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In this paper, we carry out the complete O(aa?)-order study on the inclusive productions of Y'(nS)
and y,(nP) (n=1, 2, 3) via the Standard Model Higgs boson decay, within the framework of
nonrelativistic QCD. The feeddown effects via the higher excited states are found to be substantial.
The color-octet 35[18] state related processes consisting of H° — bB[3S[18]] +g and H° —» bBPS[lg]] +
O+ 0 (Q=c, b) play a vital role in the predictions on the decay widths. Moreover, our newly
calculated next-to-leading order QCD corrections to H° — bl_)[3SE8]] + ¢ can enhance its leading-
order result by 3-4 times, subsequently magnifying the total 3S[18] contributions by about 40%.
Such a remarkable enhancement will to a large extent influence the phenomenological conclusions.
For the color-singlet 3P[Jl] state, in addition to H® — bEPP[J]]] +b+b, the newly introduced
light hadrons associated process, H® — bB[3P[J”] +g+g, can also provide non-negligible

contributions, especially for 3P[zl].

Summing up all the contributions, we have Bpo_, pyix ~
107°-107 and Bpo_y(us)+x ~ 1079-107%, which meets marginally nowadays LHC experimental

data and can help in understanding the heavy quarkonium production mechanism as well as the

Yukawa couplings.

DOI: 10.1103/PhysRevD.100.094019

I. INTRODUCTION

Bottomonium, as the heaviest bound state, has its own
advantages comparing to the charmonium. Due to the large
mass of the constituent heavy quarks, both its typical
coupling constant a, and relative velocity » are smaller than
those of charmonium. As a result, the perturbative results
over the expansion of a, and »? for bottomonium will be
more convergent than the charmonium case, which makes
bb mesons an even better place to apply the nonrelativistic
QCD (NRQCD) framework [1].

Among the bottomonium family, the Y and y, are most
studied because the two mesons can be easily detected by
hunting their decaying into lepton pairs.' Earlier studies
of Y and y, productions can be found in Refs. [2-10]
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'The decay of y,, into lepton pair is indirect, y, —» Y + 7 —
It +y.
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and references therein, where the NRQCD predictions
succeeded in explaining almost all the existing experimen-
tal measurements. However, considering the fact that the
color-octet (CO) long distance matrix elements (LDMEs)
that used to well explain the hadroprodution of J/y leads to
dramatic discrepancies between the theoretical predictions
and the measured total cross sections of eTe™ — J/y +
Xoon—cz from the BABAR and Belle collaborations [11],
it is indispensable to take investigations on the Y(nS)
and y,(nP) productions in a variety of other processes
to further test the wvalidity and universality of the
CO LDMEs:.

The Higgs boson decay provides a good chance for the
studies on Y and y, because of the large number of H°
events at the high energy colliders, e.g., the HL-LHC and
HE-LHC can produce 1.65 x 10% and 5.78 x 10® H? events
each year, respectively [12]. Although the number of H°
events at the Circular Electron Positron Collider (CEPC)
can only reach up to 1.1 x 10° per year [12—14], the “clean”
background of CEPC comparing to LHC may help us to
more easily hunt the heavy quarkonium related processes.
Pioneering studies of inclusive Y and y, productions via H°
decay can be found in Refs. [12—14]. Qiao et al. studied the
direct (no feeddown contributions) inclusive production of
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Y(1S) via H® decay, including both color-singlet (CS) and
CO contributions [13]. Based on the CS mechanism,
the investigations on the semi-inclusive productions
of Y and y, in association with a bb pair,
HO — bb[S\ 3PN + b+ b, were carried out by Liao
et al. [14]. Note that, in addition to the processes in
[14], the other CS process, H° — bl_a[3P[Jl]] +9+9,
might also have remarkable contributions to y, produc-
tion. Moreover, we learned from the inclusive produc-
tions of heavy quarkonium via the Z boson decay that

the 3 [,8] state played a vital role. As shown in our recent
]

