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Abstract. We present one-loop formulas for contributing to the HZZ vertex in 't Hooft-Veltman
gauge within Standard Model framework. One-loop off-shell Higgs decay rates to Z-pair are
investigated in both unpolarized and longitudinal polarization for Z bosons in final state. The
corrections are range of 1% to 8.4% when we vary the off-shell Higgs mass from 200 GeV to
500 GeV. In applications, we study off-shell Higgs decay H* — ZZ in the Higgs productions at
future colliders such as the signal processes y*(Q*)y — H* — ZZ and e" Y — e  H* — e~ ZZ are
analyzed.
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1. Introduction

Since the discovery of the Standard-Model-like (SM-like) Higgs boson at the Large Hadron
Collider (LHC) [1, 2], High energy physics has entered a new era. High-precision measurements
of the Higgs properties are the top priority tasks at the LHC. So far, most of the measurements
at the LHC focus on the on-shell Higgs productions and on-shell Higgs decay channels. The
data shows that the Higgs signal strengths are in agreement with the SM predictions. The above
measurements are planned to probe as precisely as possible in near future for the high-precision
tests of the SM as well as extracting new physics beyond the SM (BSM). Besides that, in order
to explore the nature of Higgs sector at different energy scales, off-shell Higgs decay channels
are considerable interests. Recently, off-shell Higgs decay H* — Z*Z* — 4 leptons have been
measured at the LHC in Refs. [3-8].
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We argue that off-shell Higgs decay channel H* — ZZ — 4 leptons provides rich of phe-
nomenological investigations. In Ref. [9], examining the tail of off-shell Higgs decay mode
H* — Z;Z;, one can test the unitarity of the SM and explore new physics through high energy
behavior. Searching for new physics through off-shell Higgs decay H* — ZZ — I't1~v,;V; has
been studied in Ref. [10] in which the authors have considered the effective theory by proposing
the energy-dependent operators. Off-Shell Higgs decays as a probe of naturalness have been dis-
cussed in Ref. [11] and as a probe of the trilinear Higgs coupling have been reported in Ref. [12].
Through the examination of the decay channel H — ZZ* — 4 leptons at the LHC, the authors
in Ref. [13] have studied the effects of the CP-conserving and CP-violating of the general HZZ
coupling. Other phenomenological studies of off-shell Higgs decay in many of BSMs have been
found in Refs. [14-20].

At the LHC, one-loop and two-loop QCD corrections for both signal and background of the
oft-shell Higgs decay H* — ZZ have been computed in [21-30]. One-loop electroweak correc-
tions to Higgs boson decay into ZZ in standard model have been reported in [31], in the minimal
supersymmetric model [32, 33], and to Higgs boson decay into four leptons have been evaluated
in Refs. [34-36]. Off-shell Higgs decay effects in Higgs productions at future linear colliders have
been studied in Refs. [37,38] in which the authors have included only the tree level vertex HZZ
in the analysis. Due to the important roles of the off-shell Higgs decays and in order to match the
high-precision data at future colliders, we evaluate for one-loop electroweak corrections to the off-
shell decay H* — ZZ in this work. The computation is performed in 't Hooft-Veltman gauge. An-
alytic formulas for one-loop form factors in the decay process are expressed in terms of Passarino-
Veltman scalar functions in the standard notations of LoopTools. As a result, the off-shell decay
rates can be evaluated numerically by using this package. One-loop electroweak corrections to
the off-shell decay rates are studied for the cases of unpolarized Z bosons and longitudinal po-
larization of Z bosons in final state. In applications, we study off-shell Higgs decay H* — ZZ in
the Higgs productions at future colliders such as the signal processes y*(Q?)y — H* — ZZ and
e~ Y— e H* — e~ ZZ are analyzed.

The layout of the paper is as follows: In section 2, we present one-loop expressions for the
vertex HZZ. Phenomenological results for this work are shown in the section 3. Conclusions and
outlook for this research are discussed in the section 4.

