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Abstract: CP violation may play an important role in baryogenesis in the early universe and should be examined
comprehensively at colliders. We study the CP properties of HVV vertexes between Higgs and gauge boson pairs
by defining a CP violation phase angle &, which indicates the mixture of CP-even and CP-odd Higgs states in HVV
in new physics. A series of HVV amplitudes, H — yy,H — yV — y{f, and H — VV — 4{, with a CP phase angle
are studied systematically to explicitly explain why CP violation can only be probed independently in the 4¢ pro-
cess. We obtain a novel amplitude decomposition relation that illustrates that if two preconditions (multilinear mo-
mentum dependent vertexes, and the current J, of V — £*¢~ is formally proportional to a photon's polarization vec-
tor) are satisfied, a higher-point amplitude can be decomposed into a summation of a series of lower-point amp-
litudes. As a practical example, the amplitude of the H — yV — y£( and H — VV — 4 processes can be decom-
posed into a summation of many H — yy amplitudes. We calculate these amplitudes in the framework of the on-
shell scattering amplitude method, considering both massless and massive vector gauge bosons with the CP viola-
tion phase angle. The above two approaches provide consistent results and clearly reveal the CP violation & depend-
ence in the amplitudes.
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I. INTRODUCTION

There are two types of CP violation sources in the
standard model (SM). The first is weak CP violation in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2],
and the second is strong CP violation related to topolo-
gical charge in QCD vacuum [3-5]. Both have relations
with Higgs Yukawa couplings. The CKM matrix origin-
ates from general Yukawa coupling matrices for three
generations [6, 7], and the & angle in QCD vacuum can
rotate to the complex phase of the mass matrix via chiral
transformation [8]. The SM Higgs boson is a CP-even
scalar with CP-conserving interactions, whereas in new
physics (NP) beyond the SM (BSM), CP violation usu-
ally relates to Higgs bosons. One reason for this is that
there are often scalars and pseudoscalars instead of one

single scalar in the SM. A mixture of scalars and pseudo-
scalars is natural. For example, in the two Higgs doublet
model (THDM) [9], minimal supersymmetric SM
(MSSM) [10], and composite Higgs model [11], pseudo-
scalars always appear and there are no simple rules for-
bidding a mixture between a scalar and pseudoscalar. Ex-
cept for theoretical naturalness and generality, one prac-
tical motivation for a new CP violation source arises
from the matter-antimatter asymmetry observed in our
Universe [12—14]. In the electroweak baryogenesis mech-
anism [15], CP violation plus a sphaleron transition [16]
may produce baryon and lepton number violation during
an electroweak phase transition; however, the CP viola-
tion ratio in the SM is too small to achieve the quantity of
the observed matter-antimatter asymmetry [17— 19].
Therefore, a new CP violation source must be added to
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obtain electroweak baryogenesis.

We choose two model-independent frameworks to
study CP violation: one is a traditional method using ad-
ditional effective Lagrangian terms, whereas the other
uses the on-shell scattering amplitude method to analyze
amplitudes.

Adding new CP-violating terms to the Lagrangian of-
fers a convenient effective description of new couplings
BSM. The new terms can be CP conserved or CP viol-
ated but should obey Lorentz and gauge invariance. For a
specific NP model, its new Higgs couplings can be sim-
plified into these effective Lagrangian terms when other
couplings are sufficiently small to be omitted. Therefore,
constraints on these new Higgs couplings in the effective
Lagrangian provide concrete limitations for model struc-
tures with certain gauge symmetries.

The on-shell method is a novel tool to deal with amp-
litudes directly; not even a Lagrangian and Feynman dia-
gram is required [20]. This method starts from on-shell
particle states instead of field, sets up constraints, ex-
ploits analytical properties such as poles and branch cuts,
and then obtains an available amplitude. Specifically, a 3-
point massless (or one massive two massless) amplitude
may be fixed via locality and little group scaling [20-22],
and then an n + 1-point tree amplitude can be constructed
from n-point amplitudes through recursion relations. In
this way, all tree amplitudes can be obtained with clear
mathematical structures.