work [15], the lowest order process of the 3S[18 state,

Z — QOBSY] + g, could receive a remarkable positive
NLO QCD correction, which considerably enhance the
NRQCD predictions. It is then natural to wonder

whether the NLO QCD corrections to H®— bS]+
can bring a similar significant enhancement on the
LO results, so as to influence the phenomenological
conclusions markedly. Besides the vital sense in the
studies on the production mechanism of the heavy
quarkonium, the decay of the Higgs boson into heavy
quarkonium is also very helpful for understanding the
electroweak breaking mechanism, especially the Yukawa
couplings. In view of these points, we use NRQCD to
have a complete O(aa?)-order analysis on the inclusive
productions of Y(1S,28,3S) and y,(1P,2P,3P) via H°
decay, where all necessary feeddown effects are
included.

The rest of the paper is organized as follows: In
Sec. II, we give a description on the calculation formal-
ism. In Sec. III, the phenomenological results and
discussions are presented. Section IV is reserved as a
summary.

II. CALCULATION FORMALISM

Within the NRQCD framework, the decay width of
H° = Y(y;,) + X can be written as:

—~
—_—
~—

dr = 3"df, (0" ().

where dI, is the perturbative calculable short
distance coefficients (SDCs), representing the produc-
tion of a configuration of the QQ intermediate state
with a quantum number n(3*ILI®). (OH(n)) is the
universal nonperturbative LDME. At LO accuracy in v,
for the Y case, four states should be included, i.e
bS], B[S, bS], and bBPPY). While in the
case of y,, we only need consider bb[3S?] and bB[P!.
All the involved processes are listed below:

(i) For n =35, up to O(a?) order, we have

LO: H® — bbPS®] + g,
NLO: H® — bb[S®] + g (virtual),
H® = bb[s} 1+g+g,
HO - bbPS™] +u, + @, (ghost),
H® = bBPSY] + g + 7,
NLO*: H® - bb[PSP] + b + b,
H® = bbPSY] + ¢ + & 2)

The label “NLO*” denotes the heavy quark-
antiquark pair associated processes, which are free
of divergence.

(ii) In the cases of n = 35[11], ISH 3P[ ], and 3P[j]], the
involved channels are

HO — pbsi, s 3P 3pl 1 b 4 b,
HO - bb[s 3PP 3pl 1 g 4 g, (3)

Typical Feynman diagrams corresponding to Eq. (2)
are presented in Figs. 1, 2, and 3. The diagrams for
HO — pbPs\, 15 3p% 3Pl 1 4+ b are the same with
the first two diagrams of Fig. 3, and the diagrams for
H® — bl_J[ngS], 3P[Jg],3Py]] + g+ g are the same with the
ones in the first line of Fig. 2 excluding the 3-gluon

vertex diagrams.
In the following, we will briefly present the formalisms

for the NLO QCD corrections to H® — bb[3S™)] + g as
well as the calculations for the tree-level process of
H® = bbPPY 3PP 4 g4+ g The rest processes in
Eq. (3) and the NLO* processes are both free of divergence,
thus one can take the calculations directly according to the
Feynman rules.

A. NLO QCD corrections to H® — bb[*S"] +¢
To the next-to-leading order in a,, the SDC of the
process of H® — bb[3S [18]] + Xiight—hadrons T€ads

f = I/l‘Born + l,;‘Virtual + l,;‘Real + O(““?)? (4)
where

IAﬂVirtual = 1,;‘Loop + 1,;‘CTa
FRea = s + Ty + Ty (5)

['yira 18 the virtual corrections, consisting of the contri-
butions from the one-loop diagrams (fLoop) and the
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FIG. 1. Typical Feynman diagrams for the virtual corrections to the process of H? — bE[SS [18]] + g. The superscript “CT” denotes the
counterterms.
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FIG. 2. Typical Feynman diagrams for the real corrections to the process of H? — bb[SI] + g.
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FIG.3. Typical Feynman diagrams for the NLO* processes of 3§ [18], H° = bb[’S [18]] + Q + 0, where Q = ¢, b. For Q = c, the first two
diagrams are excluded.

