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General one-loop contributions to the decay amplitudes H — v,y are presented, consider-
ing all possible contributions of additional heavy vector gauge bosons, fermions, and charged
(and also neutral) scalar particles appearing in the loop diagrams. Moreover, the results can be
applied directly when extra neutrinos (apart from three ones in the standard model) are taken
into account in final states. Analytic results are expressed in terms of Passarino—Veltman scalar
functions which can be evaluated numerically using LoopToo1ls. In the standard model frame-
work, these analytical results are generated and cross-checked with previous computations. We
find that our results are well consistent with these computations. Within the standard model
limit, phenomenological results for the decay channels are also studied using the present input
parameters at the Large Hadron Collider. Lastly, the calculation is also applied to the Two Higgs
Doublet Model framework as another example.

Subject Index B53, B59

1. Introduction

Searching for all decay modes of the standard model-like (SM-like) Higgs boson is one of the main
purposes of the High Luminosity Large Hadron Collider (HL-LHC) [1,2] as well as Future Lepton
Colliders [3], because the partial decay widths of the Higgs boson contain an important information
for testing the nature of Higgs sector. Among the Higgs decay modes, the channels of H — invisible
particles [4—10] and H — y plus invisible particles [11,12] are greatly of interest, for the following
reasons. First, these decay processes can be measured at the LHC [4-6,8,11,12]. Therefore, they
could be used for verifying the SM at higher energy regions. On the other hand, there exist many
theories beyond the standard models (BSM) in which new invisible particles rather than neutrinos
are proposed. In addition, many new heavy particles that are absent from the SM may exchange in
the loop diagrams of the aforementioned decay channels. As a result, the decay widths of H — v;v;y
could provide an useful tool for controlling the SM background as well as constraining new physical
parameters.

One-loop formulas for H — v;v;y within the SM framework have been computed in Ref. [13].
Besides that, an independent model for investigating Higgs decay to a photon and invisible particles
has been proposed in Ref. [14]. The decay channel of Higgs to a photon and the light vector gauge
bosons which they belong to U (1) extension of the SM has also considered in Ref. [15]. In a next-to-
minimal supersymmetry (SUSY) framework, Higgs decay to a photon plus a pair of lightest SUSY
particles was studied in Ref. [16]. In Ref. [16], the decay process was used to probe dark matter
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as well as constraining SUSY parameters. The supersymmetry-breaking scale has been examined
through the Higgs decay to a photon and gravitinos in [17].

In this article, we present general one-loop formulas for the decay H — v;v;y. The results are valid
for many BSMs; new heavy vector bosons, fermions, and scalar particles predicted by these models
are considered in the loop diagrams. Moreover, the calculations can be extended directly when the
extra neutrinos (rather than 3 in SM) are taken into account in final states. Analytic results are
expressed in terms of Passarino—Veltman (PV) scalar functions which can be computed numerically
using the package LoopTools. The calculations are also verified numerically by checking the
ultraviolet (UV) finiteness of the results. We find that the results are in good stability when varying
UV cutoff parameters. The results are then applied to the case of the SM and the decay widths are
generated and cross-checked with the previous computations. Our results in this work are in good
agreement with the previous references. All physical results for the decay channels within the SM
are examined using the present input parameters at the LHC. Lastly, the calculation is also applied
to the Two Higgs Doublet Model (THDM) framework [18]. The phenomenological analysis for the
decay processes in several BSMs are referred to our next papers.

The results of this work can be applied to calculate one-loop contributions of new particles predicted
by well-known BSMs constructed previously, for example, many popular SM extensions that include
only new charged scalars such as THDM [18]. In the SUSY model, new loop contributions come
from charged Higgs bosons, superpartners of leptons and gauge bosons. One-loop contributions from
new charged gauge bosons may appear in many electroweak gauge extensions such as the left—right
models (LR) constructed from SU(2); x SU2)g x U(1)y [19-21], the 3-3-1 models (SU(3)r x
U(1)y) [22-28], the 3-4-1 models (SU (4); x U(1)x) [28-33], etc. These one-loop contributions
may be significant in the amplitudes of the mentioned decay processes. Phenomenological results
for the decay processes in the above models will be very interesting for further studies, which will
be our future projects.

The layout of the paper is as follows: In Sect. 2, we briefly present the one-loop tensor reduction
method. Detailed calculations for one-loop contributions to H — v;v;y are also presented in this
section, as are the applications of this work to the SM and THDM. Conclusions and outlook are
detailed Sect. 3. In the appendices, Feynman rules and couplings involved in the decay processes
are shown. Further, checks for the calculation are discussed and we also briefly review THDM in
the appendices.

2. Calculation

Detailed calculations for one-loop contributions to H — v;v;y are presented in this section. We first
briefly describe the one-loop tensor reduction method in the following subsection. General analytic
results and physical results of the decay processes are then shown in the next subsections.

2.1. Method

In this calculation, we follow the tensor reduction method developed in Ref. [34]. Following this
technique, tensor one-loop integrals with N -external lines can be decomposed into scalar functions
with N < 4. The approach will be explained briefly in the following paragraphs.

First, one-loop one-, two-, three- and four-point tensor integrals with rank P are defined:

d%k JeM1fe2 L e

(4; B; C; Dy i = (p?)2= /2 T : :
(2m)4 {D1;D1D2; D1D2D3; D1 Dy D3 Dy}

(1)
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In this formula, D; (j = 1,- - - ,4) are the inverse Feynman propagators which are given as

= (k+q)* — m} + ip, )

where g; = ]Z Di» pi are the external momenta and m; are internal masses in the loops. Dimensional
i=1

regularization is performed in the space—time dimension d = 4 — 2¢. The parameter u? plays the

role of a renormalization scale. If the numerators of the integrands in Eq. (1) become 1, we have

scalar one-loop one-, two-, three- and four-point integrals [34] (they are called the Ag, Bg, Coy and

Dy functions). We then present the explicit reduction formulas for one-loop one-, two-, three- and

four-point tensor integrals up to rank P = 3 as follows [34]:

A* =0, 3)
A" = gh¥ Ao, (4)
AP =0, (5)
B" = ¢"By, (6)
B"" = g""Boo + q"q"Bi1, (7)
BH = {g,q}""" Boo1 + q"q"q"B111, (®)
2
Cr=qlCi+dCr=) 4I'C, )
i=1
2
CH’ = g'VCyo + Z C[f-LC[})Cij, (10)
ij=1
P = Z{g g} Cooi + Z a!'a} 4}, Cijr (11)
i=1 ij,k=1
D" =g\ D1 + ¢4Dy + 4D Zq, b (12)
3
D" =g"" Do+ Y q!'q) Dy, (13)
ij=1
DR = e p ? Dy 14
{g, qi} 00i + q, q] 9 Lijk - (14)
i=1 ijk=1

The short notation [34] {g, ¢;}*"* is used as follows in the above relations: {g, ¢;}*"* = gt q" +
g”qu + gMPq; . The scalar coefficients Ago, B1, - - - , D333 in the right-hand sides of the above equa-
tions are so-called PV functions [34]. Analytic formulas of the PV functions are well-known and
they have been implemented into LoopTools [35] for numerical computations.

