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Abstract: In this paper, we present analytical results for one-loop contributions to the decay processes H — Zv;v;
(for I = e,u, 7). The calculations are performed within the Standard Model framework in the 't Hooft-Veltman gauge.
One-loop form factors are then written in terms of scalar one-loop functions in the standard notations of LoopTools.
As a result, one-loop decay rates for the decay channels can be evaluated numerically by using the package. Further-
more, we analyze the signals of H — Zv;y; via the production processes e~ et — ZH* — Z(H* — Zv;v;), including
the initial beam polarizations at future lepton colliders. The Standard Model backgrounds, such as the processes
e"et - vvjZZ, are also examined in this study. Numerical results indicate that one-loop corrections make contribu-
tions of approximately 10% to the decay rates. These are sizeable contributions and should be taken into account at
future colliders. We show that the signals H — Zv;¥; are clearly visible at the center-of-mass energy +/s =250 GeV
and are difficult to probe in higher-energy regions owing to the dominant backgrounds.
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I. INTRODUCTION

After the discovery of the Standard-Model-like (SM-
like) Higgs boson at the Large Hadron Collider (LHC) [1,
2], the high-precision measurements of the properties of
the SM-like Higgs boson are the most important tasks at
the High-Luminosity LHC (HL-LHC) [3, 4] and future
lepton colliders [5]. In other words, all Higgs produc-
tions and their decay channels should be probed as pre-
cisely as possible at future colliders. From these data, we
can verify the SM in higher-energy regions and extract
new physics. Among the Higgs decay channels, H —
Zviy; with [ =e,u,t are of interest with regard to several
aspects. First, if one considers Z — v;¥; in the final state,
the decay processes correspond to H — invisible
particles, which have recently studied at the LHC [6]. The
search for invisible Higgs-boson decays play a key role in
explaining the existence of dark matter. Furthermore, the
decay channels contribute to the H — lepton pair plus
missing energy when the Z — lepton pair is concerned in
the final state. These contributions are also useful for pre-
cisely evaluating the SM backgrounds for the decay rates
of the H — lepton pair in the final state. For the above
reasons, the precise decay rates for H — Zv,v; can provide

an important tool for testing the SM at higher-energy
scales and for probing new physics.

One-loop contributions to H — Zv;v; were computed
in [7], and those for H — 4 fermions were presented in
[8—10]. In this study, we evaluate the one-loop contribu-
tions for the decay processes H — Zv;v; for [ =e,u,7 in
the 't Hooft-Veltman gauge. In comparison with the pre-
vious calculations, we perform this computation with the
following advantages. First, we focus on the analytical
calculations for the decay channels and show a clear ana-
Iytical structure for the one-loop amplitude of H — Zv;;.
As a result, we can explain and extract the dominant con-
tributions to the decay widths when these are necessary
(the dominant contributions are from Z-pole diagrams or
the diagrams of H — ZZ* — Zv;¥; in the decay channels,
as we show in later sections). Furthermore, off-shell
Higgs decays are valid in our work. In addition, one can
generalize the couplings of Nambu-Goldstone bosons
with Higgs bosons, gauge bosons, etc., as shown in our
previous work [11]. We can easily extend our results bey-
ond the Standard Model, as Nambu-Goldstone bosons
play the same role as the changed Higgs in the exten-
sions of the Standard Model Higgs sector. Last but not
least, the signals of H — Zv;v; through Higgs productions
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at future lepton colliders are studied in our work. In fur-
ther detail, one-loop form factors are expressed in terms
of scalar one-loop Passarino-Veltman functions (called as
PV-functions hereafter) in the standard notations of
LoopTools. As a result, one can evaluate the decay rates
numerically by using the package. Moreover, the signals
of H — Zv;v; through Higgs productions at future lepton
colliders, for instance, the processes e et — ZH" —
Z(Zviv;) with initial beam polarizations, are generated.
The Standard Model backgrounds, such as e”e™ — v;9,Z2Z,
are also included in this analysis. In phenomenological
results, we find that one-loop corrections make contribu-
tions of approximately 10% to the decay rates. These are
sizeable contributions and should be taken into account at
future colliders. We show that the signals H — Zv;v; are
clearly visible at the center-of-mass energy +/s =250
GeV and are difficult to probe in higher-energy regions
owing to the dominant backgrounds.

The remainder of this paper is organized as follows.
In section II, we present the calculations for H — Zv;v; in
detail. We then show phenomenological results for the
computations. The decay rates for on-shell and off-shell
Higgs decay modes are studied, with the unpolarized and
longitudinally polarized Z bosons in the final states. The
signals of H — Zv,v; via the Higgs productions at future
lepton colliders are also presented in this section. Conclu-
sions are presented in section IV. In the appendies, we
first summarize all the tensor reduction formulas for one-
loop integrals that appear in this work. Numerical checks
for the calculations are presented. All self-energy and
counter-terms for the decay processes are presented in de-
tail. One-loop Feynman diagrams in the 't Hooft-Velt-
man gauge for these decay channels are shown in Ap-
pendix E.

II. CALCULATIONS

We present the calculations for H(py) — Z(q1)vi(g2)
vi(g3) in detail. For these computations, we are working
in the 't Hooft-Veltman gauge. Within the SM frame-
work, all Feynman diagrams can be grouped into several
classifications, as shown in Appendix E. In group Gy, we
have tree Feynman diagrams contributing to the decay
processes. For group G, we include all one-loop Feyn-
man diagrams correcting to the vertex Zv;;. We then list
all Z-pole Feynman diagrams in group G, and non Z-pole
diagrams in group Gs. The counterterm diagrams for this
decay channels are classified into group Gj.