counterterms (I'cr). ['gea Stands for the real corrections, which ~ (OS) scheme is employed to set the renormalization con-
includes the soft terms (Ig), hard-collinear terms (['yc), and  stants for the heavy quark mass (Zm), hany 'quark filed (22),
hard-noncollinear terms (I'yz). To isolate the ultraviolet and gluon filed (Z3). The modified minimal-subtraction

(UV) and infrared (IR) divergences, we adopt the dimen- (MS) scheme is used for the QCD gauge coupling (Z,). The
sional regularization with D = 4 — 2e. The on-mass-shell ~ renormalization constants are [16],
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where yp is the Euler’s constant, N, =Tl —¢|/
(4mp?/(4m3)), Bo =L Cy —3Tpny is the one-loop coef-

ficient of the f- functlon and fy =4 Cy —4Tpnjp. n; and
n;y are the number of active quark ﬂavors and light quark
flavors, respectively. In SU(3), the color factors are given by
Tp = % Cr= %, and C, = 3. The two-cutoff slicing strat-
egy is utilized to subtract the IR divergences in [y [17].

B. H* — bb [P 3PM 4 g+
Taking 3P[Jl] as an example,’
into two ingredients,

we first divide

rH°—>hl_7[3P[Jl]]+g+g

dFH°—>bl_7[3P[jl]]+g+g

= dng[J]] (O (3P pl ])) + dFLO (O (35[8])>NL0 (7)

then one can obtain

dfyn (0 (CP))

A 8
= AUyl g ~ AU (O OSTNO
A 8

= dy + dUs = dFL 0, (0 (SN0, (8)
dTp(=dl (00 (PYY))  is  the finite term in
dFH°—>bl_7[3P[I]]+g+g and dI'g is the soft part which can be
written as

a N2 -1
dlg = ——%_us dFLO o (3pl! 9
5= gz RO P )

where

*Since the process of H° — bb[3S\] + g is forbidden, for the

H — bl_7[3P?]] + g + g case, the calculation formalism is almost
the same except the color factor.

1 E E+|p|) (4;1#%) 1
uﬁz——i——ln( +In —YE—=. 10
e oM\ E=ppl) T e )Ty (0

N, is identical to 3 for SU(3) gauge field. £ and p denote
the energy and 3-momentum of y,, respectively. d; is the
usual “soft cut” employed to impose an amputation on the
energy of the emitted gluon. Regarding ((’)’fb(3S[,8])>NLO,
under the dimensional regularization scheme as is adopted

in [18], we have

ag  Ni—1

O 3gl8y\NLO _ _
< ( 1)> 3”’"% € N%

Py, (1)

Then the third term in Eq. (8) can be written as

o 8
a1 (0 (7))
a;, N?2-1

¢ drig (0P, (12)
3xm? N?

where, on the basis of u,-cutoff scheme [18], uS has the
following form

1 1 4
U= ——yp——+1n (””) (13)
€IR 3 ﬂ,\

1, 1s the upper bound of the integrated gluon energy, rising
from the renormalization of the LDME. Substituting
Egs. (9) and (12) into Eq. (8), the soft singularities in

dlg and dl" %?s](o’{‘ (35[18])>NL0 cancel each other, conse-

quently leading to

i 5 (3pll] c s
dFSPL‘KOX CP,)) = dFF+3” (”e_"‘e) N2 dFLO
x<0%<3Pﬂ>>
= (dfp +df™) (00 (3P)). (14)

The package MALT@FDC that has been adopted in several
heavy quarkonium related processes [15,19-24] is used to
deal with I'yiqa, I's, and I'ye. To calculate the hard-
noncollinear part of the real corrections, fHC, we employ
the FDC [25] package. Both the cancellation of the e=2(~1)-
order divergence and the independence on cutoff (5, .) have

been checked carefully. Taking 35%* and 3PI'* (J = 0) as
an example, the verification of the independence on the
cutoff parameters of §; . is shown in Fig. 4. The J/ =1, 2
cases are not presented here since they are quite similar to
the J = 0 case.
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FIG. 4. The verification of the independence on the cutoff parameters of J, . for the SDCs of 3S[18] (the upper two diagrams) and 3Pg’8]
(the lower two diagrams), respectively. The superscript “(0)” denotes the e’-order terms.

