating Quantum Chro-
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modynamics (QCD) in both the perturbative and non-
perturbative regimes. The factorization formalism of
non-relativistic QCD (NRQCD) [7] as a rigorous theo-
retical framework to describe the heavy-quarkonium pro-
duction and decay has been widely investigated both at
experimental and theoretical aspects. Many experimen-
tal data for heavy quarkonium production and decay are
fairly well described by the NRQCD theory [8-13].
Recent works have shown that the exclusive decays
of the Higgs boson to vector mesons could probe the
Yukawa couplings of first- and second-generation quarks
at future runs of the LHC [14]. These couplings are hard
to access in hadron colliders through the direct H — qq
decays, owing to the overwhelming QCD background.
While the Yukawa couplings Hcc might be probed at
the LHC by making use of charm-tagging techniques,
its phase must be determined through processes involv-
ing quantum interference effects, such as the decay [15].
Although the branching ratios of Higgs boson to vector
mesons are small, they offer complementary information
about Higgs couplings and can serve for searching for
New Physics (NP) beyond the SM. Besides, subsequent
decays of J/{P(Y) into a pair of leptons is a clean chan-
nel in experiments. Recently, Higgs rare decay to a vec-
tor quarkonium (J /1, T) received considerable attention
[15-19]. The relativistic correction for the Higgs boson
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decay to an S-wave vector quarkonium plus a photon
has been calculated in Ref. [35]. A search for the decays
of the Higgs and Z bosons to J/{ and Y has been per-
formed using integrated luminosity of 20.3 fb™~! with the
ATLAS detector at the 8 TeV LHC. No significant excess
of events was observed above expected backgrounds and
95% CL upper limits are placed on the branching frac-
tions. In the J/{P~y and Y(15)y final state the limits are
1.5x1072 and 1.3x1073 for the Higgs boson, respectively
[20].

As we know, the NLO QCD corrections to quarko-
nium production are usually significant [21-23]. We
should generally take the NLO QCD corrections into
account in studying heavy-quarkonium production pro-
cesses. In this paper, we will calculate the H— J/\p(T)+
v process up to the QCD NLO within the NRQCD
framework by applying the covariant projection method
[24]. The paper is organized as follows. We present the
details of the calculation strategies in Section 2. The nu-
merical results are given in Section 3. Finally, a short
summary and discussions are given.

2 Calculation descriptions

2.1 LO calculation for direct production

We begin by discussing the decay H — J/1{+y. Since
the calculation of the T decay is identical to the J/,
we will not present it explicitly in this section. There
are two Feynman diagrams for this process at leading
order(LO), which are shown in Fig. 1. We calculate the
amplitudes by making use of the standard methods of
NRQCD factorization [7]. The process H— cc+vy at LO
is denoted as:

H(p:) — c(p2)c(ps) +v(pa). (1)
The amplitudes for the two diagrams are given by
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The relative momentum between the ¢ and ¢ is defined
as ¢ = (pa —ps3)/2, and the total momentum of the J/
is defined as p = p,+p;. Then, we obtain the following
relations among the momenta:
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py=pi=ml, p°=E°, ¢"=m}—E*=—-m2’. (3)

In the cC rest frame, p = (E,0) and ¢ = (0,¢). In the
non-relativistic v = 0 limit, p? =4m?, ¢*>=0. In order
to produce a J/\{, the ¢C pair must be produced in a
spin-triplet, color-singlet Fock state. We can obtain the
short-distance amplitudes by applying certain projectors
onto the usual QCD amplitudes for open c¢ production.
By using the notations in Ref. [24], we get the ampli-
tudes:

Mg zgaﬂ[clng*ML ;

where the spin-triplet projector is given by

(o) (raen).

The colour singlet state will be projected out by con-
tracting the amplitudes with the following operators :
5
C=—F=. 5
NI ()
The amplitude M is obtained by calculating the two
Feynman diagrams in Fig. 1 in QCD perturbation the-
ory. The trace is over both the Lorenz and color indices.
After the application of this set of rules, we obtain the
short-distance partial decay width I" for H— cc[3S1"]+y
processes:

m =

1
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2mH
son mass. df2 =de¢d(cosf) is the solid angle of particle
J/.

where |p| = and my represent the Higgs bo-
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The decay width read:

IFH—=J/b+y)
<07/vEsM) >

=FH— (S +v) o
ctVco po

(8)
where N, and N, refer to the number of colours and
polarization states of the cc pair produced. The color-
singlet states N., = 1, and N; = 3 for polarization vec-
tors 35{1] state in 4 dimensions. 2NN, is due to the differ-
ence between the conventions in Ref. [24] and Ref. [7].

) (@)
Fig. 1. The Feynman diagrams for the H —
CE[SSP]] +7 direct decay process at the LO.