2.2.  General one-loop contributions to H — v, v,y

General one-loop contributions to H (p) — v;(q1)vi(q2)y (¢g3) arbitrarily beyond the SMs are calcu-
lated in this subsection. One-loop Feynman diagrams involving the decay processes in the unitary

3/24

1202 18qo10Q Gz uo 1senb Aq 06518€9/209€01/01/1Z0Z/810ne/de1d/woo dno-olwepeoe//:sdjy wolj pspeojumoq



PTEP 2021, 103B07 K. H. Phan et al.

gauge can be grouped into several classes shown in the following paragraphs. For an on-shell external
photon, the ward identity is implied. As a result, we apply the relation gye; = 0 for simplifying
the amplitudes, where g3, € are the momentum and the polarization vector of the external photon,
respectively. Kinematic invariant variables involved in the decay processes are included:

=M @=¢=q0=0,
m=¢=@+9)* =299, 93=2q1 9, 923 =29 ¢ (15)

The general one-loop amplitude which obeys the structure of the Lorentz invariance can be
decomposed as follows [36]:

2

Aloop = Z {[qé‘ q; — &"q3 - qili(q1) (Fi ry, Pr + Fk,LmPL)V(qz)}SL" : (16)
k=1

In this equation, all form factors are computed as follows:
.
Fierr = Fk,rLI%R + FIEZ)/(R (17)

for £ = 1,2. Each form factor in (16) will be contributed to by different kind of particles such as
vector bosons V;, charged scalar particles S; and fermions f; exchanging in loop diagrams. These
particles appear in many BSMs, the Feynman rules of which are collected in Table C.1; all their
couplings are generalized as in Table C.2. After using them to write down all one-loop contributions
to the decay amplitudes, the Package-X [37] will be used to contract all Dirac traces in the general
dimension d. The analytic formulas of all one-loop contributions will then be decomposed into one-
loop tensor integrals. In this step, the above tensor reduction method is employed to transform all
tensor integrals into scalar functions included in the form factors Fy ; /z. Finally, they are collected
as functions of the well-known PV scalar coefficients [34,35].

2.2.1. One-loop triangle diagrams
We are going to present the calculation in detail. We first arrive at the contributions of one-loop
triangle diagrams by exchanging vector bosons V;, V; in the loop (seen Fig. 1).
By applying one-loop tensor reduction method in the previous subsection, the form factors are
expressed in terms of PV-functions as follows:
8nvivi & ,L/ov 5
& VIV

32n2M§iM,2,j (¢ — M%? +iTyoMy0)

Trig
Fra'ln = 2
Vi

x { [ngV,gViV,-(MfI + M+ ME) + 280,41,y (M — M%)]BH (M. M}, M)
+ [€0gyay,y, (MF = MF, + 3MP) — 22y 4,5 M3, | BY (M, MP M)

+2M3, | 0gy111, = S04, | Bo MG M M)

+ 280130, | ME B + Boo + 2Boor | (MG, ME M)

+ 4e0g )0y, M7, (3MF, +MF, — %) Co(0, 4%, M7y, MF, MF M)
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Fig. 1. One-loop triangle diagrams with exchanging vector bosons V;; particles in the loop.

+2ngV,?V,-V,- M[%(M% +M12/j - 612) + (4d — 6)M%M% +Mf}i +Mf}j

— M, + MP) | (o2 + Cio) (0,62 MG, M M M7,

+2e0gy0p,, M (M, + M}, — ) + (4d — )M} M}, + 3M;),

— M}, + P MF, - 3M3) ] 200, qz,Mé,M%,M%,M@}, (18)

FTrig _ FTrig L R 19
KR Vil = Fip |ViJ’j(gV,9v,a, e gV,gv,a,)' (19)
We note that the form factors follow the relation Flerif R =F lTrL”‘/g R =T ZT rﬁ > and Fgrliaganj can be

. . . L R . Trig .
obtained directly by replacing gV;?wf)z — gV]?W]_)I in F kL lv;,v; (as shown in Eq. 18).
We next take into account the attributions of one-loop triangle graphs in which a boson V; and two
charged scalar particles S; are internal lines (as shown in Fig. 2). Applying the same procedure, the
form factors read:

ngHViSj ngg ViS; Vkovz o

Trig
F o Cly.s =
k,L j Z 87{2M%(q2 — M;]? + iFV,?MV,?)

Vi.Sj
S (R R 3| RSN VR RNV RYES
2 a2 a2 2002 g2 4s2 ag2

Trig _ Irig L R
Fer Wisy = Fip s @po, 5 = 8poy5)- 2D
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Fig. 2. One-loop triangle diagrams with a vector boson V; and two scalar bosons S; exchanging in the loop.

Fig. 3. One-loop triangle diagrams with two vector bosons V; and a scalar boson ; in the loop.

In addition, we have two vector bosons V; and a charged scalar §; exchanging in one-loop triangle
diagrams (as described as in Fig. 3). In the same manner as the above procedure, the form factors
Fgrﬁ r are presented as functions of PV coefficients:
L
eQgHs,v; 8vosv; gV;?Vﬂ_)l

Trig
F¥s, =Y
kL 19157 2442 (12 _ Af2 ;
57, 1672 M7 (q2 = M3y +iT yoMy0)

x {(M}, — M3+ ME)| Coz + Cia + Co | 0,62, M, M ME M3
2 2 2 2 2 2
+2M@Pb+4%yaq,MﬁJﬁykﬁrM&ﬁ’ (22)

Trig __ o Trig L R
Fk,R |Si’V} - Fk,L |Si’Vj(gV1?vll_)l - gV]?vll_)])' (23)

Further, we also mention the attributions of one-loop bubble and triangle diagrams with both charged
scalar bosons §;, S; in the loop (as depicted in Fig. 4). The result for the form factors FgrLl‘(j r reads

L
08115 8rpss; 8y

Trig
F, 2(,2 2 :
5 44 (g _MVIS + ZFV]?MV]?)

kL lsi.s; =
S;

[sz + Ci2 + Cz]((), qz,Mé,Mé,MéﬁMSzi)’
(24)
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3]
’ v
VVWWWW\ 7

Fig.5. Feynman triangle diagrams with fermion f;/; particles exchanging in the loop.