III. PHENOMENOLOGICAL RESULTS

For the numerical calculations, we take a=1/128, m,=
1.5GeV, m,=49GeV, m,=173GeV, my=280.4GeV,
and myo = 125 GeV. The light quarks ¢ and g (¢ = u,
d, s) are regarded as massless. For the NLO corrections to
H’ > b1_9[3S[18]] + ¢ and calculating other a?>—order proc-
esses, we employ the two-loop a; running. The one-loop a;
running is adopted for the LO cases. The mixed feeddown
scheme of y,;(3P) — Y(nS) in Ref. [7] is used and the
value of p, is taken as m,, thus the CO LDMEs in Table 4
of Ref. [8] are chosen to achieve the numerical results. For

the CS cases, 3S[11] and 3P[jl], the LDMEs are related to the
radial wave functions at the origin (n, m =1, 2, 3):

OY(nS) 35[1] 1
OB gy )2

ON, 4r
<O)(bl<mP)(3P[1])> 3

where [Ry(,s)(0)[* and |R)  , (0)[* are taken as [26]

[Ry(15)(0) |>?=6.477 GeV?, Ry (25)(0) > =3.234 GeV?,
|Ry(35)(0)|* =2.474 GeV?,

IR, (1) (0P =1417GeV>,  |R) ., (0)]” =1.653 GeV",
IR (3p)(0)=1.794 GeV>. (16)

Branching ratios of y;,;(mP) — Y'(nS), Y(nS) = y,;(mP),
Y(3S) = Y(2S), Y(3S5) - Y(1S), and Y(2S) - Y(1S)
can be found in Refs. [6-8].

Before presenting the phenomenological results, we first
take a look at the effect of the QCD corrections to the
process of H* — bl_9[3S[18]] + g, presented in Table I. We see
that the newly calculated NLO terms increase the LO
results by about 3—4 times, causing a 40% enhancement on

the total 35} contributions (LO +NLO?, ). This is

consistent with the lesson we learn from Z° decay [15].
The 3 [18] state may provide significant (even dominant)
contributions to I'po_y,, x, thus the newly introduced
NLO ingredient is of great essence in achieving the
phenomenological conclusions.

A. x,(3P.2P1P)

The NRQCD predictions on the decay width of H —
xbs(3P,2P, 1P) + X are listed in Tables II, III, and IV. In
order to show the relative importance of different produc-
tion channels in a wide range of u,, we provide the
predictions at u, =2m,;, and u, = mygo simultaneously.

TABLE L. The SDC of 3S (in units of kev/GeV?).

“r LO NLO NLOj; Total

0.340  0.568
0.170  0.223

NLO?,

6.44x 1072 097
253x 1072 042

2m;, 879 x 1072
myo 542 x 1072
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TABLEIL. The decay widths of H® — y,,(3P) + X (in units of
ev). The superscripts “DR” and “FD” denote the direct produc-
tion processes and feeddown effects, respectively.

XbJ My 35[18] SPLI SPE)I]‘bI; FDR FlzD FTotal BI‘(X]O_G)

g

J=0 2m,; 622 0.69 129 19.8 — 1938 4.71
myo 2.67 027 506 800 - 8.00 1.90
J=1 2m, 187 091 140 33.6 - 336 8.00
myo 8.03 036 549 139 - 139 3.31
J=2 2m, 31.1 4.09 506 403 - 403 9.60
myp 134 160 199 170 - 17.0 4.05
TABLE III.  The decay widths of H— y,,,(2P)+X (in units of

ev). The superscripts “DR” and “FD” denote the direct produc-
tion processes and feeddown effects, respectively.

