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Abstract: We study the decay of the SM Higgs boson to a massive charm quark pair at the next-to-next-to-leading

order QCD and next-to-leading order electroweak. At the second order of QCD coupling, we consider the exact cal-

culation of flavour-singlet contributions where the Higgs boson couples to the internal top and bottom quark. Help-

ful information on the running mass effects related to Yukawa coupling may be obtained by analyzing this process.
High precision production for 47 — ¢¢ within the SM makes it possible to search for new physics that may induce rel-
atively large interactions related to the charm quark. As an example, we evaluate the axion-like particle associate
production with a charm quark pair in the Higgs decay and obtain some constraints for the corresponding paramet-

ers under some assumptions.
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I. INTRODUCTION

Higgs physics plays a significant role in the standard
model (SM) testing and search for new physics beyond
SM with higher precision. The theoretical and experi-
mental study on the properties of the Higgs boson, in-
cluding its couplings with SM particles, particularly fer-
mions, has become a primary task of particle physics at
the high energy frontier since it was discovered in 2012 at
the LHC [1, 2], and considerable efforts have been made.
The study of the process of decay of the Higgs boson to
heavy quark pairs bb and c¢ is important to test the SM
and search for high precision new physics. Furthermore,
useful information for the running mass effects in the
Yukawa coupling can be obtained by analysing these de-
cay processes. The decay width of Higgs boson into
massless bottom quarks is known up to the next-to-next-
to-next-to-next-to-leading order in QCD [3-5]. The differ-
ential decay width for # — bb has been computed to the
next-to-next-to-leading order (NNLO) QCD in [6, 7], and
next-to-next-to-next-to-leading order in [8] in the limit
where the mass of the bottom quark is neglected. The cor-
rections keeping the exact bottom quark mass have been
computed to NNLO in [9-12]. The hadronic decays of
Higgs boson to the bottom quarks, light quarks, and
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gluons at NNLO have been calculated in [13]. For the
two loop QCD corrections of h — bb, the flavor-singlet
contribution from the triangle top and bottom quark loop
have to be included. These contributions from the top
quark triangle loop are computed approximately using a
large quark mass expansions formula [14], and the corres-
ponding exact calculations are also obtained [15]. The
calculations at the next-to-leading order (NLO) elec-
troweak (EW) are also completed [16-18]. The measure-
ments of 4 — bb at LHC are finished [19, 20], and the
signal  strength 11,5 = 1.01£0.12 (stat.)*0-1% (syst.) s
compatible with SM.

For the evaluation of Higgs boson coupling to the
second generation quark, h — c¢¢ is a process of great
value. Owing to the absence of an observation of Higgs
decays to the charm quark, there are some bounds on the
charm quark Yukawa coupling. An indirect search for the
decay of the Higgs boson to charm quarks via the decay
to J/yy is presented at the LHC [21-23]. A direct search
for the Higgs boson, produced in association with a vec-
tor boson (W or Z), and decaying to a charm quark pair is
performed by CMS collaboration [24] and ATLAS col-
laboration [25], respectively. This result is the most strin-
gent limit to date for the inclusive decay of the i — cc.
Both ATLAS and CMS collaborations present novel
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methods for charm-tagging. To test the SM and search for
new physics in high precision, the theoretical predictions
and experimental measurements on SM Higgs couplings
should be completed as precisely as possible. To achieve
this, we finish the exact calculation for 2 — c¢¢ up to
NNLO QCD including the flavor-singlet contributions
from the triangular loops of the bottom and top quarks
and those at the NLO EW. However, owing to the discov-
ery of the Higgs boson, the search for additional (pseudo)
scalar bosons beyond the SM has attracted increasing in-
terest in collider physics. The axion-like particles (ALPs)
are a hypothetical (pseudo) scalar that naturally arises in
many extensions of the SM as pseudo Nambu-Goldston
bosons. The ALP parameter space has been intensively
explored [26-28], covering a wide energy range [29-34].
These experimental searches allow access to several or-
ders of magnitude in the ALP masses and couplings [35],
where astrophysics and cosmology impose constraints in
the sub-KeV mass range and the most efficient probes in
the MeV-GeV range are obtained from experiments act-
ing on the precision frontier [36]. Another aim of this
study is to evaluate the ALPs that dominantly couple to
the up type quark [37], e.g., charm quark, and obtain
some constraints on the corresponding parameters from
the ALP associate production with the charm quark pair
in the Higgs decay.