Trig Trig L
Fk,R |S1',S,' = Fk,L |SiaSj(gV0 ) (25)

R
- > -
Vi1 gV,?vlvl

Lastly, we also have fermions exchanging in the loop of the triangle Feynman diagrams which are

depicted in Fig. 5. The form factors F grﬁ r for fermion f;/; contributions can be expressed as follows:

S oL
Trig leNC gV]?vﬂ)l
Fk,L |fl7]j = Z 202 172 X
167 (q MVO + IFVISMVIS)
k

Sidj
L R L R
x [20m5 4 mp)(Coz + C12) (0, 4% M, il i mid)
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4
o V)
Fig. 6. One-loop box diagrams with V;, V; exchanging in the loop.
+ (my; + 3mp) C2(0, 4%, My, m,mi, mz) + my; Co 0, qZ,Mé,mf.,m;,m,%)]
R L R L
+ (ngiJ? - ngi.ff)(nggfifj - gV;?fU?)
2942 .2 2 2
x [20m; = mp)(Coz + C12) 0, 4% M, il w2 mid)
g = ) Co 0.2, M )+ o0, M ] |
(26)
Trig __ o Trig L R
Fer g = Frp b?:f/(gV,?u,a, - gV,?v;f)l)' 27

2.2.2.  One-loop box diagrams

We turn our attention to all one-loop box Feynman diagrams contributing to the decay processes.
First, one-loop four-point Feynman diagrams having V;, V; in the loop (as described in Fig. 6) are
performed. The form factors F' ]Ez’/‘ g With k& = 1,2 are then given by

L L
e0guviv; &y, &1y,
2002 A2
167 MViMVj

Box _
Fofvy =)

ViV
x {<Mz, + M} +M%_,)[<czz + C12) (0, g1z, My, M, My, M})

+ (Cxp + C12)(Q12,0»MéaM%’M%’M%)]
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+ (M, +3MF, = M})| C2(0, 12, Mfy, M ME M)
+ Ca(q12,0, M3, M7, M3, M3) |
+ (@M}, — 2M7)Ci1(q12,0, My, M3, M M)
+ 2M3,| Co(0, qrz, MG, M3, M3, M) + Colqua, 0, MF, M7 ME M) |
2 2 2 2

+ m}[(Caz + Ciz + C2)(0,0,q13,mf, mi, M)

— (Co2 + Cia + C)(0,0, 13,17, M3, M7 |
+ [ MG+ ME 4+ M) + 2d — HMEME ]

2. 2 2 2 2
X [(D33 +D23)(07anaMH9q127q13le/i:m]9MVj)MVj)

+ (D33 + D23 + D13)(0,0,0, Mjy; g3, q12, My, M7, i, M}})
2. 2 2 2 2
- (D33 +D23)(070a01MH7 q23aq13aMVi>mlam]7MI/})]
o+ [P + 3MF, — M) + 2d — H)ME M} ]
2. 2 2 2 2
x| D3(0,0,0,M%: g1z, i3, M3, mif, M3, M3,)
+D3(0,0,0, Miz; g3, 412, M7, M7, mi, M7)
_D3(090,09M[3;q23,q13:M[%ivm%am]29MI%j):|

+ [2mP M3, = M) — 4ME M3 |D2(0,0,0,MF: g1, 13, M3 mif, M3, M3,)
+2szV [DO(O 0,0 MH,LI12>¢]13,MVI ml,MV’MV,)

+D0(09 0, O5MH;q23, qlz;MVl-)MVi,miaMI%j)

_D0(0>0,0,M[%1;QZ3,QI3;M%:m[2,m12,M%—):|}, (28)

Box Box . L R
|Vz Vv, = |Vz Vj(nglV[ glliilvl’ nglvl - nglv[)’ (29)
B
OXIV v, =F) 2X|I/,>,V<({‘]13,f123} — {g23,4913}), (30)
, J
Box Box L . L R
|Vl Vi = Z,L |Vi’Vj(nglV[ - g]li,-lvl’ nglvl - nglvl)‘ (31)

We find that analytic results for the above form factors are given up to D33-coefficient functions.
The reason for that fact can be explained as follows. Although tensor one-loop box integrals with
rank P > 4 appear in each Feynman diagram in Fig. 6, we find that these terms are cancelled out
after summing all diagrams. Consequently, the amplitudes are only decomposed up to one-loop box
integrals with rank P = 2.

We next consider one-loop box diagrams with V;, S; in the loop. In order to get the symmetry of
F27 Box L / g Which follow the relation

Box

FPPRlvis = Fafirlvs (q13, 923} = 1923, 913}, (32)
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Fig.7. Feynman box diagrams for V;;, S;; in the loop.

we should consider the 6 diagrams shown in Fig. 7 and Fig. 8 together. This is because the coupling
of charged scalar SI-i to /9 (and to /vy) take different forms (seen Table C.2 for more detail).
The form factors F' }3’2’;  are then presented as follows:

R L
eQmy EHVS; 85,108Vl
2042
l6m MV,-

Box _
FEPlvs =D

VisS;
x {(Mf, — ij +M%)[(D33 + D23 +D13)(0,0,O,Mé;(hm6I12,M%,M%’m12>M§,)

— (D33 + D23 + D13)(0,0, O,Mfl;6123,q12,M32j,M§,m12,M5)

— (D33 + D23)(0,0,0, Mj1; q12,q13, M, mi, M, M)

+ (D33 + D23)(0,0,0, M7 g12, 913, M3, m}, My, M)

— (D33 + D23)(0,0,0, M7}; 423,913, M7, mi, i}, M)

— (D33 + D23)(0,0,0, M7 423, 13, M3, i i M) |
+(ME - M2+ 3M§i)[D3(o, 0,0, MP: g3, quo. M3, ME, . M2)

— D3(0,0,0, M7 12,913, M7, mj, M, M§)

- D3(O7 09 O,leaCIZL q13’M%’m12’m%’M52})]
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\\l A

Fig.8. Feynman box diagrams for V;;, S;; in the loop.

+ My — MG — M)[ D3 (0,0,0, M7 12, g3, M3, m?, M, M)
— D3(0,0,0,M; 423, q12, M3, M3, mj, M)
— D3(0,0,0, M3 923,13, M3, mif, m?, M7, |
+ 2M3, [ Do(0,0,0, M7 423, 412, M, M7, i M)
— Dy (0,0, O,Mfl;%m6113,M%,m12,m%,M§j)
— (D2 + Do)(0,0,0, M7z 12, 413, M7, mj, Mg, M§)
— D2(0,0,0, M7 quz, 13, M3, mi, M7, M3) |
=3[(Caz + Ciz + Co)(0,0, 13, m1f, mi, M)
+(Co2 + Ciz + C(0,0,q13,m, M3, M3) |
+ (Cx2 + Ciz + C2)(0,0,q13,m}, mj, M)
— (Cx2 + C12 + 6)(O0, O,qls,m%,M%,.,Mi.)},

Box

Box R
|Vz, Fl ,L |Vi,S‘(gS‘lv[ gélvl’glL/,lvl gV,lv;

Box
|VI’S = FZL |VlaS (gSlvl gSL’lvl’gIL/lvl ngv;
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Fig.9. Feynman box diagrams for S;; in the loop.