XbJ Wy 35[18] 3P([)1]|gg 3P£)l]|hl_7 I'pr F]Z‘I(;S) Irotal BI‘(XlO_G)

J=0 2m, 486 0.64 119 174 583 232 5.52
mpo 2.09 025 4.66 7.00 233 933 222
J=12m, 146 084 129 283 125 40.8 9.71
mpo 627 033 506 11.7 498 16.7 3.98
J=2 2m, 243 376 4.66 3277 129 456 10.9
mpo 105 148 1.83 13.8 5.18 19.0 4.52

TABLE IV. The decay widths of H® — y,;(1P) + X (in units
of ev). The superscripts “DR” and “FD” denote the direct
production processes and feeddown effects, respectively.

fr e ST opy Pl Ton T T Br(c10°)

J=0 2m;, 376 054 102 145 594 204 4.86
myo 1.62 021  4.00 5.83 239 822 1.96
J=12m, 11.3 0.72 11.1 23.1 10.8 33.9 8.07
mpo 485 028 434 947 433 138 3.29
J=2 2m, 18.8 3.23 4.00 260 112 372 8.86
myo 8.08 127 157 109 449 154 3.67

It is noticed that the branching ratios for H° —
157 (3P,2P,1P) + X are calculated to be on the order of
1076107, indicating the probability of these processes to
be observed at the HE-LHC, HL-LHC, and other colliders
in near future. In addition to the direct production processes
that are dominant, the feeddown effects via the higher
excited states, e.g., Y(2S) and Y(1S), are also significant,
accounting for about 30% of the total decay width, as is

TABLE V. The ratios of T, ,

shown in Table III and Table IV. The direct productions

consist of two parts, i.e., the CS state 3P[,1] and the CO
state 3519 )

(i) For the CS cases, the processes of H' — bb[3P[Jl]} +
b+ b (“bb”) serve as the leading role in the total CS
prediction due to the b-quark fragmentation mecha-
nism. However, the light hadrons associated process
H° > bl_)[3P[Jl]} + g+ g (“gg”) can also provide non-

negligible contributions. To be specific, for 3P([)1] and

3P[11] states, the contribution of the “gg” channel
enhance the “bb” cases by about 5% and 7%,

respectively. Moreover, for the 3P[21] case, the “gg”
contribution can surprisingly reach up to about 81%
of the “bb” contribution. Therefore, to achieve a

sound estimate, besides H® — bIBPP[Jl]] + b+ b, the

contributions of H — bb[PP] + g+ g must be
also taken into consideration.

(i1)) Regarding the CO cases, including the 3SE8] state
contributions can significantly enlarge the predicted
decay width. Taking y,;(3P) as an example, when

U, = 2my,, the 3§ [18] contributions account for about
31%, 56%, and 77% of I'pg, corresponding to
J =0, 1, and 2, respectively. As for the y,(2P)
and y,(1P) cases, the proportions are about 28%,
52%, 74% and 26%, 49%, 72%, respectively.

In addition to the large contributions to the total decay
width, the 3§ [18] state also has crucial effect on the ratios of
L, /Fm and I’ /Fxbw as shown in Table V, where the
feeddown effects have been incorporated. Since the
dependence of the CS channels, “gg” and “bb”, on u, is
only in the strong coupling constants «, varying u, of
course does not affect the ratios. However, for the CO

cases, due to the NLO corrections to H? — bl_a[3S[18]] + g,
the form of the dependence on , is not only a,. Although
varying u, in [2m,,, myo| greatly influence the total decay

widths, the ratios of I', /T', ~and I, /I, —are quite

. .. . . T
insensitive to the choice of y,. Taking ﬁ |3p for example,

when p, is varied from 2m;, (9.8 GeV) to myo (125 GeV),
the ratios just increase by about 4%. In addition, the
differences between the CS and NRQCD results are rather
conspicuous, which can be regarded as an outstanding
probe to distinguish between the two heavy quarkonium
production mechanism.