(}'2 MW
8styCiy $23— M5 +ilzM
SwCw $23 7zt zMz

G
F(()Ol)(S12,S13,S23) =-

In general, the amplitude for H(py) — Z(q1)vi(g2)vi(g3)
can be decomposed by the following Lorentz structure:

Ab—zv, = {Foog”V +Fi2qidh+Fi3 QYq’él}

x [(g2)yvPrv(gs)] (qn). (1)

Here, Fy, F12, and Fy3 are form factors including both
tree-level and one-loop diagram contributions. The form
factors are functions of the Mandelstam invariants, such
as s;j=(qi+q;)* for i#j=1,2,3 and mass-squared in
one-loop diagrams. One also verifies that sy, + 513 + 523 =
MZ% +M2. In Eq. (1), projection operator Py = (1-7ys)/2
is taken into account, and the term &;,(q1) is the polariza-
tion vector of the final Z boson. Our computations can be
summarized as follows. We first write the Feynman amp-
litude for all the diagrams mentioned above. By using
Package —X [12], all Dirac traces and Lorentz contrac-
tions in d dimensions are performed. The amplitudes are
then casted into tensor one-loop integrals. The tensor in-
tegrals are next reduced to scalar PV-functions [13, 14].
All the relevant tensor reduction formulas are presented
in Appendix A. The PV-functions can be evaluated nu-
merically by using LoopTools[15].

All the form factors are calculated from Feynman dia-
grams in the 't Hooft-Veltman gauge, and their expres-
sions are presented in this section. For the tree-level dia-
gram, the form factor is given as

G,) 2ra MW
Fog (512,513, 523) = - .
00 ST 2 edy 53— M3 +iT My,

@)

Here, sw(cw) represents the sine (cosine) of the Wein-
berg angle, and I'z represents the decay width of the Z
boson.

At the one-loop level, all form factors take form of

Fij= Y

G={G,,,G,}

F{P (512,813, 823), for ij =1{00,12,13). (3)

Here, {G1,G,,---,G4} = {group 1, group 2,---,group 4} cor-
respond to the groups of Feynman diagrams in Appendix
E. By considering each group of Feynman diagrams, ana-
lytical results for all the form factors are obtained, and
they are presented in the following paragraphs. Taking
the attribution from group G;, we have one-loop form
factors accordingly:

{ =8¢y Bo(s23, My, M) — 2 [y, (453, — 2) + 1] Bo(523,0,0)

— 8¢y [2C00 — 523(C1 + C2)] (0, 523,0,0, M7y, Myy) — ey (253 — 1) [Miy, Co + 523C2 — 2C oo
X (523,0,0,0,0, M3,) + [4Co0 — 2523C — 2M3Cy (523,0,0,0,0, M3) + 2}, + 1)} (4)
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For group G, of the Feynman diagrams, the form factors

(G)) _ Pe .. . .
Fi"(s12,813,523) =0, for ij={12,13}. (3)  canbe divided into the fermion and boson parts as fol-
lows:
(e3) o’ ! C (G | (G
Foo” (812,513, 523) = [ZN F00f+F00b] (6)

24 syciy My (s23 — M5 +iTzM)?

Here, Nf represents the color number, which is 3 for quarks and 1 for leptons. For the fermion contributions, we take
the top quark loop as an example. The analytical results are as follows:

Fig:) =2k, M3, (853 (453, = 3)+ 9] [Ag(m?) + 523 B1 (s23.m2,m?) = 2Boo(s3,m7 . m?)]
+2m2cd, {9M$V — 203, (M>% - 533) [4sﬁv(4sﬁv -3+ 9] }Bo(s23,m,2,m,2)
+ mcly(s23 = M3) {36m + 8%, (4s%, = 3) + 9] (s12+ 513) } Co(MZ, 23, M3y, m? i}, m?)
— m2cly (M3 - 523) { (M3, + 5M3 - 523) [853, (4%, - 3) +9)
+ 853 (3 = 4s3y)(s12 + 513) } C1 (M3, 523, My, m7 i, m?)
— 2l (M3 — 523) {OM}, + [853 (453, = 3) + 9] (512 + 513) | Ca (M, 523, M}y i} m? i}

+8m2chy (M2 — 523) [8sw(4sw —3)+ 9] Coo(M2, 533, My, m2, m2,m?). 7)
The contribution from the boson part is expressed as

Figs) =8¢% M3, s23— 6M3,cly [3c3,(4ck, — 1)+ 53y | Ao(M3) = 3M3,cly [Ao(MB) + Ag(M})]

+ chMh,(MZ 523)Bo(M%, M3, M2) + 12M3, 5%, ¢l (M2 — 523)Bo(M3, M3, M3,)

+ 33, (M3 = 523) [y (M3, + 24M3,) - 2M3, 53, c3y + MYy sy | Bo(My, M3, M3,)
+12M5, ¢, { M3, +5523)chy — 2M3y 5ty

+ (M3 - 523) [ sy = 263 (e, + )] & | Bo(s23, M3y, M3,)

+ 6M3,ch/ (M3 — 523) | Bo(M3. M3y, M3) + Bo(s23, M3, M3)| — 12M3, Bo(s23, My, M3)
— AM3,c, [40s% (453, — 3) + 63] Boo(523.,0,0) + 12M3,}y Boo (523, M3, M)
+12M3,c, (9cw 25%,ch, + sW)Boo(sz3, M, M) + 5(:‘;VM%,(Mg — $23)Bo(M%, M3, M%)
+2M3,cly 523 [4053, (453, — 3) + 63| B1(523,0,0) + 24, My 523 B1 (523, My, M3y)