In the SM limit, we observe that these contributions are much smaller than other contributions
because of the appearance of the factor m;/My, in Eq. (33). This means that we can only take the
T-lepton contributions for these form factors. However, in many BSMs, where new heavy charged
leptons with mg, > m; appear in the loop, these contributions may be significant. For this case, the
form factors are obtained directly by replacing / by E;. We finally end up with the contributions of
one-loop box diagrams with charged scalar bosons S;, S; in the loop (see Fig. 9). The corresponding
form factors read:

R R
eQgrs;s; 851, 88,1,

Box _
Fl,L |Si,Sj = E 8772
Si,Sj

X {(D33 + Da3 + D3)(0,0,0, M7 412,413, M3, mj, M3, M3))

+ (D33 + D23 + D13 + D3)(0,0, O,Mé;q23,6112,M52,.,M52,.,m12,M§)

+ (D33 + D23 + D3)(0,0, o,M,%;qzs,qls,Mé,m%,m%,M§j>}, (36)

B B R L . R L
Fl,??X|Si;Sj = F1,2X|Si,Sj(gS,~lvl = 8siv> 8silyy gsjlu,), (37)
Fof¥ls.s; = FL9¥Isi.s; (1913, 923} = {q23,q13)), (38)
FYR1ss = For 15,5, @Sy = 85ius 85w = &5i)- (39)
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In Appendix A, we prove analytically and check numerically the UV finiteness of the results. We
find that the UV-divergent parts of all the above form factors come from all B-functions and the C»;-,
C12- and C;-functions, while Cy-, Do- D;- and D;;-functions are UV-finite. We prove that the sum of
all B-functions gives a UV-finite result (see Appendix A for more detail). Furthermore, C,-functions
are reduced to two Bo-functions and their UV-divergent parts are cancelled out. Lastly, the remaining
functions Cy; and C1, always appear together as the form of Cy; + Cy3 in all the form factors. They
are also UV-finite in the limit of d — 4.

All the above form factors are also checked numerically by verifying the UV finiteness of the
results. We find that the results are in good stability when varying UV cutoff parameters. We refer
numerical results for this check in Appendix A.

Having the correct form factors for the decay processes, the decay width is given by [36]:

ar — qn
dqi2 dqiz  51273M3

(A5 UFLRR + 1F2r® + Gy(F P + P P] (40)

Taking the above integrand over ¢, and ¢13 in the region 0 < g7 < Mfl and 0 < g3 < Mé —q12,
one gets the total decay width. In the next subsection, we show a typical example where we apply
the analytic results for H — v;v;y in SM. Phenomenological results for these decay channels is also
studied using updated parameters at the LHC.

2.2.3.  Standard model case
In this case, we have V;, V; — wt w-, V]? — Z. All couplings are replaced by gHVV; = eMy/

Sw, 8oy, = € cw/sw, roary; = e cw/sw, gIL/,Su,u, = e/Q2swew), glli,?vzvz =0, gfm. =
R _ L _ S 2 R _ L _

ngU? =e€ mf/(ZSW My), gV;?fiﬁ = e(T3 - Qf Sw)/(SW cw), gV;?fzﬁ = _leSW/CWa vy =
e/(v/2 sy) and gﬁ_ = 0. Analytic results for the case of m; — 0 are presented as follows:

2
Trig, SM o

F p—vl
L lww 4M3, 53, (4> — M2 + iTz M)

X {[Mf[(23111 + 3B11 + B1) + 2By +43001](M13,M§V,MVZV)

+ [4MEMG, — 2M g + 8(d — DM}, — aMFg?|

x [sz Y Cia o+ C2](0, P M3 M2 M3, ME)

+ 4ME (4ME, — ¢*)Co(0, 4%, M7y, M3, M3, M) (41)

-

azm}N{ij
2¢%, 53 My (q* — M2 + iT 7M7)

Trig, SM _
F 1L lrr=-

(2055 1)

x {co<0, s My, mz,m7, mf) + 4[C22 +Cin+ cz]<o, qZ,Mé,m},m},m})}.

(42)
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We also have Fgr;eg’ SM| wow = Fgrlieg’ M lr; = 0 for k = 1,2 due to the fact that all couplings g.].a. are

absent from the SM. For one-loop box diagrams, the form factors read

2

FROSMy, = %{ (MG, + 2M7) [ (€2 + Ciz + C)(O, g2, M7y, My, My, M)
2My sy
+ (C+Ci2 + Cz)(éhz,O,Mf],MVZV,Msz,Msz)]
+2(d = DMy | (D33 + D) (00,0, M7y 12, 133 My 0, M3y M3y)
+ (D33 + D23)(0,0,0, Mf: 23, q13; M, 0,0, M)
+ (D33 + D33 + Di3)(0,0,0, M3 423,123 Miy, M, 0,M3) |
+2(d = M} D3(0,0,0. M7 12, qusi My, 0, My M)
+ D3(0,0,0, M7 23, q12; M3, M3, 0, M3,)
+ D3(0,0,0, M 423, 4133 M7, 0,0, M) |
n 4M§V[Co(0, 12, M3, M2, M5, M3)
— Mj;D1(0,0, o,M,%;qlz,qn;MﬁV,o,MEV,Mﬁy)]},
(43)
Fizx’ SMIW,W = FEEX’ My (q13, 923} = {923,913 » (44)
FE?gx’ My = FE}’{" My = 0. (45)

For phenomenological results, we use following input parameters: Mz = 91.1876 GeV, 'z = 2.4952
GeV, My = 80.379 GeV, My = 125.1 GeV, m; = 1.77686 GeV, m; = 172.76 GeV, m;, = 4.18
GeV, mg = 0.93 GeV and m, = 1.27 GeV. We first confirm the previous result in Ref. [13] in which
the decay width is computed in «-scheme, or « = 1/137.035999084. By working in this scheme,
the decay width (for / = e) is obtained as I'y,,5,, = 0.480414 KeV. This value gives a good
agreement with the result in Ref. [13].

At the LHC, the decay processes are involved two kind of events: (i) in the case where a photon is
undetected, we then have Higgs decay to invisible particles; (ii) for a detected photon, we observe
the Higgs decay to a photon plus missing energy. The former events provide important information
for controlling the SM background for H — yy and H — Zy where Z may decay to undetected
leptons, etc. The latter events are interesting for searching dark matter at the LHC. Both events are
examined in this paper using the present parameters at the LHC. In this computation, we work in the
Gr-scheme in which « is evaluated from Gr = 1.1663787 x 10> GeV 2. The result reads

-1 s
o l=— — _—132.184. (46)
V2GpM3, 53,

The following new results for decay widths are obtained:

i
TS, = 0536234 KeV, (47)
THY 5y = 0.554933 KeV. (48)
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Fig. 10. Differential decay width is plotted as function of invariant mass of m,,, .

Table 1. Decay widths in the case of photon that can be tested.