This paper is organized as follows. In Sec. II, we
study the decay width of & — ¢¢ within the SM. First, we
use renormalized matrix elements where the QCD coup-
ling is defined in the MS scheme, whereas the charm
quark mass and the Yukawa coupling are defined in the
on-shell scheme. For the order of a2, we calculate the ex-
act flavor-singlet contributions. To obtain reliable correc-
tions to the decay width of h — c¢, we express the on-
shell Yukawa coupling in terms of the MS Yukawa coup-
ling. At the end of this section, after including the NLO
EW corrections, we obtain the decay width of & — ¢¢ and
compare it with that of h — bb. In Sec. III, we evaluate
the ALP associate production with the charm quark pair
in Higgs decay. Finally, a brief summary is given.

II. PRECISE EVALUATION OF THE h — c¢
PROCESS

Within the SM, the Higgs interactions with quarks are
obtained by considering the Yukawa interactions

—Ly = Ughy Q" (it))® - Drha Q" (ir2)® +h.c., (1)

where @ denotes a complex S U(2), doublet Higgs field
with hyper charge Y = 1/2; 7 is the usual 2x2 Pauli mat-
rix; ® =ir,®*. QF = (U, D), where U and D represent
three up- and down-type quarks; and h,, represents
Yukawa matrices. By choosing O =0,v+h)"/V2, we

obtain

=Lys7 = yorhff, f=u.d,s,c,b,t, )

where yo r =mo s/v is the bare Yukawa coupling constant
and my y is the bare mass of the corresponding quark. The
Higgs vacuum expectation value v = (V2Gg)~/? with Gg
the Fermi constant.

In our following analysis, we start by using the renor-
malized matrix elements where the QCD coupling con-
stant «; is defined in the MS scheme, whereas the charm
quark mass m, and the related Yukawa coupling constant
y. are defined in the on-shell scheme. Up to NNLO QCD,
the decay width of the process h — c¢ can be written as
follows

I =I'o+a, +2@wiH

2 2 +1
+ (W) ln(#—) [ENC Y

Iy, 3)

2m 2/l 6 3

mg

where u is the renormalization scale. N, and ny denote
the number of the color and the number of the massless
quarks, respectively. The decay width at the leading or-
der (LO) can be expressed as follows

2
y
TLo = Ne == (m; —4m})’? )
8n .

where m;, and m, denote the on-shell mass of the Higgs
boson and charm quark, respectively. I'; and T’ respect-
ively represent the scaled next-to-leading order (NLO)
and NNLO decay width of & — cc¢ by the factor out aj.
At the NLO QCD, the scaled decay width I'; can be ex-
pressed as follows [38]

[ =ToCréy, %)

where Cg = (N?>-1)/2/N,, and

In(x) - ——F2~

832
with 8= \[1—4m2/m?, x=(1-B)/(1+B) and

AB) =(1 + ﬁz){4Li2(x) +2Lis(—x) + 2In(8) In(x) +

1 {A(,B) _3+34p7 138"

=B 1683

3(1 —752)} ©

1 4
3ln(m)ln(x)} —3ﬁ1n(1_—ﬁ2)—4ﬁln(ﬁ). (N

At the NLO QCD, the large logarithm related to the ratio
of the charm-Higgs mass appears. This effect can be
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clearly shown in the limit m. — 0, i.e.,

3(3  m
61~ —[2-m-2) 8
! 271(2 nmg) ®)

The large logarithm In(m?/m2) should be absorbed in
the running charm quark mass in the Yukawa coupling as
discussed below. I't o, I'; and I'; do not depend on u. The
u dependence of the last term in Eq. (3) can be obtained
from the renormalization group equation.