— 12M35,¢S (M2 — 523)[AM3 + 3y (512 + 513)1C1 (M3, 523, My, M3y, M3y, M3,
+24M3, ¢S (M2 — 533)(=chy M3, — 515 — 513)Ca (M3, 523, M3, M3, M3, M3,)

—12M%, ¢l (M2 = 553) {2cW [2M +5ME—2(s12 + s13)] — (M2, +2M2)s%,

+ stycly ( My +2M3; + 512+ 513) }CO(MZ, 523, M3, M3, M3, M)

—12¢3, (M2 = 523) [sw(sw —2e3)(M2 +2M2)

+ (M3 +18M3)cly | Coo (M, 523, M3y, M3, M3y, M3,)

+ 18M3,c}, (23 — M) | - M3, Co + ¢y Coo| (M3, 523, M3, M3y M3y, M)

+ (M3 = 523) [12M3,Co — 63, (M ¢y + 2M3,)Coo | (M3, M3y, 523, M3y M3, M3). (8)
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Other one-loop form factors follow the same convention:

2
(G>) (G>) a 1 C Gy | 1(Gy)
F $12,813,523) = F $13,812,823) = — - E N7 F;+ F . 9
12" (512, 813, 523) = Fi37 (813, 512, 823) 125%,¢3, My sz3—M§+1rZMZ[ - FrIS 12’b] ®

Each part in the above equation has the form of (we take the top quark loop as an example for fermion contributions)

F\$:) = 9m?c}y, C\ (M3, 33, My m? i}, m?) + michy [8s%,(4sh, = 3) + 9] [Co+4(Co+ Cra + Coa ) | (M3, 523, My m2 . mi?) (10
and

Fi$) == 126}, M3, | (5cly - 2% 5% + siy) Co + C1 | (M3, 23, M3y, M3y, My, M3y,
+3ci, M3, [Clz(M%, M3, 523, M3, M3, M%) -3 (Cl +Ci + CIZ)(MI%], 523, M5, M3, M3, M%)}
+6My, [Cl +Co+ Clz] (M7, M3, 523, M3y, M, M%) — 63, {S%V(S%V —2¢3) (M3 +2M3) + ¢y (M, + ISM%V)]

X [Cz+C12+C22](M§,S23,M%1,M‘24/,M€V,M%V)- (1)

We change to the contributions of all Feynman diagrams in group Gs. For this group, there are no Z-pole diagrams
including in one-loop form factors. However, we have one-loop box diagrams. There are a triple gauge boson vertex and
the propagator of leptons or two propagators of leptons in one-loop box diagrams; hence, we have tensor box integrals,
for which the highest rank is R = 2 in the amplitude. It is explained that the corresponding form factors are expressed in
terms of the PV-functions C- and up to Ds3-coefficients.

G’ZMW
45
4sycw

+Ca(0, M3, 513.0. M3y M3) + Co(0, M3y, 512.0. M3, M3)] + Co(M3.0,513.0,0, M3)

PG = S ot |53~ DCM3.0.505.0.0.M3) + Gy + 1)Co0,523,0.0. M3 M3)

+C(0. M3y, 513,0, M3, M3) + Co(0, M}, 5120, M3, M) + 8¢5, [ Doo(512, M3 523,0.0, M3,.,0, M3y, M3, M3, )

+ Do (513, M, 523,0,0, M3, 0, My, M3y, M3))| =265, [(2M3 + 512)D1 (512, M3, 523.0,0, M3, 0. M3, M3, M3y)

+(2M3 + 513)D1 (513, M7, 523, 0,0, M3;,0, M ,M%V,M%V)]

+ iy { [265 3MY - 2553 = 3513) + 5§ (513 — M) | D3(513, M3, 523,0,0, M3,,0, My M3y, M3y)

+ [ 5% (512 = ME) + 2}, BM; = 2503 = 3512)| D3 (512, M3, 523,0,0, M3y, 0, M3, M3, M3,) |

+cly Bk + 1) (M3, = s12)Do(s12, M3, 523,0,0, M, 0, M3y, M3y, M)

+ (M3, = 513)Do(513, M3, 523,0,0, M3,,0, My, My, M3 )]

+ (512 = M) [263,(1 = 253)Da(M3, 512, M} 13.0,0,0,0, My, M) — Do(M3, 512, M3, $13.0,0,0,0, M3, M3)]

+ syl [ (M = 513)D(513, M5, 523,0,0, M3, 0, M3y, M3y, M3y) + (M = 512)Da(s12, M3, 523.0,0, M3,,0. My, My, M3 )
+ (523 + 512) 26}, (2%, — DD3 (M3, 512, M3, 513,0,0,0,0, M3y, M3y) + D3(M3, 512, M3, 513,0,0,0,0, M3, M)

+ [MﬁDo + 512Dy — 2000} (M3, 512, M%,513,0,0,0,0, M3, M)

+2¢4,(1 = 25%)[2Doo — 51201 = M3, Do | (M3, 512, M3, 513,0,0,0,0, Mj ,M%V)}.
(12)
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In addition, we have other form factors, which are expressed as follows:

2
M
F§§3)=a4 Z—V{[Dz+D12+D23](M%,Slz,M%/,S13,0,0,0,0,M2,M%)
2sy,c
wCw
—4cy [ D3+ D13 (513, M3, 523,0,0, M}, 0, M3, My, M3y)

=26}y (1-25%) [ Dy + Dia + D3| (M3, 512, M3,.513,0.0,0,0, M3, M3)

+263y (2} (D11 + D12 ) + (s} = )D2 | (512, M3, 523.0,0, M}, 0, M5, ,M%V,M%V)}, (13)