I [KeVIES [GeV] 5 30 50
I 0.536232  0.188952 0.00529925
rpe 0.554931  0.20927  0.00993683

We realize that the attributions of |F ,?;’LX( R)|2 are much smaller than those of the other terms. The
differential decay width is also plotted as function of the invariant mass m,,;, (or my5, = /q12).
The distribution is defined in the form of

2 2
My _2m"l‘71

3
[ dan[asFal + o) + By(FaP + 2] @)
0

dr _ My
dmvlﬁ[ 5 127T3M]§I

The distribution is shown in Fig. 10. The solid line shows the total contributions, while the dashed
line represents the interference between three-point diagrams and box diagrams. We observe a peak
of Z* — v;v; which is around M. In the region m,; < Mz, the contributions of box diagrams are
visible, while they give a small contribution beyond the peak. We are also interested in the case of a
photon that can be tested at the colliders. In this case, one should apply the energy cuts for the final
photon. The results are shown with different cuts for photons in Table 1. The results are important
and should be taken into account at the HL-LHC and future colliders.

We note that all numerical results shown in this subsection are for a family of neutrinos in the final
state. For all neutrinos, we multiply by a factor 3 for all above results.

2.2.4. Two Higgs Doublet Model case

We next consider the case of the THDM [18]. We devote Appendix B to reviewing the model,
and derive all couplings involving the decay channels. Applying the calculation to this model,
we have V,V; — wt o w—, V]? — Z and §;,S; — H*. All related couplings gHYV,

QM /V)S(B-a)» gHSS; = —(1/\/)[(2142 — 2Mpy+ — Mfl?)S(ﬁ—a) +2(u* - Mfllo)COQﬁ C(ﬁ—a)],
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grvis; = Mw [v)e(g—a), asi5; = CMw [v)sw = e, 8yos;s; = Mz /v)eaw, gém = gfm ==

Af, gé o, = Yr and g{gi v, = Yu,. Putting these couplings and masses of charged Higgs in to the
above results, we can derive one-loop formulas for the form factors of the decay processes in THDM.
For phenomenological analysis, one should combine this calculation with the current measurements
at the LHC, for examples the data on H — yy, Zy, H — ff, etc. These topics are beyond the
scope of the current paper. We will devote our future paper to the phenomenological analysis of the
decay channels in THDM and many BSMs.

3. Conclusions

We have presented analytic formulas for all possible one-loop contributions to the SM-like Higgs
decay H — v;vyy that are valid in many BSMs. Additional vector bosons, charged fermions and
charged (and also neutral) scalar particles exchanging in the loop diagrams have been considered in
this computation. We also conclude that the evaluations can be extended directly for general numbers
of the extra neutrinos in final states. Analytic results are expressed in a general form, written in terms
of Passarino—Veltman scalar functions that can be evaluated numerically using LoopTools. The
computations have been checked numerically by verifying UV finiteness of the results. We find that
the results are in good stability when varying UV cutoff parameters. We then apply the results to the
SM and the decay widths are generated and cross-checked with previous computations. All physical
results for the decay channels within SM have been studied with the present input parameters at
the LHC. Furthermore, the calculation has also been applied successfully to THDM. As the outlook
beyond this work, we plan to apply the computation for the phenomenological analysis in many
BSMs.
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Appendix A. Checks for the calculations

We check for the UV finiteness of the results in order to understand how the UV cutoff (Cyy = 1/¢)
parameter can be cancelled out from the final results. We take the results in Eq. (18) as an example.
In the SM V,? =ZandV;=V; = W+, we then have the relation gzav;v; = eQgzy,v; (A represents
the photon) because of the condition that the gauge symmetry breaks to quantum electrodynamic
(QED) at the final stage. In many BSMs, there may exist a relation between the couplings of photons
and other gauge bosons:

Evoany, = ngV,?V,-Vj' (A.1)
We first reduce all PV-functions in (18) to scalar one-loop integrals as follows:

Bi (M, My, M7,) =
1

~ W[AO(M%) — Ag(M}) + (M}, — M}, — M) BoM7y, M3, 07, . (A2)
H
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Boo(M%, M2, M%) = -
VR TV M2 (d - 1)
X {(Mé +M,2,j - M,Z,i)Ao(Mlz,j) + (M7 — M% +M,2,l,)A0(M,2,i)
— [ M = 2MFME + ME) + (M, - M%)Z]BO(M}%,M%,M%)},
(A3)
1

Biy(M3A M2 M2y = ———
(Mg, My, M) AMA(d — 1)

x {[d(M}, + M} — ME)? 4M12{M%]BO(M£I,M%,M%)
2 2 2 2 2 2 2 2
— d(M}; + M}, — M3)Ao(M3) + [(3d — MY +d(M}, — M,/l_)]AO(MVi)}, (A.4)

1

Boot (M3, M M?) = —F———
TPV 8 Mt d(d — 1)

6 4 2 2
{d[MH — My (M2 +3M3)
— ME(M}, +2ME ME —3M3) + (4} —M,Z,i)z‘]Bo(MfI,M%,M%)
- {4M£,M5j + d[M;}, — 2ME(ME, + ME) + (ME, — M%)2]}A0(M5j)

+ {4}, - a| My + avag, — o — m3)? | Lao) } (A.5)

1
8M5d(1 —d)

Bin(Mjy, My, M7) =
x {(Mf, + My, — M%){d(d +2) [M;‘, — 2MjMy, + (M, — M%)Z]
+2d(d — HMEM?, }Bo (M} M3 M3)
— > (MF; + M}, — M})* + 8MjM7,

+ 2d[M1‘_‘1 —2ME(ME + M) + (ME, — M%)Z]}AO(M%)

+ {sm2m? + d2[3M;‘, + @M} + M}, — M}, )2]
— 2d[5M,§‘, +2ME (MR + ME) — (ME - M, )2] }AO(M%_ )}. (A.6)
For C-functions, we also have

C2(0, 4%, My, Mj:, M, M}) =

1
C2MEPA(ME — g?)

{M,ﬁ,(M%_ — M}, + 4")Bo(q*, M}, M)
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+q* (M7, — M7, — Mip)Bo(Mj, My, M7) + (4% — Mf,)[AO(M%) - AO(M%)] }

(A7)
1
2¢2(M7 — ¢»)*(d — 2)

C12(0, 4%, My, Mj:, My, M}) =

x {[a’ PMF, — M}, — ) + 46" — (d = DMEME, — MP, — P |Bot®, M3, M7,)
+ 27 (M, = M, — ME)Bo(MF, M3, M3) + (d = 2) (M — g [ 403,) — Ao (M) ]
+4M}q*(q* — M Co(O, qz,Mé,M%,M@,M%)}, (A.8)