2. Calculations

In general, one-loop contributions to the H(p)Z(q1)Z(g2) vertex are decomposed in terms
of Lorentz structure as follows:

2
1-1
Vuzz " (P:a1,42) = gnzz (Foo g+ ) Fy qu;) (D
ij=1
The tree level coupling of the Higgs to ZZ is given gpzz = fZA'IAVVVV where sy and ¢y are sine and
w

cosine of Weinberg angle respectively. In this expression, the terms Fyo, F;; for i,j = 1,2 are
denoted for one-loop form factors. These form factors are functions of p?,¢%,¢3 and they are
expressed in terms of Passarino-Veltman scalar functions (called as PV-functions hereafter). All
one-loop Feynman diagrams contributing to this vertex can be grouped into three classes as follows
(shown in appendix D). By considering all fermions exchanging in the loop diagrams, this is
corresponding to group 1. With including all W bosons, goldstone bosons and ghost particles
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propagating in the loop, we have group 2 accordingly. One finally takes Z boson, Higgs and
goldstone bosons exchanging in the loop, we have correspondingly to group 3. It is known that
one-loop contributing to the vertex HZZ contains ultraviolet divergent (UV -divergent). Following
renormalization theory, the counter-terms are given for cancelling the UV -divergent. We then have
counter-term diagrams in group 0 whose analytic formulas are presented in appendix C.

Analytic results for the above form factors are computed class by class of Feynman di-
agrams as follows. First, one-loop amplitudes for all Feynman diagrams mentioned above are
written down. We then handle with Dirac traces and Lorentz contractions in d dimensions by
using Package-X [39]. The amplitudes are next decomposed into tensor one-loop integrals. By
following tensor reduction for one-loop integrals in [40], the tensor integrals are then expressed in
terms of the PV-functions, which can be evaluated numerically by using LoopTools [41]. In detail,
analytical results for all form factors are shown in the following paragraphs. General expression
for the form factor Foo(p?; q%, q%) is written as follows:

G
Foo(p:a1,q3) = Y B hdd). )
G:{Go,Gl,m,Gg}

where {Go, Gy, ,G3} = {group 0,group 1---,group 3} are groups of Feynman diagrams show-

ing in appendix D. The form factor FO(OG o)( p%:q%,43) for group 0 is expressed in the appendix C.
In group 1, we consider all fermions exchanging in the loop. We take top quark in the loop for an
example. The resulting for the form factor reads:

e’ C. 2
_NEm? 3)

(Gi);. 2., 2 2y _
Foo ' (piq1,q5) = m

o+ [36mF + 853 (3 — 4sh) (—p* + 4} + a3) — (g} + 43) | Co(p. 4 g3, i i)
s, 24 +9>coo<p2,q%,q§,mz,mz,mz>}.

Here N¢ = 3 is color number top quark. For group 2, we take into account all W bosons in the
loop diagrams. The form factor is then given:

&3

6472 My s3,c3,
—4My |l (592~ 43 + B3+ M) ) + sy (a + a3 — 2007 + M) ) + sty (205, + M7 )|
X CO(pzacI%aq%le%V?M‘%VvM%V)

- |4M5 (= s¥)? +8M3 (e (4d = 7) =26ty +-siy ) | < Coo(p?. . 3. M3y M3y M)

G
RS sl = {0 [t 08+ 3 )| 6

- |:8M1%/C‘2/V (C%V(d - 2) _S%V) +M1211(C‘2)v _S%V)Z:| BO(p27M‘%V’M%V)}
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We next consider the contributions from group 3 in which the particles Z, y3, H are exchanged in
the loop diagrams. The form factor is evaluated accordingly:

&3

12872My 3,5,

FO 0% d4,43) = (5)

X {46{2/VM%V |:BO(qiMI%I7M%) +BO(Q%7MI%17M%) +3MI%ICO(p27q%vQ%le%hMI%I?M%)]

+ My Bo(p*, M7, M7) + 3¢y, Mi Bo(p*, Miy, M)
+ SM“/‘VCO(pz"I%vq%aM%M%vMI%I) - 12M1363VC00(p23Q%aqgleglaMl%hM%)

—4cev<c%VM%;+2M3V>coo<p2,q%,qg,Mg,Mg,M@}.