123105-2



Chinese Physics C  Vol. 40, No. 12 (2016) 123105

2.2 NLO calculation for direct production

At LO, we have two contributing Feynman diagrams,
and at NLO there are 14. All Feynman diagrams are gen-
erated with program FeynArts, and evaluated by using
our in-house program, which is written in the program-
ming language Mathematica. The one-loop diagrams for
the O(a,) corrections to H — cc[*S"] ++ are shown in
Fig. 2. The a, corrections involving virtual gluons in-
clude the interferences between Born diagrams and one-
loop virtual diagrams. The virtual diagrams are com-
puted analytically and all tensor integrals are reduced to
linear combinations of one-loop scalar functions. The vir-
tual corrections contain Ultraviolet (UV), Infrared (IR)
and Coulomb singularities. In our calculations, we adopt
the dimensional regularization (DR) scheme to regular-
ize the UV and IR divergences in D dimensions with
D =4—2¢. The UV singularities of the virtual correc-
tions are removed by introducing a set of related coun-
terterms. The counterterms for the charm quark wave
function and the charm quark mass are defined as

1
mgzmc—i—émc.

The on-mass-shell scheme is adopted to fix the wave func-
tion and mass renormalization constant of the external
charm quark field, then we obtain

2
o wy 4

5 2

Me X I3A+4+In b | |

me 37 m?2

1
where Ayy = — —~g+In(47n). After applying the renor-
€

malization proggdure the UV divergences in the virtual
correction are canceled. The IR singularities are ana-
lytically canceled when we add all the virtual Feynman
diagrams together. We adopt the expressions in Ref.
[25] to deal with the IR divergences in Feynman integral
functions, and apply the expressions in Refs. [26-28]
to implement the numerical evaluations for the IR safe
parts of N-point integrals. In the virtual correction cal-
culation, we find that only Fig. 2(13) and Fig. 2(14)
induce Coulomb singularities, and we use a small rela-
tive velocity v between ¢ and € to regularize them [29].

2.3 Indirect decay calculation

The direct Higgs decay process to the heavy quarko-
nium plus photon is mainly produced through the Higgs
and charm quarks Yukawa coupling. The indirect decay
process is mainly produced through the Higgs decaying
into two photons, then one virtual photon substantially
decaying to a cC quark pair. Since Higgs decays into
the di-photon process are forbidden at tree level in SM,
the leading order contribution comes from the one-loop

(13) (14)
The Feynman diagrams for the H— CE[SSF]] +y direct decay process at QCD NLO.

Fig. 2.
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Feynman diagrams, including top quark and W boson
triangle diagrams, which are shown in Fig. 3. Due to
the fact that the coupling strength of Higgs and top(W)
is proportional to the particle mass, the contribution of
indirect decay is not small. The process Higgs decays
into di-photon at leading order in «, have been calcu-
lated in Ref. [30]. The two-loop electroweak and QCD
corrections to this process have also been studied in Ref.
[31]. In Ref. [14], the authors gave the approximate re-
sults for the Higgs decay to J/1(Y) and photon through
Higgs decaying into two photons. In our paper, we an-
alytically calculate this process based on NRQCD fac-
torization. In Feynman gauge, there are 28 Feynman
diagrams, which include the contributions from not only
the top and W-boson loops, but also the ghost and Gold-
stone loops. First we generate the amplitudes of Higgs
decay to di-photon, which is given by
w0 e (D)
Hoyy — YAy sw/TC g P Py)-

The expressions of coefficients A and B are listed in
the appendix. Then we multiply it to the amplitude of
virtual photon decay to c¢ quarks pair. After the applica-
tion of the projection operator, we get the short-distance
amplitude,

2 —gt°

Mindives = MUE_. Ze
indirect — —y*y 2
3 pi
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Following the Passarino-Veltman (PV) method, we can
express the tensor integrals as a linear combination of
tensor structures and coefficients, where the tensor struc-
tures depend on the external momenta and the metric
tensors, while the coefficients depend on one-loop scalar

W v

=<

C
So Y
\\
H G WY

W (26) @7) (28)

Fig. 3. The Feynman diagrams for the H — CE[SSF]] + v indirect decay process.
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integrals, kinematics invariants and the dimension of the
integral. The one-loop integrals are calculated analyti-
cally by using dimensional regularization in D = 4 — 2¢
dimensions. Finally, we squared all the amplitudes in 4
dimensions.

3 Numerical results and discussion

In this section, we discuss our numerical results for
both the central values and theoretical errors for the
H—J/PY+v and H— Y(15)+vy decays. The relevant
parameters are taken as [32]

o' =137.036,my = 91.1876 GeV, my = 80.385 GeV,
me :mJ/u,/2 =15 GeV,mb = m'r(ls)/2 =4.75 GGV,
m, =173.2 GeV. (13)

We take two-loop running «, in the calculation, and
the corresponding fitted value a, (M) = 0.118 is used
for the calculations. The renormalization and NRQCD
scales are chosen as p,, = my and u, = m.(my), respec-
tively. The Long Distance Matrix Elements (LDME)
for J/\p and YT used in this paper are set as: [33]
< OS] >=1.3 GeV?, < OT[PSM] >=9.28 GeV?,

Finally, we get the decay widths for H— J/{p(T)+vy
for the direct and indirect processes:

IE5eY(H— J /b +v) =5.334 x 107'° GeV
ATGFS (H— J /P +7v) =—4.099 x 107 GeV
It (H—J/P+v)=1.235x10"" GeV
et ({ — JAp+v) =1.013x 1077 GeV
[P (H— Y +v) =2.998 x 10~ GeV

ATGFE (H— YT +y)=-1.845x10"2 GeV  (14)
et (H— T +v)=1.153x 10~ GeV

rindirect(H - Y +v) =5.659x 107 GeV.  (15)

Using the width of Higgs boson decays within the

Standard Model I'(H) = 4.19570:1%5 x 1073 GeV|[34], we

obtain the following results for the branching fractions
in the SM:

Bdircct(H N J/lb _A,_'y) =2.94%x1078

Bindirect ([ — J/(p+y) =2.41 x 1072

Bt (H — Y +vy) =2.75x 107"
Bindircct(H —T+vy)=1.35x 1076. (16)

As the results show, for the decay process H —
J/¥ ++, the direct contribution is much smaller than
the indirect contribution, so it is difficult to observe the
direct contribution in the total cross section and not
suitable for studying the coupling of Higgs and charm
quarks. For the process H — Y+, the direct and in-
direct contributions are comparable and the total cross
section is sensitive to the direct decay process, so this

process can be used to study the coupling of Higgs and
bottom quarks. In addition, the process H— J/{(T)+y
decay can also be used to test the coupling of Higgs to
top quarks and W bosons.

The main uncertainties for the results of H —
J /P (T)+y arise from the uncertainties in LDMEs; renor-
malization scale, and the relativistic corrections. The
relativistic corrections and the uncertainties have been
discussed in Ref. [35]. In Table 1, we illustrate the renor-
malization scale dependence of the direct and indirect de-
cay widths for the process H— J/{(T)+vy. We assume
1=, and define po = my. When the scale p running
from py/4 to 4p, The related theoretical uncertainty for
H — J/1 +7v amounts to T355% for direct process and
to T32% for indirect process, and the related theoretical
uncertainty for H— Y +v amounts to 7532% for the di-
rect process and to T33% for the indirect process. The
LO direct process is independent of the renormalization
scale g, because it is a pure electroweak channel.

Table 1. The renormalization scale dependence of

the direct and indirect decay widths for the pro-
cess H— J/P(T) +.

H—J/W+y (x10710 GeV)

M/Gev Fﬁigect Alﬂli}iﬂgot Fdireot Findirect
o /4 5.334 —5.127 0.207 1056
1o /2 5.334 —4.554 0.780 1035

7o 5.334 —4.099 1.235 1013

210 5.334 —3.728 1.606 992.1

4po 5.334 —3.420 1.914 971.3
H—Y+y (x10710 GeV)

,LL/GCV Fﬁigect A[‘Ii}iﬂgot [direct [indirect
o /4 29.98 —23.08 6.9 58.98
1o /2 29.98 —20.50 9.48 57.78

7o 29.98 —18.45 11.53 56.59
210 29.98 —16.79 13.19 55.41
4po 29.98 —15.40 14.58 54.24

4 Summary

In this paper, we investigated the decay of the Higgs
boson to J/P(T) plus a photon based on NRQCD fac-
torization. For the direct process, we have calculated the
decays width up to QCD NLO and found that the LO
decay widths are significantly reduced by the NLO QCD
corrections. For the indirect process, we calculated the
process H — y*y with virtual y substantially decaying to
J/P(7T), including all the SM diagrams. The decay width
of indirect production is much larger than the direct de-
cay width. Therefore, it is difficult to probe the Yukawa
coupling of Higgs and charm quarks using the process
H — J/P(T)+v. However, it still offers a new way to
probe the Yukawa coupling of Higgs and top quarks or
bottom quarks and New Physics at the LHC.
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Appendix A

In this Appendix, we list the expression of coefficients A

and B for process Higgs indirect decay to di-photon. The
one-loop integrals are defined as in Ref. [36]. Our results are
shown as follows,

A= —32m3 +81lmiy + 12m3y x BO[0, m3y, miy]
—|—12m%\;B0[4m%,m%\;, m%v] — 64m x BO[m%I, mgr,m?r]
—1—1277"1J12FIB0[17”L%{7m%;v7 m%v] +72ma x BO[m%hm%W may
+128m&m?i x C0i[ccO,4me:, miy, 0, mp, mi, m7]
—32mEmA x COi[cc0,4m?g7m%{707m2p7mr2r7m2T]
—216mgmay x COilcc0,4me, miy, 0, miy, may, miy]
+54mmay x C0ilcc0, 4mg, mi, 0, miy, miy, miy]
+24migy X COi[ccO,4m%,m%I,0, My, may, m%v]
+256m2 x COi[cc00,4m%,m%I, 0, ma, ma, mgr]
—48m3; x COi[ccOO,4m%,m%{,O,m%\/,m%\;,m%\,]

—378my X COi[CCOO,4m%,m%,O,m%v,m%v,m%V]
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