We focus on the H — yy, H — y¢¢, and H — 4¢ pro-
cesses to analyze their BSM amplitudes. At the Large
Hadron Collider (LHC), the H —» yy and H — ZZ — 4¢
processes are Higgs discovery channels [23, 24], which
have the advantage of a clean background and relatively
large signal. They are also golden channels for the pre-
cise measurement of Higgs properties [25—28]. In our
previous research, we noticed that the CP violation phase
could not be probed solely in the H— yy or H — ylt
process without interference from the background [29,
30]. Conversely, in the H — ZZ — 4¢ process, CP viola-
tion could be probed solely through its kinematic angles
[28, 31-33]. These may be clearly explained at the amp-
litude level after we obtain a compact formula. In this pa-
per, we explore the relations between these BSM amp-
litudes using the above two independent methods. A de-
composition relation between these amplitudes is illus-
trated in an interesting diagrammatic way. Then, we cal-
culate the same amplitude using the on-shell method
(BCFW recursion relation), which can be regarded as a
parallel proof of the decomposition relation. Meanwhile,
the massive spinor formalism is applied to prove that it is
also suitable for massive cases.

This paper is organized as follows: In Sec. II, we
show the amplitudes of the SM HVV processes both at a
proton-proton collider and e*e™ collider. In Sec. 111, we
calculate BSM amplitudes in the effective Lagrangian de-

scription. The H — yy, H — y{t, and H — 4¢ processes
correspond separately to 3, 4, and 5-point amplitudes. In
Sec. IV, we deduce decomposition relations for these
amplitudes. In Sec. V, we reproduce these BSM amp-
litudes using the on-shell scattering amplitude approach.
In Sec. VI, the BSM amplitudes from the on-shell scatter-
ing amplitude method are generalized to massive spinor
cases. Finally, Sec. VII contains a summary and discus-
sion.

II. SM HVV HELICITY AMPLITUDES

Experimentally, SM/BSM HVV couplings can be
measured/exploited at existing proton-proton colliders,
such as the LHC, or future e*e™ colliders, such as the Cir-
cular Electron Positron Collider (CEPC), International
Linear Collider (ILC), and Compact Linear Collider
(CLIC). To study BSM HVV couplings with CP viola-
tion, their interference with the corresponding SM pro-
cess (including or not including Higgs) may become the
dominant contribution because BSM couplings are gener-
ally assumed to be suppressed compared to the corres-
ponding SM couplings. Before studying BSM amp-
litudes, the amplitudes of the SM HVV process and the
main background process are introduced to show a glob-
al view of how amplitudes work for physics processes at
colliders. Analyzing these amplitudes may unveil some
mysteries that are not clear at the observable level. In the
following, we take specific HZZ related processes as ex-
amples at a proton-proton collider and e*e™ collider sep-
arately. For the example at the proton-proton collider, we
focus on process-dependent amplitudes, show the amp-
litudes of the signal and background processes, and dis-
cuss how these amplitudes are used for experimental pre-
dictions. For the example at the e*e™ collider, we focus
on process-independent amplitudes, that is, the amp-
litudes with all external particles outgoing, which are re-
lated to process-dependent amplitudes via crossing sym-
metry.

A. At the proton-proton collider

The gg — H — ZZ — 4¢ process at the LHC is sensit-
ive to BSM HVV couplings. The Feynman diagrams of
this signal channel and its main background are shown in
Fig. 1. In Fig. 1(a), the Higgs production process gg — H
is mediated by the top quark loop. Figure 1(b) represents
the gg — ZZ — 4¢ box process without Higgs, which is
important in the off-shell Higgs region. Studying the in-
terference between the signal and this continuum back-
ground in the off-shell Higgs region could provide a strin-
gent bound on the Higgs width [34, 35] and also BSM
HZZ couplings [31, 35]. In Fig. 1, £ and ¢ have differ-
ent flavors. If we study the process of 4¢ with the same
flavors, two more diagrams that describe another pairing
of 4¢ should be added. Nevertheless, their amplitudes are
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Fig. 1.

similar [31].