Gy _ @My

13 _2s4 CS {_ |:D]3+D33:| (M%7S12’M[2-]’S1390’0’0709M2’M%)
w=w

—4cfy [D3 + D13] (512, M3, 523,0,0, M7, 0, M3y, My, My,
+263,(1-25%) [ D13 + D33 | (M3, 512, M3, 513,0,0,0,0, My, M3y)

+2C3V [ZC%V(D“ +D12) + (S%;V—C%V)Dz] (S13,M%, S23,0,0,M%1,0,M2 ,M2 ,M%/)} (14)

It is stress that one has the following relation: functions are not presented in this subsection. Instead, we
verify the relation via numerical checks. One finds that
(15) two representations for F (g”) in Egs. (14) and (16) agree

G; G;
Fiz‘)(S12,813,S23) = F§3‘)(S13,S12,Sz3)-
well up to the last digit at several sampling points.

If we apply several transformations for box-functions, With all the form factors, the decay rates can be eval-
we can confirm the relation. The transformations for box- uated as follows:
M-My s .
1 2 > G2 G+ G)
oz, =m dS23/dS12 {(MZ(2S23—MH)+S12313> HFOO +2Re(FOO 'ZFOO )}
72 s i=1
4
+ (MIZ_[M% - S12S13) [(M% - Su)ﬁe(F(()g”)’* . ZF(ICZ;’)) + (S]z g S13)] } . (16)
i-1
Here,
1 2
S {Mé + My - 523+ \/(M%, + M- s53) - 4M§,M§}. (17)

The polarized Z boson case is considered next. The longitudinal polarization vectors for Z bosons are defined in the
rest frame of the Higgs boson:

M3 g1 — (s23+ M2) Py (18)

4
&u(q1,4=0) = —
Mz £/ A(523,4M5;., M3)

Here, the off-shell Higgs mass is given by p% = M3, # M%. The Kallén function is defined as A(x,y,z) = (x—y—2z)> —4yz.
We then arrive at

(MH"_MZ)Z Srlnza\
1 (Sz3—4M12_1x +M%> <S12513 —M%M%{)
FH—>ZLV,17, YR VIEY dsys dsia 3 3 >
25673 M3, M2 [523 — M2 —4M2,. 1> — 16 M2 M2,
o, o
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x {(m ~4M} + M3) HF((]%;")

4
" raRe(FG xS RG]
i=1

4

+ (35— My +aM3 M3) + (523 —4M3 + M3 s1a] xRe(F§g?" > FG) + (s12 & S13)}. (19)

min, max

Here, s, are obtained as in Eq. (17), in which My is
replaced with the off-shell Higgs mass My:-.

In the next section, we present phenomenological res-
ults for the decay processes. Before generating the data,
numerical checks for the calculations are performed. The
UV- finiteness and p?-independence of the results are
verified. Numerical results for these checks are presented
in Appendix B. One finds that the results have good sta-
bility over 14 digits.

II1. PHENOMENOLOGICAL RESULTS

For the phenomenological results, we use the follow-
ing input parameters: Mz =91.1876 GeV, T'z =2.4952
GeV, My =80.379 GeV, 'y =2.085 GeV, My =125.1
GeV, and T'y =4.07-1073 GeV. The lepton masses are
given as m, =0.00052 GeV, m, =0.10566 GeV, and
my =1.77686 GeV. The quark masses are m, =0.00216
GeV, my =0.0048 GeV, m, =127 GeV, m,; =093 GeV,
m; =173.0 GeV, and m;, = 4.18 GeV. We work in the so-
called G,-scheme, in which the Fermi constant is taken as
G, =1.16638-107 GeV~2 and the electroweak coupling
can be calculated appropriately as follows:

a= V2/nG,M%(1 - M3, /M%) = 1/132.184.  (20)

We present the phenomenological results in the fol-
lowing subsections. We first discuss the decay rates for
the on-shell Higgs decay H — Zv;v;. In Table 1, the de-

Table 1.
The first (second) line corresponds to the tree level (full one-

Decay rates for on-shell Higgs decay into Zv,¥,.

loop) decay width.

i=1

I
cay rates for on-shell Higgs decay to Zv,v.are presented.
In the first column, the cuts for the invariant mass of the
final neutrino-pair are applied. The decay rates for the un-
polarized case of the final Z boson are presented in the
second column. The results in the last column are the de-
cay rates corresponding to the longitudinal polarization of
the final Z boson. Furthermore, in this table, the result for
the tree level (full one-loop) decay width is presented on
the first (second) line. When we consider all generation
of neutrinos, one should add to data by overall factor 3.
The one-loop corrections make contributions of ~10% to
the tree-level decay rates. We note that one-loop correc-
tions are evaluated as follows:

Full _ rTree

S[%] = x 100%. 1)

I‘Tree

We next consider the off-shell Higgs decay to Zv,7,.
The numerical results are presented in Table 2. In this
case, we only consider the unpolarized Z boson in the fi-
nal state. In the first column, the off-shell Higgs mass
Mpy-is shown in the range of 200 to 500 GeV. The off-
shell decay widths are presented in the second column,
where the first (second) line is for the tree-level (full one-
loop) decay rate. It is worth mentioning that the results
for the off-shell Higgs decays agree well with the decay
rates in [16]. This indicates that the main contributions to
the decay rates are from the values around the peak of the
Z-pole decay to v;v; (this explanation will be confirmed
later).

Table 2.
The first (second) line corresponds to the tree level (full one-
loop) decay width.