At the NNLO QCD, the subtraction term of double-
real radiation corrections and real-virtual corrections
were computed in [39-42]. For the double-virtual correc-
tions, the scaled decay width T’ receives the flavor-sing-
let and non-singlet contribution. The flavour-singlet con-
tributions from h — c¢ (Fig. 1(a)) and & — ccg (Fig. 1(b))
are both UV and IR finite separately. Because we keep
the non-zero internal quark mass ms(f =c,b,t), these
three kinds of massive quarks, which couple to the Higgs
in the triangle loop, contribute to the decay width of
h — cc. For the calculation of the case where the Higgs
couples to the internal charm quark, i.e., equal masses as-
sociated with the inner and outer fermion line, and that of
the flavor non-singlet contribution, the strategy and for-
mulas can be found in [9, 43-46]. Here, we focus on dis-
cussing the flavor-singlet contribution to i — ¢¢ where
the Higgs boson couples to the bottom or top quark. For
Fig. 1(a) with Q' =b or ¢, we calculate the exact results
using the formula and techniques of [15] where the Math-
ematica packages PolyLogTools [47], HPL, and GINAC
library are necessary. For Fig. 1(b), we finish the calcula-
tion independently. In our numerical analysis, we choose
my, = 125.09 GeV, v~ 246.2 GeV, m, = 1.68 GeV, m;, =
478 GeV, m; = 173.34 GeV, ay(mz)=0.118, and myz =
91.2 GeV [48]. In Table 1, we list our results fgs, for the
flavor-singlet contribution with Q' =b, t where o2 is
factored out in the partial decay width. It is found that
I*S is considerably smaller than I'fS. For the case where
top quark appears in the triangle loop, m, < my, < m,, and
IS can be calculated to the leading order in the charm
quark mass as an expansion in the inverse powers of the
top quark mass [14]. It is found that under this approxim-
ation, T ~ 0.7417 MeV which is very close to the exact
result. For the triangular loop related to the bottom quark,
this approximation is unreliaable. At the NNLO QCD, the
other two interesting sub-processes are h — ccc¢ and
h — bbcé. The results for the scaled decay width Tz and

Table 1. Results for the scaled decay width T}5, TS, T
and beer
IS /Mev TS /Mev Cezee/MeV [ypee/MeV
—0.0482 0.7411 0.4262 3.4495

[y5c: Where of is also factored out are listed in Table 1.

Obviously, T is significantly smaller than T, but
for Tz, the contribution from the interaction between
the Higgs boson and bottom quark is dominant. As a res-
ult, the contribution from A — bbcé should not be in-
cluded in the decay width of & — c¢¢. Up to the NNLO
QCD, the ratio of the flavor-singlet contribution with
Q' = b, t to the total decay width is approximately 4%.

It is known that under the on-shell renormalization
scheme for the Yukawa coupling between the SM Higgs
and massive quarks, the large logarithm of the fermion-
Higgs boson mass ratio can be obtained in the radiative
corrections [49]. Therefore, it is not a good idea to study
the decay width in terms of the on-shell Yukawa coup-
ling when m./m;, << 1. When using the MS Yukawa coup-
ling

Ye) = me(W/v, ()]
where m.(u) is the running MS mass and u=my; this
kind of large logarithmic effects can be reduced by effect-
ively absorbing all relevant large logarithms into the run-
ning mass related to the Yukawa coupling constant. In
this study, to obtain reliable corrections to the decay
width of h — c¢, we converted Yukawa coupling con-
stant y. defined in the on-shell scheme to y, in the MS
scheme. The relation between on-shell mass m, and MS
mass m.(u) can be written as follows [50]:

as(u) as(u)\2
, , ) ]+o@d).

(10)

me = n_’lc(lu) [1 +c1(mc,/J) +C2(mc"/'l)(

where

3
(& ZCF(I + ZLC),

B 121 3 27 9 ,
c _CF [128 +3§(2)( ln2)+ 4g“(3)+ 32Lc+ 32LC]
1111 2) 185
—NcCr BTV %(1_31112) 4’(3)—— ¢
11, 71 1,
3—2Lc} CFTan 96+ 2((2)+ L + 8L]

143 13 1
—CpT | — - Q)+ = L.+ -L?
Cr F[% (@+5 L+ g L],

(11)

with Tp=1/2, L.
1.20205690- - -

To compute the MS Yukawa coupling ¥,(u) for the
arbitrary scale x4, we use the solution of the renormaliza-

=In@?/m}), {(2)=7*/6 and {(3)=
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Fig. 1.

tion group equation for m.(u) at two-loops

e (1) =n—ac(uo)(“s_(”))”ﬁ°{1 y /b= 1B

a(uo) B3
x[asw)—ax(uo>1+0(a§>}, (12)
where
_303-10n, - 33-n; . 153-19n;
= pe= = p= ()

For the on-shell c-quark mass, we used m.(u =m,) = 1.28
GeV [48] as the input in Eq. (10), and obtained m, = 1.68
GeV. The results for the dependence of m.(u) on u are
displayed in Fig. 2.