I', andI', /T", .“CS” denotes the sum of the CS direct (3Pm) and feeddown (S [1J) contributions,
Xb0 2! " Xb1 J 1

while “NR” means the NRQCD results including both CS and CO contributions. y, is varied in [2my,, myp].

r)fhl b2 ‘ rzbz rlbz ‘ b2 | X2 |

Uiso 3P Urpn 3P 7 Upn 2P Tino 1P Ut 1P
CS 0.674 0.613 1.097 0.794 1.029 0.786
NR 2.035 ~2.125 1.199 ~ 1.223 1.966 ~ 2.036 1.118 ~ 1.138 1.824 ~ 1.873 1.097 ~ 1.116
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TABLE VI. The decay widths of H® — Y(3S) + X (in units of ev). The superscripts “DR” and “FD” denote the direct production
processes and feeddown effects, respectively.

Wy ?S[lg] 15([)8] 3P§5] %S[ll] I'pr 1")}2117)(3” rlY:'D | Br(X 10_5)
2my, 14.8 -3.29 x 1072 —1.69 x 1072 77.1 91.9 6.96 - 98.9 2.35
Mo 6.35 -1.29 x 1072 —6.62 x 1073 30.3 36.6 2.89 - 39.5 0.94
TABLE VII. The decay widths of H? — Y(2S) + X (in units of ev). The superscripts “DR” and “FD” denote the direct production
processes and feeddown effects, respectively.

W, 35[18] IS‘BS] '%P[JS] 3s[11] I'pr I‘*)lg!],)(z«3p> FESS) Drotal BI‘(X 10_5)
2my, 28.6 —0.11 0.47 101 130 16.1 10.5 157 3.74

M o 12.3 —4.23 x 1072 0.19 39.6 52.1 6.60 4.19 62.9 1.50
TABLE VIII.  The decay widths of H* — Y(1S) 4 X (in units of ev). The superscripts “DR” and “FD” denote the direct production
processes and feeddown effects, respectively.

U, 35[18] 15([)8] 3P[18] 35[111 I'pr FAI;/)D(I-MP) rggﬁs) | Br(x107%)
2my, 4.57 2.12 —-0.83 202 208 27.3 48.0 283 6.74
Mo 1.96 0.83 -0.32 79.3 81.8 12.1 19.3 113 2.69

B. r'(35.25.15)

The NRQCD predictions on the decay width of H® —
Y(35,2S,1S8) + X are presented in Tables. VI, VII, and
VIII, respectively. In these tables, one would see that the
branching ratios of the inclusive productions of
Y (35,285, 1S) via H decay are about 107°—10~*, indicat-
ing the potential to be detected at the high energy collider.
For H® — Y(3S,28, 1S) + X, the feeddown contributions
from the higher excited states are remarkable, accounting
for about 7%, 17%, and 27% of the total decay widths of
Y(3S), Y(2S), and Y(1S), respectively. Regarding the
direct productions, the main contributions come from the
CS state, 35[11], via the heavy-quark pair associated process.
The CO states can also provide considerable contributions,
which account for about 16%,22%, and 3% on I'pg of
Y(35), Y(2S), and Y(1S), respectively.

In addition to the total decay width, we also calculate the
ratios of 'y (o) /T'y(35) and T'y(15)/T'y(3s). By varying u, in
[2my,, myo], we have

CS: Fy-(zs)/ry(&g) = 1471,
Iyas)/Tyas) = 3.170,

NR: Tys)/Tyss) = 1.587 ~ 1,592,
Iy(1s)/Tyas) = 2.861 ~ 2.862, (17)

where “CS” denotes the sum of the CS direct (3PB]]) and

feeddown (3S\) contributions, while “NR” is the total
results including both CS and CO contributions. The

difference between the CS and NRQCD predictions reflects
that the CO influence on I'y(55)/T'y3s5) and T'y(15) /Ty 3s) 18
moderate.

Finally, to serve as a useful reference, we analyze the
uncertainties of the predictions due to the choices of the
renormalization scale u,, Higgs mass mpo, the bottom
quark mass m,;, and the CO LDME:s.