1
2 a2 g2 a2 g2 2 a2 g2 2 a2 ag2
C2(0. 4% My, M} MP M}) = W[BO(MH,MVJ_,MVZ_) B MEMP)|. (A9)
Finally, we present the results in terms of 49, By and Cy. We know that Cy functions are UV-finite,
while UV-divergent parts of Ay and By are proportional to Cyyy = 1/¢ in the limit of ¢ — 0 [34] (or
d — 4). We find that the sum of all coefficients of Cyyp will be 0 in the limit of d — 4. As a result,
the form factors are UV-finite. In the SM, using the above reduction formulas, the results in Eq. (41)
become

2
Trig, SM o

F =
L = R G d = DM — PR — M2 + M)

x {[M,%,(zMVZV — ) +aMbd—1) - 2M§Vq2]

x [ (MA@ =) + @ = d)g? ) BoMF, My Miy) + 24*Bo(q®, My, M) |

+AM3 (MP — qz)[2M5V(Mf1 —P)2d —5) — 4Mbd — 1)

+gtd —2) — M3gP(d — 3)]60(0, qz,M,g,MgV,MgV,MgV)}.
(A.10)
In the limit of d — 4, we observe that the term
— 2¢°Bo(M7, M3, M?,) + 2¢°Bo(q*, M7, M) — UV-finite. (A.11)

Furthermore, in all other form factors the UV-divergent parts may come from C,, C>; and C1;. From
the reduction formula (A.9), we verify that C, is UV finite when d — 4. The remaining functions
are also UV finite. Taking C»; as an example, we have

Y Cn(0,¢°, My, M, My, M}) =
viv;
1
= M2¢2Bo(q?, M2, M2) — * M2 Bo(M%, M%, M2 } A12
Méqz(Mé—qz){ 1149 Bo(q v 7)) — a4 " MgBo(Mp; 7 ) ( )

When d — 4, the above term will be UV-finite. Since D-functions are also UV-finite. Therefore, we
conclude that all the form factors are also UV-finite in the limit od d — 4.
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Table A.1. Numerical checks for F| %], .

Diagrams/(Cyy, u?) 0, 1)

(10°,107)

Ist 5.684478386592405 x 1078

+7.556282593901243 x 1078

2nd 5.684478386592405 x 1078

+7.556282593901243 x 1078

3rd —6.951714952517838 x 1078
—9.24079908850924 x 1078

Sum 4.417241820666968 x 1078
+5.871766099293248 x 1073 i

—0.0004193697635384515
—0.0005574612531042949 i

—0.0004193697635384515
—0.0005574612531042948 i

0.00083878369949511
+0.0011149812238695827 i

4.417241820666968 x 1078

+5.871766099293248 x 1078

Table A.2. Numerical checks for F FL‘”‘ |

Diagrams/(Cyy, u?) 0,1) (10°,107)

Ist —3.114167099931247 x 1071°  —3.114167099931247 x 10710
2nd 6.440660243424821 x 10710 6.440660243424821 x 10710
3rd —9.02406987251144 x 101! —9.02406987251144 x 10!
Sum 2.424086156242413 x 10710 2.424086156242413 x 10710

Numerical checks for the computations are performed for all the above form factors. The results

must be independent of UV cutoff and u? parameters. To demonstrate, we take the form factors

F szlgl ww and F 1BL°X| ww , which appear as high rank tensor one-loop integrals in the amplitude, as

typical examples. Numerical results are presented at an arbitrary sampling point in the physical
region. (see Tables A.1, A.2 for more detail).

Appendix B. Review of the Two Higgs Doublet Model

We review briefly the THDM which is broken softly Z,-symmetry. We base this review on Ref. [18].
There are two scalar doublets @1, ®, with hypercharge ¥ = 1/2. Parts of the Lagrangian which are
different from that of SM are written as

L=Lk+Ly—V(P, ), (B.1)

where L is the kinematic term, Ly is for the Yukawa part, and V' (1, ®,) is the Higgs potential.
The kinematic term is given as

(D oy), (B.2)

with Dy, = 8, —igT“ W —i (g'/2)B,,. The Higgs potential which is broken Z,-symmetry is expressed
as

1 1 Al 2 /e \2
V(®1,@2) = 3m @] @1 — (O] ©2 + @) + Smd, @102 + T (0]@1) + 3 (0] 02)
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+ 23 (@) (@102) + 14 (@] @) (@01 ) + % [(cﬂ@z)z + (cbfcbz)z] (B.3)

Here m%z plays the role of the soft broken scale of the Z,-symmetry. The two scalar doublet fields
can be parameterized as follows:

o o
O=|vit+tm+i& |, Pr=|vn+tm+i& | (B4)
V2 V2
From the stationary conditions for the Higgs potential, we get
2
2 Ve M g Asas o
2
2 2Vi A2 o Ad4s 5
My — Wy + DA + S V= 0, (B.6)

where v2 = v% + v% is fixed at the electroweak scale v = (v2Gr)~1/? = 246 GeV and ,u2 =
(vz/vlvz)m%T The mixing angle is defined as 15 = tan B = v, /v1, A345 = A3 + A4 + As. The mass
terms of the Higgs potential Vi,s can be expressed as:

ot e [0 0 N ) 1 0 0\ (&
Viass = (@7, ¢3)Rp (o Mfﬁ)Rﬁ <¢2+>+2(51,52)R,3 (o Mj)Rﬁ <§2>

2

1 MHO 0 1{m

+ _(7715 772)R 2 R_ s (B7)
2 l o Mé{) B \m

where the diagonalized matrix of neutral mass is diag(M I%”M 1310) = RaMzRg with (Mz),-j =

3%V /(39 n;). The mass eigenstates can then be expressed as follows:

G* _ p—1 d’fr GO_—l £1 H20_—1 -1 (M
(H)‘Rﬂ (dﬁ)’ (A “le) )RS ) O
_ [ s S8 [ Ca S«
Rﬁ_<_sﬂ cﬂ>, Ra—<_sa cg), (B.9)

and with —7/2 < a < 7/2. On this basis, G* and GO are massless Goldstone bosons which will

where

become the longitudinal polarization of W and Z° in the unitary gauge. The remaining terms H*, 4
and H {) , are charged Higgs bosons, a CP-odd Higgs boson and CP-even Higgs bosons, respectively.
Their masses are given by

2

M = 14> = (s + s), (B.10)

M3 = pu? —v?as, (B.11)
Mé? = 2 M3, = 2s5ca M2, + 2 M3, (B.12)
Még = M| + 254ca M2y + 2 M3, (B.13)
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Table B.1. All the couplings involving the decay processes H — v;v;y.