Inserting Eq. (10) into Eq. (3), we obtain the decay
width for 7 — ¢z calculated in terms of the MS Yukawa
coupling

ag(u)

T

T =y (i |1+ 5 +2¢1)

" (as(ﬂ)
T

2
) (V5 +2¢17E +2¢2 = 5¢D)| . (14)

The ¥{%, ¥5°, lA"ff, f"f, and f"gi conventions are similar
to those used in [9]. Here, ¥{° = Crdin. In Eq. (14), it can
be observed that the large log term In(m?/m?2) that ap-
pears in the a, order correction is analytically reduced by
the log term, In(u?/m?2), in the MS Yukawa coupling if

L L L L
50 100 150 200 25

u

Fig. 2. Dependence of m.(x) on u.

| >

Q/
(b) ¢

The flavor-singlet O(e?) contributions to & — c¢ (a) and i — cég (b) with O’ =1,b,c.

u~my. At the NNLO QCD, the corresponding numeric-
al results are listed in Table 2 for three different renor-
malization scales. In Fig. 3, we show the dependence of
T, (I="L0, NLO, NNLO) on u. Here, we use T}, [0
and Tayo to respectively denote the LO, NLO, and
NNLO QCD corrections in terms of the MS Yukawa
coupling. The x4 dependence is significantly decreased at
the NNLO QCD. We also show the differential distribu-
tion of the c¢ invariant mass in Fig. 4, where sub-process
h — cccc is not included to avoid confusion. In the small
M, region, the NNLO QCD contributions are larger than
the NLO QCD corrections because the soft and/or collin-
ear gluon radiation becomes significant.

To obtain the precise result for # — c¢, the NLO EW
corrections should be included along with the NNLO
QCD corrections. The corresponding decay width at the
NLO EW can be written as follows

cC =4 cC cC
ew =T1o [OQED + OWeak] . (15)

Table 2.
Yukawa coupling.

Inclusive decay width of i — cz in terms of MS

uo=my/2 Ho=my, uo=2my,
I /Mev 0.1033 0.0916 0.0823
TLo/MeV 0.1153 0.1103 0.1049
0/MeV 0.1162 0.1148 0.1125
0.2
Lo
—NLO
015 = NNLO
FECE S
0.05—
0 ‘ ‘ __ ‘ ‘
100 200 300 400 500
u
Fig. 3.  (color online) Dependence of I'; (/ = LO, NLO,

NNLO) on u.
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0 2‘0 4‘0 6‘0 B‘O 160 léO
Mc: [GeV]

Fig. 4. (color online) Distribution are /dM; of the c¢ invari-
ant mass at LO (short-dashed), NLO (long-dashed), and
NNLO (solid) QCD corrections. The short-dashed, long-
dashed, and solid lines correspond to the scale choice u=my,
whereas the shaded bands show the effect of varying the
renormalization scale between y =my,/2 and y =2m;,.

The NLO QED correction, O

QED> has a similar form as
that of the NLO QCD, i.e.,

Ogep = € 0261, (16)

where a is the QED coupling, and we choose a(mz) =
1/127.934 [48]. Q. denotes the electric charge of the
charm quark. The coefficient 6; at the NLO QED is sim-
ilar to that at the NLO QCD. The large logarithm
In(m; /m?) in 6, at the NLO QED can be absorbed in the
running quark mass as in the QCD corrections. For the
NLO weak correction Of,(, .« there are several studies on
this topic [16, 17]. In this study, we adopt the approxima-
tion of [18].