Decay rates for off-shell Higgs decay into Zv,¥,.

me /GeV T'uszy,5, /keV Taozv.9. /keV Mpy+/GeV Chozy,7,/GeV
0 5.8177 2.2872 200 0.0478
6.4174 2.5061 0.0541
5 5.7014 2.1736 300 0.3383
6.2902 2.3818 0.3789
10 5.3401 1.8515 400 1.0124
5.8943 2.0293 1.1418
20 3.7362 0.8389 500 2.2101
4.1305 0.9201 2.4865
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For the experimental analyses, differential decay rates
with respect to the invariant mass of the neutrino-pair are
of interest. These correspond to the decay rates of Higgs
decay to Z plus missing energy. Thus, the data provide
the precise backgrounds for the signals of Higgs decay to
the lepton-pair when the Z — lepton-pair is taken into ac-
count. This also contributes to the signals of H — invis-
ible particles if the decay of the final Z boson to the neut-
rino-pair is considered. In Fig. 1, we show for the differ-
ential decay rates with respect to m,; for the case of the
unpolarized Z final state. We apply a cut of myj >5 GeV
for this study. In the left panel, the triangle points are for
the tree-level decay widths, and the rectangle points are
for the full one-loop decay widths. In the right panel, the
electroweak corrections are plotted. One finds that the
corrections make contributions in the range of 9.4% to
10.8%. In Fig. 2, the same distributions are shown in the
longitudinal polarization of the final Z boson. We use the
same convention as the previous case. We find that the
corrections make contributions in the range of 9.4% to
9.8%.

The differential decay rates with respect to m,,;, for
the off-shell Higgs case at M}, =500 GeV are presented.
In Fig. 3, we observe a peak at m,5 = Mz, which corres-
ponds to Z — v;¥;. The decay rates exhibit high values
around the peak and decrease rapidly beyond the peak.
The corrections are from 10% to 25% throughout the

ating that the off-shell Higgs decay rates in this work
agree well with the results in [16]. This supports the pre-
vious conclusion regarding the data in Table 2. Addition-
ally, for the entire range of the Higgs mass, we check nu-
merically that the dominant contributions to the decay
rates come from the Z-pole diagrams or the diagrams of
H — Z7* — Zvy; (from groups 1 and 2) in these decay
channels. The same conclusion was drawn in [17].

We turn our attention to analyze the signals
H — Zvv; through Higgs productions at future lepton col-
liders, such as e~ et — ZH* — Z(Zv;v;), with the initial
beam polarizations. The differential cross section with re-
sprect to My is given as [16]

do.e’e*—>ZH‘—>Z(Zv,x7,)( \/E)

dMy.

O.e’e*—>ZH‘( \/E’ MH‘)
[(M%. — M3)? + T2, M%)
y FH'—>ZZ(MH')‘

T

=2M};.)
(22)

The Feynman diagram is shown in Fig. 4. The cross
section for e"e* — ZH* can be found in [16]. The total
cross section for these processes can be computed as fol-
lows:

. V5-M,
range of m,;. We note that a cut of m{% >5 GeV is em- i i ’ o ¢ ZH S22 ()
c LT . o ¢ ¢OZH SZZw) dM
ployed in the distribution. From the distribution, the main = H aM,,. :
contributions to the off-shell Higgs decay rates come M,
from the corresponding values around the Z-peak, indic- (23)
dFH VA
—Zv; 5[%}
dm/l/lﬂl i
0% iy 108 o
o ' o
st " -
0.30 MLV 4,0 106 o
L A a .
e A "
e nh
025 o o 104 ey
LIV | ]
ll AA A. .l
ll AA lII
0.20 i s 1 102 .
n A lI
I.AAA ' o
015 b 100 N
1 AA A .l
oty !
A ]
A | ]
0.10 ot 98 o
A ]
At "
[ iy [ ]
s o
0.05 x& 9.6 IIIl
lllIl
‘ ‘ ‘ ‘ ‘ ‘ .| 941, ‘ ‘ ‘ ‘ ‘
5 10 15 2 % 30 5 10 15 2 5 3
My, [GQV] My, [GGV]

Fig. 1.

Differential decay rates (left panel) and corrections (right panel) with respect to m,,; for the unpolarized Z boson case. In the

left panel, the triangle points are for the tree-level decay widths, and the rectangle points are for the full one-loop decay widths. In the

right panel, the electroweak corrections are shown as the rectangle points.
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0.04 Ay lll
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' o
L iy
Bl g4t

0.00¢, . . . . . .| . . . . . .
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My, p, [GeV} My, [GGV]

Fig. 2. Differential decay rates (left panel) and corrections (right panel) with respect to m,,5 in the longitudinal polarization case for
the Z boson. In the left panel, the triangle points are for the tree-level decay widths, and the rectangle points are for the full one-loop
decay widths. In the right panel, the electroweak corrections are plotted as the rectangle points.

AUy 205 51%]
dm,,l,yl
‘ : R
1 '
0100 1 .
! 2 o
.4 |'..
;! -
5 (]
0.001 d It .
5! 55 ]
L 55 "
!! i} N
!! 5!!! "
Hay, 16 -
L4 !55 .
-5 5!&5 "
10+ EMMM 1 l|l
&!ﬂgggzl 14 ...|'
"y -
1 lll'
10 1 o
lIl
1 l.l.l.
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Fig. 3. Differential decay rates (left panel) and corrections (right panel) with respect to m,,;, for the off-shell Higgs case. In the left
panel, tree-level decay widths are plotted as triangle points, and full one-loop decay widths are shown as rectangle points. In the right
panel, the electroweak corrections are presented as the rectangle points.