Other form factors (F;; for i, j = 1,2) are also written in the form of

Fj(p*:qt,¢3) = Y  EO0had). (6)
G={G,,G3}

All form factors F;; for i, j = 1,2 are the UV-finite. Therefore, we have only group 1 to group 3
contributing to these form factors. Applying the same procedure, each form factor is expressed as
follows:

3(32s), —24s%, +9
_e7(32sy ij )Ntcmtz>< )
1447 My s3, ¢,

G 2,2 2
F1(1 1)(17 2q41,92) =
2 2 2 2 2 2 2 2 2 2 2 2
X Cl(p 7Q17QZ7mtamtam1)+2C11(p ’ql’QZ’mmmtvmt)]a

&3

(G2 2. 2 2
FY (posq1,q5) = mx ®)

x{ [M (ch — )+ M (26 (4d = 7) = 3c sy + 35t ) |
xC1(p*,q1.45, My, My, M)

o+ [203 (- 532+ 405, (il (4d = 7) = 2 + sty )|
XCll(pzaQ%aQ%aM%WM‘%VvMI%V)

+2Mavsav<s%v—zc%V>co<p2,q%,qg,MeV,M%V,Mem},
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3
(G3); 2. 2 2 € 2 2 2 2 a2 as2 2.2
F PP = — oM Co(pt PR MR MELM 9
(P41, 93) 64752MWS3VC3V{ wCo(P”,q1.95,M7,M;, M) ©)
+(cyMF +3M3,)C1 (p*, a1, 43, M5, M, M)

+3ciy My [Cl (P, 43,43, M3, M}y, M) +2C11(p2,q?,q%,M121,M13,M§)]
+z<c%VM,3+2M5V>cu<p2,q%,q57M;,M;,M£,>}.

Analytic results for the form factors F}, are shown as:

3
G e
FS(0%ah.6) = CRREM R Nzcm?{SS%vB—4S5v)Co(p2,q%,q%,m?,m?,m?)
w*w

_(3 - SS%V)2 |:C1 (pz)(’I%7qg7mtz7mt27mt2) +Cl (pzyq%7q%7mt27mt27mt2):|
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We list all analytic expressions for the form factor F,; as follows:

e

G 2.2 2 C. 2
F2(11)(P q14) = —ml\ft m; X (13)

X {8S%V(4S%V —3)Co(p*,q1. 45, m; ,m;,m}) —9|Ci(p*, a1, 45, m; ,m} ,m7)

+C (pz,q%q%,m?,mf,m?)} — 4(32s}), — 24s3, +9)C12(61%7p2,q§,mz2,m,2,m,2)},

&3

G

F2(1 2)(P2;Q%aqg) = —16n2MWs3c2{[Mlzi(cgv—S%v)2+2Mv2v<Cév(4d—7)+S%v(53v—205v))}
ww

xCia (g1, p*, a3, Miy, My, My )

+2M$V [Cl (pz,q%,q%,M‘%v,M%/,M‘%v) +Ci (P2761§7(I%7MVZVan2v,Mv2v)}

+8My iy (siy —c%v)co(pz,q%,q%,Mev,M%V,Mév)}, (14)

el

(G3); 2. 2 2
FV(p%q1,45) = ———————7 X

2 b2 3212 My s, ¢ty
x{zM&V[a(pz,q%,q%,M%,M;,Mm+c1<p2,q§,q%,M§,M§,Mz>}
+(cy Mp +2My, )Cra (a1, p*. 45, My, M, M3)

+sc%VM£Iclz<q%,pz,qg,Mg,Mz,,Mz»}. s)

The last form factor F>, can be derived directly as

P(phiat,ay) = Fu(p:a5.q7)- (16)