Vertices Couplings
M2

[_1101/1/;1L in i Ws(ﬂ*a)glw

0 £ T My
HY(p)H= (@)W ] Fi—C-0 @ —Du

Lo My
HY(p)H™ ()4, == @—Du

+ _ M,
H OH )2, “Lew (0= @

0ry+py— i 2 2 2 2
HHYH ;[(m — My = M)sis- + 204% = Mip)cot2B c(ﬁ_a)]

For the Higgs potential in Eq. (B.3) and the stationary conditions in Eq. (B.5), we have 7 parameters,
which are

{?»1,2,3,4,5,%”1%2}- (B.14)
These parameters are equivalent to
{M[%H,Mj,Mé{),Még,a,tﬁ,m%z}. (B.15)

These parameters will be used for phenomenological analysis. From the Higgs potential and kine-
matic term, we derive all the related couplings involving the decay processes H — v;v;y in this
paper. Without loss of generality, we can consider the lightest Higgs boson H 10 as the SM like-Higgs
boson. All the couplings are shown in Table B.1. For the Yukawa part, we refer the reader to Ref.
[18] for more details. Depending on the types of THDMs, we then have the couplings of scalar fields
and fermions. In this appendix, we mention the effective Lagrangian, which is the interactions of
neutral Higgs (charged Higgs) with fermions. Taking t-lepton and v; as an example, we have the
interaction terms

Lyyore = T (AfPL+ATPR) THY, (B.16)
Liptey, = T (YePr + Yy PR) veHY + vy (Yo, P+ Yo PR) TH ™. (B.17)

It is noted that we are not going to present the explicit forms for the above couplings. They will be
written explicitly in phenomenological analysis that will form our future works.

Appendix C. Feynman rules

In this appendix, Feynman rules for the decay channels H — v;v;y are presented for the most general
extension of the SM, considering all possible contributions of additional heavy vector gauge bosons,
fermions, and charged (and also neutral) scalar particles appearing in the loop diagrams. In this
computation, V;, V; represents extra charged gauge bosons, V,? is for neutral gauge bosons, S;, S]-(S?)
are charged (neutral) Higgs bosons and f;, f; are used for fermions. The propagators involving the
decay processes in the unitary gauge are shown in Table C.1.
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Table C.1. Feynman rules involving the decay in unitary gauge.

Particle types Propagators
. +m

Fermions f i k L 5

k2 — my

—i Py’
Gauge boson V; —_— | " —
“g P (s M )
—i pp’
Gauge boson mY
s ¢ Pz_M,30+iFV]?MV,? £ Méo)

k

1
P> = M5 (M)

k
Charged (neutral) scalar bosons S;(S})

In the most general extension of the SM, the full Lagrangian contains the following parts:
L=Lr+Lc+ Lo+ Ly. (C.1)
Where the fermion sector is given as
Ly = Yrilbyy (C.2)

with D), = 9, — igl*V; + - - -. In this formula, 7 is a generator of gauge symmetry. The gauge
sector is expressed as

1 a y7a,uv
EG:_‘_‘Xa:VwV Foen (C.3)

where Vi, = 0,V — V) +gf abe Vl[j Vv with f abe is the structure constant of the corresponding
gauge group. The Higgs sector is described as follows:

Lo=Y Tr(D.®) (D'®)] - V(). (C4)
]

From the full Lagrangian, we then derive all the couplings. The structure of the couplings are
explained by following.

© By expanding the fermion sector, we can derive the vertices of vector boson V* with fermions.
In detail, the interaction terms are parameterized as

Lyp =Y fiv"@hyPL+ gy PRf Vi + - (C.5)
iV

© Trilinear gauge and quartic gauge couplings are extracted from the gauge sector:

Loy = 3 sypn BRIV A VIO Vit ]
ViV

0 0
+ > gV,?V,OV,-V,-[Vk,M/z,vViMVjv +] T (C.6)
ViVl
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Table C.2. All couplings involving the decay processes in the unitary gauge.

Vertices Couplings

H-fif —i (ggijL +g,’§fi0PR)
A" fi - f; ieQry"

v f -f iy”(gﬁ]?%PL +g§£ﬁ6_PR>
VT i7" (b, Pr + 881, Pr)
Si-l-v ig5,1,PL + 85,1, Pr

Sk 19, ig§ 1, Pr + 16,5, Pr
H-Vi-v 18y, 8"

H-S;-S; —1 ghs;s;

Hp) -V} -Si(q) iguys; (0 — Q"

A" -5%(p) - 57%q) ieQ (p — q)*

Ve Sip) - Si(g) igy0s5, (P — 9"

V/?M' Vs gV,?I/isjgw

V) Vi) -V (ps) ~i gy, T (P1.p2,p3)
A ) - VE (p2) - V% (p) —ieQ T"*(p1,pa, ps)
veroarve vl —igy04,y, S

© We can derive the couplings of the scalar S to fermions from the Yukawa part Ly . The interaction
term is presented as follows:

Lspr = Y fighyPL+ g8 PRSS + -+ . (C.7)
Sl

© From the kinematic term of the Higgs sector, one can derive the coupling of the scalar S to the
vector boson V. In detail, we have the interaction terms

Lsyyssvssir = Y &SV Vip+ Y gssrl0uS)S) — (9,5)Si17"
S.Vi,V; Si.85.V

+ > gssnnSSVE Vit (C3)
Si»S, VeV
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© Finally, the trilinear scalar and quartic scalar interactions are from the Higgs potential V' (®):

Lsssssss = Y gsssSiSiSk+ D &ss50.5SiSiSkSi + -+ (C.9)
Si5S75Sk Si3S75Sk 51

All the related couplings involving the decay channels are parameterized in general forms which are
presented in Table C.2 (also see Appendix B for a typical example). We use Pr/p = (1 F y5)/2,

T (p1,pa.p3) = g (1 — p2)* + g (p2 — p3)* + g™ (p3 — p1)” and SH*F = 2gHvg®f —
ghogP — gtPgv® and O denotes the electric charge of the gauge bosons ViQ and charged Higgs
bosons €.