3
—5+STlnc‘2,V}

- @
CC _ 2 2
OWeax =—— kemy +my,
16ms3,
w w

R AR} a7

where vz = I5/2— Qcsy, and aze: = I5/2 with IS denot-
ing the third component of the electroweak isospin of the
charm quark, and the coefficient k. = 1. sy =sinfy and
cw = cosfy with the 0y the weak angle, and we choose
my =80.358 GeV, and s3, = 0.2233 [48] in our numeric-
al calculations. Finally, we obtain the total decay width of
the & — c¢ including the NNLO QCD and NLO EW cor-
rections as follows

_ —cé _
Tiotar = Tnnco + T Ew - (13)

To combine the precise theoretical predictions and exper-
imental measurements for h — ff with f=c, b, we can

abstract some useful information of the running mass ef-
fect in the Yukawa couplings. To achieve this, we list the
results for the decay width of 4 — c¢¢ at the NNLO QCD
and NLO EW, and that of h — bb together with their ra-
tio in Table 3 for three renormalization scales. Ratio
b /T is approximately twenty. Therefore, it is pos-
sible to measure the & — c¢ events at the LHC because
approximately 1.5x10° h— bb events have been ob-
served with data samples corresponding to the integrated
luminosity of 79.8 fb~! via the Wh and Zh associated pro-
duction [19, 20]. Therefore, approximately 2.8x 10*
h — c¢ events will be produced in the similar way but
with 300 fb~! integrated luminosity, which make it pos-
sible to observe h — c¢. However, the small decay width
of h — ¢¢ makes it advantageous to search for new phys-
ics that may induce relatively large interactions related to
the charm quark, for example, the ALP discussed in the
next section.

Table 3. Total decay width l“lolal of h— ff with ff=c¢,bb
at the NNLO QCD and NLO EW, together with their ratio.

uo=my/2 M= my o= 2my
I /MeV 0.1165 0.1151 0.1129
I /Mev 2.4248 2.3990 2.3533
e 20.8137 20.8427 20.8441

total” ~ total

III. ALP PRODUCTION IN Higgs DECAY

We begin by considering a general ALP with flavor
violating couplings to the right-handed up-quarks [37].
To describe such a system, the most general effective
field theory is given by the following lagrangian

2 o.a
((9 a)(a'“a)— + fa [(CuR)t]uRz’yﬂuR]
2
P a Aupva
+co®'i D, @] - 7|50 5 G e

g &
2 I vl 1
+Cw—327r2 Wva +6‘332ﬂ_2

BWBW] , (19)

where a and © denote the ALP and Higgs field, respect-
ively. g1, g2, g3 are the U(1)y, SU(2). and SU(3). gauge
couplings of the SM, respectively, whereas By, , Wm,, 1=
1, 2, 3, and Glbw, b =1, ..8, are their corresponding field-
strength tensors. B,N = 1/26WaﬁB"f3, ., represent the cor-
responding dual field. Ug; with i=1,2,3 denotes the
right-handed SM up-quark of the ith generation. f, can be
treated as a free parameter. co, ¢, cw, and cp are the
Wilson coefficients, and ¢,z is a hermitian matrix. In this
model, it is assumed that the ALP is a pseudo Nambu-
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Goldstone boson of the spontaneous breaking of a global
U(1) symmetry, and that its couplings to the leptons, SM
quark doublets, and right—handgl down-type quarks van-
ish. The operator (“a/f,)®'i D 4@ can be traded using
Higgs field redefinition [31].

We then evaluate the ALP production in association
with the charm quark pair in the Higgs boson decay. The
differential decay width of the & — cca process where a
denotes the ALP can be obtained as follows

1 .
dly—cea = Z_mh |M|2 dLZPSS P (20)

where Lips; is the Lorentz invariant phase space of the
final three particles. The matrix element square can be
expressed as follows

2 2 2 4 2 2
|M|2 _ Ve [(cur)22l {mhz(xC_'_xC_ |- me + my

7 i
1 [=mPmy® (e = xe)?

2L (I =x)(1=xz)
ma® (m02(4mc2 +mp%(1=2x,))

mp

mp

my? (1-x.)?
me2(4mg2 +mp%(1 = 2xz))
(1-xz)?