The triangle top quark loop in gg — H may be integ-
rated and described using an effective ggH coupling such
that the helicity amplitudes of ggH are shown as [30]

2
MEH(E 20 =ZE 12,

MES=H(17 27 =£<12>2. (1)

8’78 v

Here,

e Lo i , mro]

=-— J— e -
v 24027 16m 5 2Mysw b,

X[2+ si2(1=7)CY (M), 2)

where v =246 GeV is the vacuum expectation value of
the Higgs, a, b=1,2,...,8 are SU(3). adjoint representa-
and the
ng(mz) function is a Passarino-Veltman three-point scal-

tion indices for the gluons, TH=4I’I1§./MI2_1,

ar function [36]. (ij) and [ij] follow the conventions in
Refs. [37, 38]:

iy =717 = u—(pus(p)),
[ij1= G*17) = ur(piu-(p;),

Pl =2pi-pjs  sij=(pi+p)%

G lyulp?)
€ (piq) = t———, 3)
. V2qFIp¥)

where p; are the momenta of the external legs, g is the
reference momentum that reflects the freedom of gauge
transformation, and €*(p;, ¢) is for outgoing photons with
+ helicities. Notice that the gluons are incoming in Eq.
(1). If we let them be outgoing, the amplitudes simply re-
quire an exchange between () and [] because of the cross-
ing symmetry.
The helicity amplitudes of H — ZZ — 4¢ are [31]
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(b)

Feynman diagrams of the SM HZZ related process and its main background with 4¢ final states at the LHC.
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where the common factor f'is defined as

f=-2ie’ —Pa(s34)P2(s56). )

MW sin 6
with

1

Px(s) = ————
X( ) s—M§+iMXFX

(6)

as the propagator of particle X. Hence, the total amp-
litude of gg > H > ZZ — 4¢ is

Mgg—>H—>ZZ—>4l — Mgg—)H XPH(Slz)XMH—)ZZ—A[ . (7)

The amplitude of the box process gg —» ZZ — 4¢ in
Fig. 1(b) is complicated owing to box loop integration. Its
full analytical form can be found in Ref. [25], which is
coded in the MCFM package [39]. We can perform phase
space integration and obtain numerical cross sections in
the MCFM package.

When studying the observable effects of BSM HVV
couplings, we can add BSM amplitudes to the MCFM
package and obtain total and partial cross section results.
Because the analytical form of each amplitude is clear,
each contribution for the cross section can be singly
shown. For example, the interference contribution from
the SM Higgs and BSM Higgs processes can be calcu-
lated by selecting the Re(M3M M:BSM) part in the code.
In the Higgs off-shell region, the interference contribu-

033106-3



Ke-Yao Feng, Xia Wan, You-Kai Wang et al.

Chin. Phys. C 47, 033106 (2023)

_ b(p1, h1)
e (p3, h) H< o 1)
€~ (ps, hs)

0" (pg, he)

et (py, hy)

Fig. 2.

tion between the continuum background and BSM pro-
cess is also important; therefore, Re(M;M M;P*M) must
be solely focused on. More details can be found in Ref.

[31].

B. Atthe ete™ collider

At the e*e™ collider, the two main processes with the
HZZ coupling are the ZH process and vector boson fu-
sion process. Their Feynman diagrams are shown in Fig.
2. In these two processes, e*e” are incoming particles and
bbt* ¢~ (or bbe*e™) are outgoing particles. Because cross-
ing symmetry illustrates that an incoming particle can be
replaced by an outgoing antiparticle and leave the S-mat-
rix unchanged, we can first calculate the amplitude with
all particles outgoing and then deduce the amplitude for
the physics process just by relabeling the momenta, heli-
cities, and particle properties. We do not go into detail
about using crossing symmetry because it is trivial once
the rules are set. Instead, we focus on how to express pro-
cess-independent amplitudes with all external particles
outgoing. Later, we maintain this convention for all BSM
amplitudes. Therefore, the amplitudes we require are the
same for Fig. 2(a) and Fig. 2(b) if ¢ is assumed to be e or
both are assumed to be massless. They may be written as