Moreover, it is easy to check that all form factors satisfy the Bose symmetry relations

Fo221(p%5q1,43) = Foon21(p543,47)- (17

We turn our attention to one-loop amplitude for off-shell H* — ZZ. In this case, we only
have Fy, F21 contributing to the amplitude. Analytic expressions for these form factors can be ob-
tained by taking g2 = g3 = M. One-loop off-shell decay rates for H* — ZZ, Z;Z; are computed.
We use the following kinematic variables: p> = M2,,q? = M2 and g3 = M2. Decay rate for the
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case of unpolarized Z bosons in final state gets the form of

G\ (M3,.03.03)

(64”>M§M%Z

Uheszz { (12M§ —4MzM7, +M§z) +

(205, — SMEMZ, + 243 ) e | Foo (M3, M3, M3)|
A || S

Here, the Kallén function is defined as A (x;y,z) = (x —y — 2)* — 4yz.

We next consider the polarized Z bosons. In rest frame of Higgs boson, the longitudinal
polarization vectors for Z bosons are defined as:
AM3, iy —2M3 py

S,Lt(qi:A :O) = ;
Mz\/ A(4MZ,, M2 M)

for i=1,2. (19)

By deriving again the squared amplitude for oft-shell decay H* — Z; Z;, we then arrive at
G [ (3,083 85)

(2m) MM (4M3,, M3, M3

2
Th sz, { oM, (M5 — 6MEM3, +2M3;) +

ML, (Mg —6M2M2, + 2M§Z) X (20)

x [<4M§ ~ 24MIMZ, + 8M3, ) Foe | Foo (M3, M3, M3) |
+ (25MEMZ, — 20M3M, + 4MG, ) Be | Far (M3, M3, M3) | ] } .

3. Phenomenological results

In the phenomenological results, we use Mz = 91.1876 GeV, I'; = 2.4952 GeV, My =
80.379 GeV, I'y = 2.085 GeV, My = 125 GeV, I'y = 4.07 - 1073 GeV. The lepton masses are
given: m, = 0.00052 GeV, my, = 0.10566 GeV and m; = 1.77686 GeV. For quark masses, one
takes m, = 0.00216 GeV m,; = 0.0048 GeV, m. = 1.27 GeV, m; = 0.93 GeV, m; = 173.0 GeV, and
my, = 4.18 GeV. We work in the so-called Gy -scheme in which the Fermi constant is taken Gy, =
1.16638 - 107> GeV 2 and the electroweak coupling can be calculated appropriately as follows:

o = V2/nGu M (1 —M§ /M%) = 1/132.184. 1)
We then present the phenomenological results in the following subsections. In Fig. 1, off-shell
Higgs decay rates as a function of Mzz are shown. We vary Mzz from 200 GeV to 500 GeV. In
the left (right) panel of Fig. 1, the decay rates are generated in the region of 200 < Mzz < 500

GeV (and zoom out in 200 < Mzz < 300 GeV to study the effects of H* — Z;Z; ), respectively.
In these figures, the solid line presents for tree-level decay rates, the dashed line shows for full
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one-loop electroweak decay rates. While the dash-dotted line is for full one-loop decay rates with
the longitudinal polarization for Z bosons. We find that the decay rates in H* — Z;Z; give small
contributions in the low region of M7z and they tend to one-loop decay rates in high region of
M, 77

o z7|GeV] Taz7|GeV]

35

30

25

20

0
200 250 300 350 400 450 500 200 220 240 260 280 300

MZZ [GCV] MZZ [GeV]
Fig. 1. Off-shell Higgs decay rates as a function of Mzz.