(i) For B,,3pap.1p)(x107°)

— +0.61+0.03+0.25+0.14
BHO_’ZbO(3P)+X = 2347043 0.03-0.22-0.14 -

— +1.024-0.06+4-0.394-0.41
BHO_})(M(:;PH“X - 4''03—0‘69—0.06—0.33—0.4l ’

— +1.21+0.07+0.37+0.68
BH0—>)(;72(3P)+X - 4''90—0.86—0.07—0.32—0.68 ’

— +0.71+0.04+0.27+0.12
BH0—>)(;70(2P)+X - 2'73—0.51—0.04—0.23—0.12 ’

— +1.2540.074-0.424-0.33
BH0—>)(b1(2P)+X - 4"85—0.89—0.07—0.37—0.33 ’

_ +1.38+0.0840.39-+0.50
BH"*m(ZPHX = 5.50299-0,08-0.34-0.50 *

_ +0.63+0.03+0.23+0.06
BHO_’){bO(IP)+X - 2‘40—0.45—0.03—0.20—0.06 )

_ +1.03+0.064-0.35+0.14
BH"—W(IPHX - 4'02—0.74—0.06—0.31—0.14 )

— +1.134-0.064-0.324-0.20
BHO—U(bz(lP)JrX - 4"47—0.80—0.06—0.28—0.20 . (18)

(ll) And for BY(3S,2$,1S) (X 10_5)

— +0.31+0.02+0.07+0.06
BH0—>Y(3S)+X - 1‘16—0.22—0.02—0.06—0.06 ’

— +0.48+0.03+0.11+0.09
BH0—>Y(ZS)+X - 1‘84—0.34—0.03—0.10—0.09 ’

_ +0.89+0.05+0.20+0.11
Bro_yas)ix = 33220632005-0.18-0.11 * (19)
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where the four columns are the uncertainties caused
by u,, myo, my, and the CO LDMEs, respectively. The
center values in Egs. (18) and (19) are calculated at
myo = 125 GeV, m, = 4.9 GeV, and p, = my /2, with
the LDMESs taken as the center values in Table 4 of Ref. [8].
To estimate the uncertainty, we vary myo in [123, 127] GeV,
my, in [4.7, 5.11 GeV, pu, in [mgo/4, my] with
mpo = 125 GeV, and the LDMEs from the upper limit
to the lower limit, respectively. The numerical results show
that the ambiguities of u,, m;,, and the LDMEs are
responsible for the main uncertainties, while varying
mpyo only slightly influence the predictions on the total
decay widths.

IV. SUMMARY

In this paper, we used NRQCD factorization to inves-
tigate the inclusive productions of the Y(1S,2S,3S) and
x»(1P,2P,3P) via the Standard Model Higgs boson decay
up to O(aa?) order. It is found that the CO states, especially
3S[lg], provide remarkable contributions, leading to vital
effect on the predictions on the total decay widths. The
newly calculated NLO QCD corrections to the lowest order
process of 3S[lg], H° > bl_y[3S[18]] + g, can significantly (3—4
times) enhance the LO results, subsequently enlarging the
total 3S [,8] contributions by about 40%. In addition to the
crucial effect on the total decay widths of Y(nS)
and y,(nP), including the CO states also influence

. r r .
the ratios of <2 and #2 a lot. Regarding the 3pll state,
rIbO Iﬂ){bl 7

besides the dominant H® — bB[P) |+ b+ b process,
the newly introduced light hadrons associated process,
H > bl_9[3P[]1]] + g+ g, can also provide non-negligible
contributions, especially for J = 2. The feeddown contri-
butions via the decay of the higher excited states are found
to be substantial, significantly influencing the NRQCD
predictions. In the end, the branching ratios of H® —
Y(nS) + X and H° - y,(nP) + X are predicted to be
on the order of 10-10"* and 107% — 1073, reflecting
the great potential of these processes to be detected at high
energy colliders. As a conclusion, the decay of Higgs boson
into Y(nS) and y,(nP) can be considered as an ideal
laboratory not only to study the heavy quarkonium pro-
duction mechanism, but also to understand the electroweak
breaking mechanism especially the Yukawa couplings.
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