M15,25,3¢24¢,51,61) =M1, 25, 1) X Pr(s12)
XMy, 3¢ 4e,51,61),  (8)

where Iy and I;, represent the mediate H, which is
broken into two parts and appears in each of the smaller
amplitudes. The amplitude M(/},,3.-,4.+,5,6;) is calcu-
lated using Eq. (4), except that the momentum of the
Higgs boson is flipped to be outgoing. In fact, because
the Higgs is a scalar, the amplitude will remain un-
changed in this case. One new amplitude we should pay
attention to is M(1p,25, 1), which is

M;.35) ==

(12),
v

—i

T 121, ©)
1%

M@2;.3%) =

The external b,b quarks are assumed to be massless in the
high energy limit. The Hbb coupling is still fixed to be
proportional to my. The amplitudes for massive particles

e (p3, h3) - e (p4, hy)
25 m < b(p1,h1)
Z B(p27 h’Q)

e (ps, hs) - ¢ (p6; ho)

(b)

Feynman diagrams of the SM HZZ related process at the CEPC.

are realized in the massive spinor formalism and require
little group indices [22, 40, 41], which relate (12) to the
bolded (12), for example. We study these in Sec. VI.

III. BSM HVV HELICITY AMPLITUDES

In this section, we first introduce BSM HVV effect-
ive couplings and define the CP violation phase. Then,
we calculate their amplitudes. Finally, we discuss the in-
terference contribution from the BSM amplitudes.

A. HYVYV effective couplings

In SMEFT [42—-44], the complete form of higher-di-
mensional operators can be written as

_ 1 55 1 6 6 1
£—£5M+sz:CkOk+pzk:CkOk+O(F), (10)

where A is the energy scale of new physics, and C} with
i =5, 6 are Wilson loop coefficients.

BSM HVV (V represents y, Z/W boson) vertices start
from dimension-six operators O°. In the Warsaw basis
[43], they are

05, =(®' D' @) (' D* ),
) 1 1y 6 T \
O4y =0 oW, W Of, = 0'®B,,B",
Oy =0 T'OW. B,
6 AT Tuv
0, =0 oW, W,
. 3
0, =0'®B,, B”,
S, =0 T OW B, (11)

OWB

where ® is a doublet representation under the SU(2).
group, the aforementioned Higgs field H is one of its four
components, and Dy, = d, —igW,T' —ig’YB,,, where g and
g are coupling constants, 7/ =1//2, where 7/ are Pauli
matrices, Y is the U(1)y generator, W/, = 8,W,-0,W,-
ge"*WIWK, B,, = 8,B,—8,B,, and X,y = 5€.,ps X7

After spontaneous symmetry breaking, we obtain the
HVYV effective interactions

L£int— _%H‘/ﬂ"vﬂv - C%HV”VVHV > (12)
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cyy and ¢yy are real numbers that originate from the
Wilson loop coefficients, and V represents the vector bo-
son. A detailed formula for cyy, ¢yy, and the Wilson loop
coefficients C¢ can be found in Ref. [31]. A standard ana-
lysis based on SMEFT should be a global study in-
volving all dimension-6 operators. Here, we concentrate
only on the new HVV terms.

Dimension-6 operators can originate from loop mo-
mentum integration in loop diagrams with multi-outlegs.
The virtual particles in the loop can be both SM particles
and BSM new particles. The difference between the two
cases is that the SM processes have definite dimension-6
coupling coefficients, whereas the dimension-6 coeffi-
cients in NP are still to be determined.

The CP violation phase can be defined as

& = tan”'@yy/evy),

when

(13)

Arg(éyy/cyy)=0 or &,

where £=0 (g) represents a pure CP-even (-odd) HVV

vertex. £ #0 indicates CP violation, and &= g corres-
ponds to maximal CP violation if other Higgs vertices are
supposed to be CP-even. In the amplitudes, we see that &
appears as a phase, which changes sign under CP trans-
formation. This is why we refer to it as the CP violation

phase. Meanwhile,
S = |2 4
Cyy = /Cyy T Cy

can be defined as the amplitude modulus, which is pro-
portional to signal strength in collider experiments.