In Table 3, we present the cross sections for the sig- the first line corresponds to the LR case, and the second
nals of Higgs decay to Zv,y, via e"e* — ZH* — Z(Zv¥)) line corresponds to the RL polarization case. We show
with the initial beam polarizations (taking all three gener- that the signals H — Zv;¥; can be probed at the center-of-
ations of neutrinos in the data). The second (third) mass energy +/s =250 GeV and that they are difficult to
column corresponds to the signals at tree level (full cor- measure in higher-energy regions owing to the dominant
rection) cross sections. The last column is for the SM backgrounds.
backgrounds, which are the tree level of the reactions In Fig. 5, we plot the distributions for the cross sec-

e e" — ZZv;y;. The background processes are generated tion as functions of My- at the center-of-mass energy of
by using GRACE [18]. For each center-of-mass energy, Vs =500 GeV, considering the initial polarization cases
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vi(ge)

Zu(q)

(1) 7
o ) om)
z* / 7,(qs)

e’ (p2)
Z,(q4)
Fig. 4. Feynman diagram for the processes e”et — Z(Zv,v)

at the ILC with the blob representing one-loop corrections to
H — Zvv,.

Table 3.
presents results for the LR of e"e*, and the second line

Total cross section of e~e* — Z(Zv;v;). The first line

presents results for the RL of e~e*. Tree generations for neut-
rinos are taken into the results.

for e"e*. Cross sections for the LR and RL cases are
shown in the left and right panels, respectively. For the
signal cross sections, tree-level cross sections are plotted
as dashed lines, and full one-loop cross sections are
presented as solid lines. The SM backgrounds are shown
as dotted points. The off-shell Higgs mass My is varied
from Mz to +/s—Mz. It is observed that the cross sec-
tions are dominant around the on-shell Higgs mass
My ~ 125 GeV. It is well-known that we have another
peak that is around the ZH threshold (~ Mz + My =215
GeV). Owing to the small value of the total decay width
of the Higgs boson, the on-shell Higgs mass peak be-
comes more visible than the later one. In the off-shell
Higgs mass region, the cross sections are far smaller (by
approximately 2 orders of magnitude) than those around
the on-shell Higgs mass peak. We observe that the sig-
nals are clearly visible at the on-shell Higgs mass
My =125 GeV. In the off-shell Higgs mass region, the
SM backgrounds are far larger than the signals. These
large contributions are mainly attributed to the dominant
of t-channel diagrams appear in the background pro-

\s/GeV oree /fp ol /fp Thig/Tb cesses.
sig sig .
250 543873 5 69398 000300 Full one-loop electroweak corrections to the process
' ’ ’ e e" — ZH and the SM background processes with the
1.58487 1.74649 0.00016 initial beam polarizations should be taken into account
500 0.68498 0.75668 16.7839 for the above analyses. The corrections can be generated
0.44404 0.48932 1.33409 by using the program [18], and they were recently stud-
1000 0.26879 0.29690 164,146 ied in [19]. Furthermore, by generalizing the couplings of
' ’ ] Nambu-Goldstone bosons to Higgs bosons, gauge bo-
0.17424 0.19201 116635 sons, etc., as in [11], we can extend our work beyond the
dO’LR |: tb :| dO’RL [ tb i|
dMy- [ GeV, _— M- LGeV
YTYCLLLAN
001+
————
07tr
08
08
10—10\ L T L L I . L1 T T L I
100 150 20 20 300 [ 10 150 20 250 300 350

Fig. 5.

Off-shell Higgs decay rates as a function of My~ at the center-of-mass energy of +/s =500 GeV. Three generations for neutri-

nos are included in the results. Cross sections for the LR and RL cases are shown in the left and right panels, respectively. For the sig-
nal cross sections, tree-level cross sections are shown as dashed lines, and full one-loop cross sections are shown as solid lines. The

dotted points indicate the SM backgrounds.
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SM. These topics will be addressed in our future works.

IV. CONCLUSIONS

Analytical results for one-loop contributions to the
decay processes H — Zv;y; for I =e,u,7 in the 't Hooft-
Veltman gauge were presented. The calculations were
performed within the Standard Model framework. One-
loop form factors are expressed in terms of the Passarino-
Veltman functions in the standard conventions of
LoopTools, for which the decay rates can be evaluated
numerically. We also studied the signals of H — Zv,,
through Higgs productions at future lepton colliders, such
as e"et —» ZH* — Z(Zv;v;), with the initial beam polariza-
tions. The SM background processes for this analysis
were taken into account. Phenomenological results indic-
ated that one-loop corrections make contributions of ap-
proximately 10% to the decay rates. These are sizeable
contributions and should be taken into account at future
colliders. We show that the signals H — Zv,v; are clearly
visible at the center-of-mass energy +/s =250 GeV and
are difficult to probe in higher-energy regions owing to
the dominant backgrounds.

APPENDIX A: TENSOR REDUCTION

We present all the tensor one-loop reduction formu-
las applied for this calculation in this appendix. The tech-
nique is based on the method in [13]. Tensor one-loop
one-, two-, three-, and four-point integrals with rank R
are defined as follows:

{A; B;C; Dyt n

:(Hz)z—d/z/ d% Jt Jete oo ot '
(27)¢ {P1; P\ P2; P1 Py P3; P1 Py P3Py}

(A1)

Here, the inverse Feynman propagators P; (j=1,2,---,4)
are given by

Pj=(k+q;)* —m’ +ip. (A2)