2m02(4m02 _mhz(xc +x:—1)) )]}’ (21)

(= x(1—x0)

where m, is the ALP mass. x. =2E./m;, and x; = 2E;/my,
with E.(E;), the ¢(¢) quark energy in Higgs rest frame. In
Eq. (21), the dependence of the ALP mass appears in the
form O(mg/my)° +O(m,/my)?, where (m,/my;)? is a tiny
quantity for m, < my, so that the height of the distribu-
tion is not sensitive to the ALP mass. In the following nu-
merical calculations, we factor out |(c,r)2l*/f> from
Fhacéaa i'e‘a

|(cur)22l? =
Ihocea = I Ihocea (22)

a

The experiment searches on the ALP parameter
spaces that is m, and f, allow access to several orders of
magnitude. The joint limit of these two parameters is giv-
en experimentally. Direct searches for the ALP and calcu-
lations of their effect on the cooling of stars and on the
supernova SN1987A impose f, 2 4x10% GeV [51]. The
thermally produced ALP DM is allowed in sizable parts
of the parameter m, > 154 eV [52]. In our analysis, f, is
treated as a free parameter that relaxes the restriction of
m,. We choose m, = 0.01, 10, 30 GeV. The results for the
differential distribution with respect to M. are shown in
Fig. 5. Because there is no exact measurement for 4 — c¢,

10°

—=- m,=0.01GeV
-—- my=10GeV
10-14 =" Ma= 30GeV

df<e@dM: [MeV?]

0 20 40 60 80 100 120
Mce [GeV]

Fig. 5. (color online) Distribution di*®*/dM.: of the c¢ in-

variant mass.

— -
10% uncertainty

= —
? 1% uncertainty ———

m, [GeV]
Fig. 6. (color online) Constraints on |(c,z)22/>/f> as a func-
tion of m,, resulting from the conditions I'y—z, <10%T" fjml
Thocea <1%TE
blue, respectively.

and
with the allowed regions marked by red and

— .
3 exclusion limit

o =

m, [GeV]

Fig. 7. (color online) 3¢ exclusion limit (blue) and 5o dis-
covery limit (red) of h — c¢a at ILC.

to obtain some constrain on the parameters, we set the
condition

and 10%T

°C
rh—»cEa < 1%, total

total * (23 )

The constraints for |(c,r)2|?/f? with respect to m, are
shown in Fig. 6. A loose constrain for the larger ALP
mass can be found. It is also interesting to search for the
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ALP via the h— cca process in the future electron-
positron collider, e.g. the Circular Electron-Positron Col-
lider (CEPC) or International Linear Collider (ILC). By
comparing the distribution of the 4 — c¢¢ background and
h — cca signal in Fig. 4 and Fig. 5, it can be observed
that for the background, the distribution tends to be close
to the Higgs mass, whereas the signal process does not.
Therefore, for a rough estimation, we require that the in-
variant mass of ¢, ¢ be less than 110 GeV. Furthermore,
we consider the e*e™ — Zh process with Z — e*e™,u*u~
and h— c¢ or céa at /s =250 GeV. The 30 exclusion
limit and 5¢ discovery limit with the integrated luminos-
ity of 250 fb~! are shown in Fig. 7. When the high preci-
sion measurement of & — c¢¢ is available, the realistic
constrain for the ALP production in & — c¢¢ can be ob-
tained.

IV. SUMMARY

Measurements on the & — ¢¢ with high statistics at the
LHC are still in progress. More theoretical studies on this
process are still necessary and significant. Moreover,
after the discovery of the SM Higgs, the search for new
(pseudo) scalar boson beyond the SM, e.g., ALP, has be-
come a significant topic in particle physics. In this paper,

we present the results of the decay widths for & — c¢ at
the NNLO QCD and NLO EW corrections. For the fla-
vor-singlet contributions where the Higgs boson coupled
to the bottom and top quark appeared at an order of a2,
we provide the exact results, and find that the exact res-
ult of the top quark triangle is very close to the approxim-
ate result calculated to the large top quark mass expan-
sion. The results for the Yukawa coupling defined in the
MS scheme is more reliable and the large logarithmic ef-
fect related to the ratio of the charm-Higgs mass is re-
duced. Finally, we evaluate the ALP associate produc-
tion with the charm quark pair, and the constrain for the
related parameters is estimated by assuming a condition
of Eq. (23). At the upgraded LHC, an increasing number
of events on the Higgs boson decay will be accumulated,
so that precise studies on 4 — c¢ and the search for new
particles in the Higgs decay become possible.
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