(14)

B. Helicity amplitudes

In the following sections, for simplicity, we only take
the amplitude of Higgs decay with the BSM HVV vertex
as an example to illustrate the decomposition relation.
This is also the process-independent amplitude because
the Higgs boson is a scalar and the amplitude is free of its
incoming or outgoing. Full amplitudes with Higgs pro-

Y(p2, ha)

r}/(p37 h3)

Fig. 3.
ive coupling.

duction and decay can be easily obtained by multiplying
the BSM Higgs decay amplitudes with the partial amp-
litude of the Higgs production M~ in Eq. (1) and a
Higgs propagator in Eq. (6) at the proton-proton collider,
or by multiplying it with the partial amplitude of H — bb
Eq. (9) and a Higgs propagator in Eq. (6) at the e*e™ col-
lider, similar to Eq. (7) or Eq. (8), as discussed in Sec. II.

Feynman diagrams with effective HVV couplings are
shown in Fig. 3. After several calculations, the helicity
amplitudes are obtained as follows:

e For the process H — vy,

s
M(27.33) =ﬁei‘f[23]2 ,
v
s
M(2;.37) =ﬂe—i‘f<23>2 ,
Vv
M2;,3,) =0,
M2,,3;) =0, (15)
where we use M(2§3, 33‘) to represent M(IZ‘, Zﬁz, 3];3) be-
cause h, is trivially zero for all cases, and #; are the heli-
cities of the external legs with momentum outgoing. The
results show that the helicities of the two photons should
keep the same sign because the spin of the Higgs is zero
and the total angular momentum is conserved. Under CP
transformation, M(27, 3;) changes to M25, 3)). Analyt-
ically, this corresponds to (ij) changing to [ij]. Thus, in
Eq. (15), a general nonzero ¢ represents CP violation.

® For the process H — Vy — {(y,

2¢5 .
M2 37.49) =y (s23) x == 123124,
2civ )
M(2;.37..43) =1y (s23) X Tel‘»~‘<23>[34]2,
2CSV .
M(2F.3;.,40) =f (523) x ——e(23)[24]%,
v
S

2c )
M7 30.49) =f () x L= 41231347, (16)

0~ (p2, ha)

£+ (ps, hs)

0 (pa, ha)

Y(pa, ha) " (ps, hs)

Feynman diagrams of H — yy, H— Vy — tty, and H — VV — 2£2¢ from left to right. Each HVV vertex is dotted as an effect-
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fy(s)=
is the propagator of the

523 = (P2 + p3)%,
~V2eryPy(s), Py(s)=

where

flV-(s) = V2 elyPy(s),

s—M?
gauge boson, [y and ry arev theleft-handed and right-
handed couplings between the vector boson and leptons,
respectively, and leptons are supposed to be massless.
The remaining helicity amplitudes are equal to zero and

thus are not listed.

e For the process H — VV — 2£2¢,

2S

M2 30,4050 =1y (523)fy (s15) °VVV (¢4(23)45)1351

+e 4[23] [45](24)2),

2S

M7 37,4857, =1y (s23) ) (s15) CVVV (e (23)45)341%

+e7€[23][451(25)°),

25

M7 37,4750 =17 (523) fy (sas) CVVV (e(23)45)[25%

+e7€[23]451(34)°),
25,
VY (e (23)(45) 1241

\4

M2;.3,.4,-.5,.) =1y (523) fy (545)

+e74[23][45)(35)?),
(17

where VV can be yy, ZZ, yZ, or W*W~. However, when
it represents yZ or W*W~, the original Lagrangian in Eq.
(12) should be scaled by a factor of 2 overall to ensure a
consistent formula. The remaining helicity amplitudes are
equal to zero.