In Fig. 2, we show one-loop electroweak corrections to the decay rates. The corrections are
defined as follows:

1—‘one—loop

iy —Tee
8[%) = =22 H'2ZZ o 1009, (22)

tree
1—‘H *—=ZZ

In the left panel, one presents one-loop corrections for the case of unpolarized bosons in final state.
While the right figure shows for one-loop electroweak corrections for the case of longitudinal
polarization for both Z bosons. We find that the corrections are in range of 7% to 8.4% for the
case of unpolarized bosons. While the corrections change from —60% to +10% in the case of
longitudinal polarization for both Z bosons. The effects of one-loop electroweak corrections to
oft-shell Higgs decay H* — ZZ are significant and they should be taken into account at future
colliders.
We study the effects of one-loop off-shell H* — ZZ in Higgs productions at future colliders.
The first signal process is Y(Q*)y — H* — ZZ. The signal cross section is given by
2
. (23)

2 I'y: *
G(\/EvQZ) = \/E =z ’Folé %Y*V(S’szo)’

[(s —M7)* + T3 Mz 2 (5,0%,0)

Where Folé*_my(s,QZ,O) is one-loop form factor for process H* — y*(Q%)y, whose analytical
result can be found in [46]. In Fig. 3, total cross sections are plotted as a function of center-of-mass
energy (C.0.M) for 0% = 0 (left panel) and Q* = 1-5M1%1 (right panel) respectively. In these Figures,
the solid line shows for tree-level cross sections, the dashed line is for one-loop contributing to
H* — ZZ and the dash-dotted line presents for one-loop contributing to H* — Z; 7.
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Fig. 2. One-loop electroweak corrections to the decay rates as a function of Mzz.
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Fig. 3. Total cross sections are plotted as a function of center-of-mass energy (C.0.M)

for 0% = 0 (left panel) and Q> = 1.5M?% (right panel) respectively.
H

The second signal process mentioned in this work is e”y — e” H* — ¢~ ZZ. The signal
cross section is written as follows

2 2 > [2 Y R . 2
Lol @ |+ MmO oP | pirory .0) x
szde2 167s QZ(S2 — Q2)2
2Mzz Mzz U 72(Mzz)
Xn AV T AR
(M3, — My)* + Ty My

: (24)
T

In Fig. 4, we present differential cross sections with respect to off-shell Higgs mass Mz (left
panel) and Q7 (right panel). In these distributions, we use the same previous notations. In the left
Figure, cross section develops to the peak which is corresponding to Mzz ~ 2M. It then decreases

rapidly beyond the peak. It is interesting to observe that one-loop off-shell Higgs decay impacts

are visible around the peak. In the right Figure, we find that cross section is dominant in the low
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Q7 regions. In both cases, one finds that the effects of one-loop contributions to off-shell Higgs
decay to Z-pair are visible and they should be taken into account at future colliders.

do /dMyz;[fb/GeV] do /dQ*[fb/GeV?]

0.0015

0.100
0.0010

0.010

0.0005

0.0000 | -

200 250 300 350 400 450 500 0 50 100 150 200 250

Mzz|GeV] 0%[GeV]

Fig. 4. Differential cross sections are presented as a function of off-shell Higgs mass
My (left panel) and Q? (right panel) respectively.

4. Conclusions

In this paper, we have performed one-loop electroweak contributing to HZZ vertex in
’t Hooft-Veltman gauge. We have also presented one-loop formulas for off-shell decay H* —
ZZ.7Z;7Z; . Analytic expressions for one-loop form factors are shown in terms of the PV-functions
in the standard notations of LoopTools. Therefore, off-shell decay rates can be computed nu-
merically by using this package. One-loop electroweak corrections to the off-shell decay rates
are investigated for the cases of unpolarized Z bosons and longitudinal polarization of Z bosons
in final state. The corrections are range of 7% to 8.4% when varying off-shell Higgs mass
200 GeV < Mzz <500 GeV. In applications, we study off-shell Higgs decay H* — ZZ in the
Higgs productions at future colliders such as the signal processes y*(Q%)y — H* — ZZ and
e Y — e H* — e ZZ are studied. We find that the effects of one-loop contributions to off-shell
Higgs decay to Z-pair are visible and they should be taken into account at future colliders.
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Appendix A: Checks for the calculation

Table 1. Checking for the UV-finiteness of the results at Mzz = 250 GeV (p* = M2,).
In this case, two real bosons are considered in final state.
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Before representing the phenomenological results, we are going to check the UV -finiteness

. : . . G, .
of the results. As we mentioned in the previous section, the form factors Fo(o 7 for j=1,23

contain the UV -divergent. By taking the counter-term form factor FO(OG 0), the total form factor Fyo
is then UV -finite. The numerical results for this check are presented in the following Table 1. By
changing Cyy, 12, we verify that the total form factor Fyg is very good stability (over 11 digits).