References

[1] A. Liss and J. Nielsen [ATLAS Collaboration], arXiv:1307.7292 [hep-ex] [Search INSPIRE].
[2] CMS Collaboration, arXiv:1307.7135 [hep-ex] [Search INSPIRE].
[3] H. Baer etal., arXiv:1306.6352 [hep-ph] [Search INSPIRE].
[4] A. M. Sirunyan et al. [CMS Collaboration], Phys. Lett. B 793, 520 (2019).
[5] M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. Lett. 122, 231801 (2019).
[6] M. Aaboud et al. [ATLAS Collaboration], Phys. Lett. B 793, 499 (2019).
[7] V.S. Ngairangbam, A. Bhardwaj, P. Konar, and A. K. Nayak, Eur. Phys. J. C 80, 1055 (2020).
[8] G.Aadetal. [ATLAS Collaboration], Eur. Phys. J. C 72, 1844 (2012).
[9] G. Bélanger, B. Dumont, U. Ellwanger, J. F. Gunion, and S. Kraml, Phys. Lett. B 723, 340 (2013).
[10] M. Heikinheimo, K. Tuominen, and J. Virkajarvi, J. High Energy Phys. 1207, 117 (2012).
[11] A. M. Sirunyan et al. [CMS Collaboration], J. High Energy Phys. 1910, 139 (2019).
[12] A. M. Sirunyan et al. [CMS Collaboration], J. High Energy Phys. 2103, 011 (2021).
[13] Y. Sun and D.-N. Gao, Phys. Rev. D 89, 017301 (2014).
[14] J.F. Kamenik and C. Smith, Phys. Rev. D 85, 093017 (2012).
[15] H. Davoudiasl, H.-S. Lee, I. Lewis, and W. J. Marciano, Phys. Rev. D 88, 015022 (2013).
[16] D. Curtin, et al. Phys. Rev. D 90, 075004 (2014).
[17] C. Petersson, A. Romagnoni, and R. Torre, J. High Energy Phys. 1210, 016 (2012).
[18] G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher, and J. P. Silva, Phys. Rept.
516, 1 (2012).
[19] J.C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); 11, 703 (1975) [erratum].
[20] R.N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975).
[21] G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975).
[22] M. Singer, J. W. F. Valle, and J. Schechter, Phys. Rev. D 22, 738 (1980).
[23] J. W.F. Valle and M. Singer, Phys. Rev. D 28, 540 (1983).
[24] F. Pisano and V. Pleitez, Phys. Rev. D 46, 410 (1992).
[25] P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992).
[26] R. A. Diaz, R. Martinez, and F. Ochoa, Phys. Rev. D 72, 035018 (2005).
[27] R. M. Fonseca and M. Hirsch, J. High Energy Phys. 1608, 003 (2016).
[28] R.Foot, H. N. Long, and T. A. Tran, Phys. Rev. D 50, R34(R) (1994).
[29] L. A. Sanchez, F. A. Pérez, and W. A. Ponce, Eur. Phys. J. C 35, 259 (2004) [arXiv:hep-ph/0404005]
[Search INSPIRE].
[30] W. A. Ponce and L. A. Sanchez, Mod. Phys. Lett. A 22, 435 (2007) [arXiv:hep-ph/0607175] [Search
INSPIRE].
[31] Riazuddin and Fayyazuddin, Eur. Phys. J. C 56, 389 (2008) [arXiv:0803.4267 [hep-ph]] [Search
INSPIRE].
[32] A.Jaramillo and L. A. Sanchez, Phys. Rev. D 84, 115001 (2011) [arXiv:1110.3363 [hep-ph]] [Search
INSPIRE].
[33] H.N. Long, L. T. Hue, and D. V. Loi, Phys. Rev. D 94, 015007 (2016) [arXiv:1605.07835 [hep-ph]]
[Search INSPIRE].
[34] A. Denner and S. Dittmaier, Nucl. Phys. B 734, 62 (2006).
[35] T. Hahn and M. Pérez-Victoria, Comput. Phys. Commun. 118, 153 (1999).
[36] A.Kachanovich, U. Nierste, and I. Nisandzi¢, Phys. Rev. D 101, 073003 (2020).
[37] H. H. Patel, Comput. Phys. Commun. 197, 276 (2015).

24/24

1202 18qo10Q Gz uo 1senb Aq 06518€9/209€01/01/1Z0Z/810ne/de1d/woo dno-olwepeoe//:sdjy wolj pspeojumoq


http://www.arxiv.org/abs/1307.7292
http://www.inspirehep.net/search?p=find+EPRINT+1307.7292
http://www.inspirehep.net/search?p=find+EPRINT+1307.7292
http://www.arxiv.org/abs/1307.7135
http://www.inspirehep.net/search?p=find+EPRINT+1307.7135
http://www.inspirehep.net/search?p=find+EPRINT+1307.7135
http://www.arxiv.org/abs/1306.6352
http://www.inspirehep.net/search?p=find+EPRINT+1306.6352
http://www.inspirehep.net/search?p=find+EPRINT+1306.6352
http://doi.org/10.1016/j.physletb.2019.04.025
https://doi.org/10.1103/PhysRevLett.122.231801
http://doi.org/10.1016/j.physletb.2019.04.024
http://doi.org/10.1140/epjc/s10052-020-08629-w
http://doi.org/10.1140/epjc/s10052-011-1844-6
http://doi.org/10.1016/j.physletb.2013.05.024
http://doi.org/10.1007/JHEP07(2012)117
https://doi.org/10.1007/JHEP10(2019)139
http://doi.org/10.1007/JHEP03(2021)011
http://doi.org/10.1103/PhysRevD.89.017301
http://doi.org/10.1103/PhysRevD.85.093017
http://doi.org/10.1103/PhysRevD.88.015022
https://doi.org/10.1103/PhysRevD.90.075004
http://doi.org/10.1007/JHEP10(2012)016
http://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1103/PhysRevD.10.275
https://doi.org/10.1103/PhysRevD.11.703.2
http://doi.org/10.1103/PhysRevD.11.2558
http://doi.org/10.1103/PhysRevD.12.1502
http://doi.org/10.1103/PhysRevD.22.738
http://doi.org/10.1103/PhysRevD.28.540
http://doi.org/10.1103/PhysRevD.46.410
http://doi.org/10.1103/PhysRevLett.69.2889
http://doi.org/10.1103/PhysRevD.72.035018
http://doi.org/10.1007/JHEP08(2016)003
http://doi.org/10.1103/PhysRevD.50.R34
https://doi.org/10.1140/epjc/s2004-01851-0
http://www.arxiv.org/abs/hep-ph/0404005
http://www.inspirehep.net/search?p=find+EPRINT+hep-ph/0404005
http://www.inspirehep.net/search?p=find+EPRINT+hep-ph/0404005
https://doi.org/10.1142/S0217732307021275
http://www.arxiv.org/abs/hep-ph/0607175
http://www.inspirehep.net/search?p=find+EPRINT+hep-ph/0607175
http://www.inspirehep.net/search?p=find+EPRINT+hep-ph/0607175
https://doi.org/10.1140/epjc/s10052-008-0665-8
http://www.arxiv.org/abs/0803.4267
http://www.inspirehep.net/search?p=find+EPRINT+0803.4267
http://www.inspirehep.net/search?p=find+EPRINT+0803.4267
https://doi.org/10.1103/PhysRevD.84.115001
http://www.arxiv.org/abs/1110.3363
http://www.inspirehep.net/search?p=find+EPRINT+1110.3363
http://www.inspirehep.net/search?p=find+EPRINT+1110.3363
http://doi.org/10.1103/PhysRevD.94.015007
http://www.arxiv.org/abs/1605.07835
http://www.inspirehep.net/search?p=find+EPRINT+1605.07835
http://www.inspirehep.net/search?p=find+EPRINT+1605.07835
http://doi.org/10.1016/j.nuclphysb.2005.11.007
http://doi.org/10.1016/S0010-4655(98)00173-8
https://doi.org/10.1103/PhysRevD.101.073003
http://doi.org/10.1016/j.cpc.2015.08.017