C. Interference contribution

Using the compact form of the amplitudes and the
definition of CP violation phases angle, it is interesting to
compare the SM HVV amplitudes with BSM HVV amp-
litudes and then show how we can extract these BSM
contributions in collider experiments.

First, we compare the SM Hyy amplitudes with BSM
Hyy amplitudes. The SM Hyy amplitudes can be ob-
tained by replacing the coefficient C, with C, in Eq. (1),
where C, represents the triangle loop integral from both
the top quark loop and W boson loop [45]. The BSM Hyy
amplitudes are shown in Eq. (15). Comparing Eq. (1)
with Eq. (15), their spinor structures are the same, where-
as the CP violation phase and coefficients are different.
Therefore, for interference between these two amplitudes,
the kinematic observables (such as the shape of the angu-
lar distribution of the external particles) will remain un-
changed, except for an overall scale factor.

Next, we compare the SM and BSM amplitudes in
Egs. (4) and (17) for the H — ZZ — 4¢ processes. Their

spinor structures are completely different, as each SM
amplitude has two brackets (including both () and []) and
one term, whereas the BSM amplitudes have four brack-
ets and two summed terms. The two additional brackets
in the BSM amplitudes originate from the partial derivat-
ives in the dimension-6 operators, as shown in Eq. (12).
Therefore, the extra momentum dependence of the BSM
scattering amplitudes can be regarded as an indication of
the momentum dependence of BSM couplings. It is obvi-
ous that this interference contribution between BSM and
SM amplitudes, which is proportional to the momentum
of the external particles, will be enhanced in the high en-
ergy region. In other words, the interference effects are
expected to be searched for sensitively in the off-shell
Higgs high energy region [31].

IV. DECOMPOSITION OF HELICITY
AMPLITUDES

The amplitudes of CP violation HVV processes in
Egs. (15), (16), and (17) have similar structures. In the
H — yy and H — {ly processes, there is only one term
for each helicity amplitude. The CP violation phase ex-
hibits as a global phase. However, in the H — 4¢ process,
two terms appear, and the CP violation phases have re-
verse signs. To explore how amplitudes change when ex-
ternal legs increase, we find a decomposition relation for
a particular type of n-particle effective interaction. Then,
we apply it to the HVV effective interactions and derive
the corresponding amplitudes.

A. Proof

Consider the amplitudes Miower and Mhigher With m
and more than m external lines, which both include m-
particle effective interactions, for example, Fig. 4. In
Mhigher, all propagators are vector bosons and are at-
tached to the m-particle effective vertex. Therefore, vec-
tor bosons will be crucial in the construction of My;gher. In
this subsection, we assume that the vector bosons in
Mhigher are massless to derive the decomposition relation.
Because the contraction of the massless fermion current
with the massless vector propagator is the same as that
with massive vector bosons, the decomposition relations
are valid for massive vector bosons. In the massive case,
the vector bosons in Myer are still massless, but the vec-
tor bosons in Mpigher may be massive. For convenience,
we relabel the momenta of My, from {p1,p2,---, pm} to
{l,,..., Lu—n; ki,ko,..., k,}, where k corresponds to the
momenta of gauge bosons, and / corresponds to those of
the others. Now, we express Mjower in terms of the polar-
ization € and vertex I,
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Diagram (a) and (b) are two examples of Mioyer and Mpigner, Where the circle represents the same effective interaction. In

Miower, ki and [; characterize vector bosons and other particles. In Mpigher, several external vector bosons are replaced with the current

J®, while the others are noted by JO.

Mlower(ll I
=D e

(Y IR )
e | | ik r (18)

where h; and r; are the helicity and reference momentum
of gauge boson i, respectively. Here, I is not the conven-
tional vertex in SM Feynman diagrams.

The decomposition relation is based on two key
points. The first is that the BSM vertex I' is multilinear to
the momenta of vector bosons,

TH #”(kl, ’k ): Z r,u]"'#,,(qu], ”,qnj”), (19)

Jiseosdn
where
n;
ki= Y ay, m=12. (20)
ji=1
N,
Miigher =T P (lr,ode) [ [07(al o q) = Z LRI
i

i,
Z Fg (gl s s T (g1

,,,,,

where we ignore the momenta / in Mjoye,. This is the de-
composition relation for helicity amplitudes.