Appendix B: Decay width of off-shell H* — ZZ* — ZIl and H* — Z*Z* — I,111»], with
lip=e,l,Ve,Vy,Vr
We also include the leptons decay from Z boson. Since we are interested in the off-shell

Higgs decay to ZZ. It means that P%{_Z 4M%. Consequently, one can apply resonant approximation.
The decay rates for H — ZZ* — ZII can be then presented in a compact form as:

H—Z*Z—ZI 2 T (§?—M2)?+M2I2 (64m)MZM3,q°
my
o Do 20 i + 0] @

+ |2M2 — AME(ME, — 5q7) +2(M3, — q})?| e | Foo (M3, 4%, M3)|
(M3~ M ) x [ME - M3+ ) + (M3, — 41| e [P (M. 713 }

Mz g*syy (a7 +v7)
127

and v; = (T3f —2Q¢s%,)/(2swew). Following zero width approximation (ZWA) for Z decay into
leptons, we employ

Where M T, = is partial decay rate of Z to lepton pair with a; = T3f /(2swew)

1 T

— 5(q> —M3). (26)
(@ —M22+M2TE  MyIy (g1 —M7)
One then has
(Mzz—Mgz)?
dg; 8(q7 —Mz) = 1. 27)
4m12

As a result, we arrive at

Vhozezoszii = Uhozz XBRz_ 7. (28)
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We next consider leptons decay from both Z bosons. Applying the resonant approximation,
one-loop off-shell decay rates H* — Z*Z* — [111151; read:

Ty 774 leptons — (29)
(Mzz—/7)>
_/dql Y [aa_
M3)?+MT% T (g5 —M3)*+MT%

4m,1 4mlz

g%izz A (M%Z7q%7q%)

(64m)MZM3 4393

{{ 77 ZM%Z(‘II+QZ)+‘]1+10‘]1‘]2+412:|
+ [ZMﬁz —4M,(q7 +43) + 241 + 204745 + 2(13] Re [Foo(Mﬁz, ai, q%)}

+ (Mzz 4 — ) [Mzz 2M7, (g7 +45) + (a7 —51%)2} Ke [FZI(M%27Q%7Q%)] }
With the help of ZWA, we arrive at
Uhozzeaninh, = Vhozz X Bry_ X Bry_ . (B0)
Appendix C: Counter-term for the vertex HZZ
Counter-term for the HZZ vertex has general form as follows [44]:

F (p%:4%,3) = (8Y + 8Ga+ 8G3 + G, +282)) + 62){%) (2ZH), 31)

where (ZZH) will refer to the tree-level expression of the above vertex. All renormalization con-
stants can be found in [44,47].

Zulq)

e > = =

Z,(q)

Fig. 5. Group 0: counter-term Feynman diagram.

Appendix D: Feynman diagrams

Z,(q1) Zu(q1)

Zy(qz2) Zy(qz2)

Fig. 6. one-loop Feynman diagrams with exchanging f in the loop (Group 1).
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(e) )
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H(p) A H(p) A
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v

Fig. 7. one-loop Feynman diagrams with exchanging W, x and ghost particles in the loop
(Group 2).
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ANANNNNN Z(an) Z,(q1)
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| Z,(q1) e Z,(qu)
[ 7
Ve
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o | H ool | H
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Fig. 8. one-loop Feynman diagrams with exchanging Z, x3 and H in the loop (Group 3).
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