J
In this definition, the momenta g; = > p; with p; for

the external momenta are taken into acc&int, and m; de-
notes the internal masses in the loops. The internal
masses can be real and complex in the calculation. Fol-
lowing the dimensional regularization method, one-loop
integrals are peformed in space-time dimension
d = 4—-2¢. The renormalization scale is introduced as >
in this definition, which helps to track the correct dimen-
sion of the integrals in space-time dimension d. If the nu-

merators of one-loop integrands in Eq. (Al) are 1, we
have the corresponding scalar one-loop functions (de-
noted as Ag, By, Co, and Dy). All the reduction formulas
for one-loop tensor integrals up to rank R =3 are presen-
ted in the following paragraphs. In detail, we have the
following reduction expressions for one-loop two-point
tensor integrals:

A =0, (A3)
AP = g Ago, (A4)
AP =, (AS)
B* = ¢'B, (A6)
B" = g" By +q¢"q"B11, (A7)
B ={g,q}""’Boo1 + 4" q" ¢’ B111, (A8)

The reduction formulas for the one-loop tensor three-
point integrals are as follows:

2

C”:q’]‘C1+q’2'C2=Z£]¢Ci, (A9)
i=1

2
C" =g"Coo + Z 4 4;Cij» (A10)
i,j=1
2 2
CcHP = Z{g,CIi}MVpCOOi + Z qﬁ-’q‘jq‘ZCijk, (A1)

i=1 ijk=1

For four-point functions, we have the following reduc-
tion expressions:

3
D" =¢\Di+d4Dy+¢iDs = > _4'Di, (A12)
i=1
3
D* = “VDOQ + Zq’;q;Dij, (A13)
i,j=1
3 3
D = Z{g’qi}#vaOOi + Z 4 44, Dijk- (Al14)

i=1 ijk=1
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We have already used the short notation [13]
{g.q:}*"?, which is written explicitly as follows: {g,q;}*"* =
§q +g"Pdi +g"q!. All the scalar coefficients
Ago, By, -+ ,D333 on the right hand sides of the above re-
duction formulas are Passarino-Veltman functions [13].
These functions were implemented into LoopTools [15]
for numerical computations.

APPENDIX B: NUMERICAL CHECKS

With all the neccessary one-loop form factors, we
check the computation numerically. We find that Fy
contains the UV-divergence by taking the one-loop coun-
terterm, which corresponds to Fi". The analytical ex-
pressions for F, E)g“) are given in (54), and all the renormal-
ization constants are presented in Appendix D.

In Table B1, the checking for the UV-finiteness of the
results at a random point in the phase space is presented.
Varying the Cpyy parameters indicates that the amp-
litudes have good stability over 14 digits.

Table B1. Checking for the UV-finiteness of the results at
an random point in the phase space. The amplitude M. o is
included all one-loop diagrams and counterterm diagrams.

(Cuv.1?) 2Re (MTreeM1-Loop}

0.1) ~0.0015130298318390845 — 0.001513160592122863 i
(102,105)  —0.0015130298318393881 —0.001513160592122863 i
(104,10'%)  —0.0015130298318233315—0.001513160592122863 i

APPENDIX C: SELF ENERGY

Each self energy is presented in terms of the PV-func-
tions in the 't Hooft-Veltman gauge.

Self energy A-A

Self-energy photon-photon functions are casted into
two fermion and contributions as follows:

(%) = 9, (q°) + T (). (CD)

The parts are given as follows:

2

(%) = (467)2 {(4M%V +3¢%) Bo(q*, M3y, M)~ 2(d - 2)Ao(M%V)} : (€2)
62

@)= { - zzszvf 03 [4Boo(g?, m}, m}) + ¢ Bo(q?, m3, m3) — 240(m}) | } ©3)
Self energy Z-A

Self-energy functions for Z-4 mixing are written in the previous form. The parts are given as follows:

2

ZA [ 2N _ € _ 2 a2 2
) = e~ oo {2a-2)[ch2a-3 -5 a0
—{am3, [, 3d - 4)+ (d-2)5}, | +¢* [}y (6d - 5) + 53, | } Bo(g®. M5 ,M%V)}, (C4)
62
73 (q) = Toemen {2%31\(? 01 (253,07 —T}) [4Boo(q?. m3.m3) + ¢* Bo(q* m, m3) — 2Ag(m}) | } (C5)
Self energy Z-Z

Self energy functions for Z-Z are presented in terms of scalar one-loop integrals, as follows:

62

(6472)(d — 1)g2s%,chy

%5,(¢%) =

. {2q2c%v(2 —d)[chy(4d = T)+ 53 (5%, = 2c3) | Ao(M3,)

+ el [ My — M = (d - 2)¢*| Ao(M3y) + ¢ [ M3 — M3, — (d = 2)¢ | Ao(M3)

+ {267 [ (M}, + MD) = 2M5,(d - 1)) - &, (M3, - MBY? + 4*] } Bo(g®, M}y, M)

+{am3, (Bl - sh@d -3) -2 5% | + P [3cl(4d - 3) + e}, - b5k | b P Bo(g? M3 M3, } (C6)
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&2

7z =
HT/(‘Z )= (167 2)SW 2

ZNf{[(Tf)Z(sz @) +24° Qs (T} - QfYW)}BO(q 7, my)
+ [4QfS%V(T]3" - QfS%}V) - 2(T]3r)2] {ZBOQ(qZ,mJZc,mj%) —Ao(m%)] } . (C7)

Self energy W-W
Self-energy functions for W-W are presented correspondingly:

2
VW (2) = ¢ {2 M2 — M2 —(d -2 An( M2
b (q) = (6472)(d - D) SWCW Cw[ H w—( )‘]] o(Mp)
+cly [2M3, - M}, — M% - 247 (2d - 3)(d - 2)| Ao(M3y) + ¢y [4ch (d - 2) + 1]
x [ M3 - M}, - (d-2)q* | AoM3) + { g [4c}, (3d = 2)— 1] - &3, (M}, — M3)? [4ch (d - 2) + 1]
+2¢* M3y [2¢4,(3d - 5) = 253, (d — 1) + 3¢}, (2d - 3) + 1] } Bo(q*. M3y, M3) + ¢, {247 | 3 - 2d) M}y, + M
— (M3, — M) — 6"} Bo(q®, M, M3y) +4ciy siy { Miy 247 = M) (d = 2) + (3d - )" } Bo(g? OMW>}
(CB)
Y () = e 202 cl(,2,,2 2 2 2 a2y 4 2 2 2 A2 b Ao (2
MW@ = ———— 120k Y NE[(m}+m} —g*)Bo(g?.m.m}) — 4Boo (g, m..m3) + Ao(m) + Ao(m3)| 1
(6472) sy
doublet
(C9)
Self energy H-H

The expressions for self-energy H-H are as follows:

2

HH/ 2
(g )——
(12872) M3, s3,cty

{3M,2, [3M,Bo(q*. M}, M) + Ag(M3)|

+ 204, {4M3, [ M3, (d— 1) - ¢*] + M}, } Bo(q?. M3y, M3y) + {cly My + 4M3 [ M3, (d = 1) = c3,q?] } Bo(q?. M3, M)

+2c}, [2M3,(d - 1)+ M3 Ag(M3) + [cly M3, + 2M3ychy (d — 1)] Ao(Mé)}

(C10)
2
HH, 2 e c 36T
4 (g% = WW{ cWZN 3 - 4m$)Bo(qP . m5m}) - 2Ao<mf>]} —. (C11)
Here, v =246 GeV is the vacuum expectation value.
Tadpole
The tadpole is calculated as follows:
1 ¢ 2 2 2 2 2 2
Tloop _ G { [, M3, + 203, (d - )] Ag(M3) + 263, [2M3,(d = 1) + M} | Ag(M5) + 3MHcWA0(MH)}
(C12)
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loop _ 8e cW
T =" NS¢m2A C13
f (647T2)MWSWCW Z £y O(mf) ( )
We then have

—(T, + TP, (C14)

In the case of a neutrino, explicit expressions for the
self-energy functions v;-v; are as follows:

() = 5(q7) 4+ K (47 dys (C15)
where
Ky (") == K3\ (q)
82
= m {(ZLW-F 1)+231(q 0, MZ)
+2C%vzl: (Mfév +2>Bl(612,m12,M5V)} . (Cl6)

APPENDIX D: COUNTERTERMS

The counterterms of the decay process H — Zv;v; are
written as

(Gy) _ 17(Gy) (G (G,) (G,)
Foy" =F oo%v,v, +F OHZZ+F 002y, T +Fo0725 (D1)
where
(Gy) 2raM w 1
00,Zv7, = 2 3

SwCw S§— M% + irzMz
X (5Y +06G, +0G3 + 525/22 + 2621},/112) ’
(D2)

_2raMy 1

F(G4
00.HzZ — S%VC%;V s— M% +il'z My

X (8Y +6Gy +06Gs +8Gz + 2827 +624]”),

(D3)
F(G4 27T(1MW 1
0227 @2 ¢3, (s— M2 +iTzMz)?
X (2M§ Gz + (M} - $)62}) ). (D4)
(G.)

The contribution of Fyg'; ~vanishes owing to the Dir-

ac equation.
The renormalization constants are given as follows:

5Y = —6Z)/2 + —5223, (D5)
0G, =6Gz—-6H, 6G3=056Gz—-06Gy, (D6)
SM2 — 5M? SM> SM?
oH= 2L G, = L Gy = S
2(M3%— M3,) 2M2 M3,
(D7)

Other renormalization constants are given as

1d

d

1/2 AA AA
5ZAA_2d2H() 2C12H( (D8)
62% = —ITIZA(0) /M2 = -TTA (¢%) /M%‘qz:o’ (D9)

M3y = —Re {1V (M)} = —Re {11} ™ (q

2=M‘2\,},

(D10)

M2 = —Re {H%Z(M%)} =—Re {H%Z(qz)‘q?:MZ}’

(D11)
5Z§/Z"‘ _772 { }
} (D12)
Sz =- %Re {—H”H(qz)‘ . }
;Re{ ST (P )‘ _ (D13)
SZy)7 = %ﬂe { K m2) - K (m?) ) (D14)

APPENDIX E: FEYNMAN DIAGRAMS

All the Feynman diagrams( Figs. E1-E8) contribut-
ing to the decay processes H — Zv;v; in the 't Hooft-Velt-
man are shown in this appendix.
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H(pn)

- — — 3 — —

v(g2)

Fig. E1. Group Gy: Tree level Feynman diagram.

v(q2) v(g2)

H(pn)

—_— — — = —

7i(q3) vi(q3)

vi(q2)

H(pn)

—_—_ — — = —

71(q3)
Fig. E2. Group G;: All one-loop Feynman diagrams contributing to the vertex Hv;v,.
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Fig. E3.
bosons and ghost particles, respectively.
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Group G,: All Z-pole Feynman diagrams contributing to the decay process. We note that y* and ¢* are Nambu-Goldstone
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Fig. E4. Group G;: All Z-pole Feynman diagrams contributing to the decay process. We note that y3 is Nambu-Goldstone boson.
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Fig. ES. Group G,: All Z-pole Feynman diagrams contributing to the decay process. We note that y* and ¢* are Nambu-Goldstone
bosons and ghost particles, respectively.
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Fig. E7. Group G;: All non Z-pole Feynman diagrams contributing to the decay process. Here y* are Nambu-Goldstone bosons.
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Fig. E8. Group G4: All counterterm Feynman diagrams contributing to the decay process.
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