Here, the multilinear property of the momentum de-
pendence in the vertex I is crucial for the decomposition
of helicity amplitudes. One may worry about the univer-
sality of this multilinear vertex, which may limit the us-
age of the decomposition relation. Our argument is that
this multilinear momentum dependent vertex is widely
observed in high dimensional couplings, both in the SM

The second point is that the current J, is proportional
to the polarization vector of a photon ¢,. They can be

written in uniform notation as

h”’f i lrl “: Hffy
L) = F G a6 o). D)

where n; is the number of external particles, and F' is a
factor. The helicity H;; is a function of 4;;,. When n; =1,
it reduces to the polarization ¢, and H;; = h;;. In this case,
the reference momentum r;; is arbitrary. When n; =2, it
reduces to the current, whose expression will be given in
the next subsection.

Now, we express Mhigher in terms of I' and J™). Com-

bining Eqgs. (19) and (21), it reduces to

n hin N _Hij,
> 4nj, )1_[ ( ) 11 v ’qin, )Eﬂ ,(Qijr’rijy)

R, Hy, H;,
,C]n])l_[fy (CIU,VU)— Z F(n)(qll, . ,qin")Mlower(Q,-l s""qin’ )

..... 22)

I
framework with loops and effective high dimensional op-
erators. As shown in the next subsection, the momentum
of the vector bosons in these vertices arises from the par-
tial derivative of the vector boson in the Lagrangian,
which is common, especially in higher dimensional oper-
ators.

B. Applications
Now, we aim to discover what types of effective in-
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teractions will give multilinear vertices. Because I' is
multilinear, each vector boson momentum should be lin-
ear in these vertices. This implies that there is no D, in
the effective interactions. All momenta originate from the
field strength tensor X, .

In dimension-6 operators, there are only three types of
effective operators, y?>X¢p, X?>¢?, and X3, fulfilling these
conditions. The corresponding multilinear vertices are

Wy W)X,y M(ky) = [Llkiy" 1] + [y kL],
&X' X, I (ki ko) = KK — gk, - ko,
(X, X)X 0 TP (ki ko, ks) = k{KOKE + -+ .

(23)

The decomposition relation of Eq. (22) can be applied to
these effective interactions.

From now on, we return to the HVV vertex from Eq.
(12) and use the label {p1, ps,..., pm}. This vertex is bilin-
ear to the momenta of vector bosons, which is

Dk, k) = —i[eyy (RKH —k-K ) + vy €PTk,k, ] |
(24)

where k, k' are the momenta of the two vector bosons.
Hence, when k = p, + p3 or kK’ = p4 + ps, or both, where p;
is the momentum of the external legs, we have

Dk, k') =T (p2 + p3, k') =" (p2, k') + T (p3, k') (25)

=T"(py+ p3,pa+ps) =T (p2, pa) + T (p2, ps)

+I"(p3, pa) + T (p3, ps).
(26)

However, we explicitly express the current J, of
V — "¢ inFig. 5,

IO pi = ! Vfﬁ)m ¥,3%) 27)
= £ (53)(273%)e2(3,2) (28)
g_ (p27 h2)
1
v
£+ (p37 h3>

Fig.5. Current J, of V- 7¢*.

= £fy (523)(2%137)¢; (2,3), (29)

where 65(3,2) = 65([73, p2) can be considered a polariza-
tion vector of a photon with external momentum p3, and
p2 is the chosen reference momentum. Similarly, €;(2,3)
represents a photon with external momentum p, and ref-
erence momentum ps. In principle, J, is a gauge-depend-
ent quantity. Because we ignore the mass of leptons, it
can be considered a gauge-independent quantity in our
proof.

According to Egs. (28) and (29), we know that
H;j = 2h;;, and the expressions of F® are

FOG 2, = £70Dlgngnl,
2 2 Z -
Fl(j,z)(qil 7qi2 )= fV (k,-2)<q,'1€h2>,

F(Z)(qll ’th )_ _fV(k )(%1%2)

Fﬁ,i)(q;?,q;j) = —fy (KDlgngnl. (30)

Based on these equations, we may decompose the
amplitudes of H — Vy — £y as

M2; 35.4,) =FP(py* ,p3 )M(zy,4 )
+F2(p, " i IMEBS.4,)

=fy(s23) X (123IM(2;,4;)
+(23)M(3].4))), 31)

In the last step, the reference momenta of photons are dif-
ferent, which does not affect the form of M(y,y) because
the vertex I'*” satisfies the Ward identity. The other heli-
city amplitudes of H — Vy — ¢{y have a similar decom-
position. An illustration of Eq. (31) is shown in Fig. 6.
Each amplitude of H — Vy — ¢y is composed of two
amplitudes of H — yy, which degenerate to one term be-
cause the amplitude of H — yy with reverse helicities is
equal to zero. Therefore, the CP violation phase is main-
tained as a global phase in the H — Vy — £y process.

Next, we prove that the decomposition relation is also
suitable for the H — VV — 4¢ process. That is,

M2, ,3; 4; .55
—F2(p;’ ,p3 2 (p, ,ps >M<27,4 )
+FS(py ,p;)F(z)(m PIIM2;,5)
FO(py piFD(p) pi MBS 47)
FOpy piOFP(py  pi MBS, ST (32)
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’Y(p27h2) A/(pd,hd)

+ H ---

Y(pas ha) Y(ps, ha)

Fig. 6. Decomposition of the amplitudes of H — Vy — ¢¢y.

gi(p27h2)
%4
H --- 14 (p37h3) — -
¥(ps, ha)
E_(p27 hQ)
v €+(p37 h3)
H --- —
/—
V ‘g (p47h4)
£I+(p57 h5) +

H —— -

¥(p2; h2) ¥(p2, h2)
+ H ---

v(pa; ha) v(ps: hs)

v(p3; ha) V(P hs)
+ H -

Y(pas ha) Y(ps, hs)

Fig. 7. Decomposition of the amplitudes of H — VV — 4¢.

= F(523) il (55) X (123][45IM(2;,45) + [23]45)M (25, 57)

+(23)[45IM(35.,4,) + (23)45)M(35.53) ).
(33)

where for the specific helicity states in Eq. (32), one term
of H — 4¢ is decomposed into four terms. Furthermore,
the four terms in Eq. (33) degenerate to two terms be-
cause reverse-sign H — yy amplitudes are zero, as shown
in Eq. (17). The diagrams are shown in Fig. 7.

One may think it is ridiculous at first glance of the de-
composition of the scattering amplitude of H — 4¢ into a
combination of four H — yy amplitudes because the fi-
nal decay products of leptons are strangely changed into
photons. We argue that this result is instructive and has a
profound physical meaning. The amplitude of Higgs de-
cay can be considered a function of the momentum of its
decay products. Here, we simply find the form of the mo-
mentum dependence between the H — 4¢ and H — yy
amplitudes. One can easily convert this result into simil-
ar processes obeying the two aforementioned key precon-
ditions. Our results provide a new viewpoint for the amp-
litude of the multiple decays of the Higgs.

C. CP violation phase in helicity amplitudes

From the decomposition relations, we see that the
amplitudes of H — yy are the bases for other amplitudes.
Because M(+,—) = M(—,+) =0, the left bases are M(+,+)
and M(—,-). CP violation phases are reverse in the two
bases. In the H — yy and H — Vy — £y processes, the
CP violation phase is a global phase in each amplitude.

Therefore, generally, it is an unobservable phase if inter-
ference between this amplitude and background amp-
litudes is not considered [29, 30]. In the H — 4¢ process,
two bases coexist in each amplitude, and thus the CP vi-
olation phase appears as a physical observable. Moreover,
this means that interference between the CP-even term
and CP-odd term exists at the differential cross section
level after squaring the amplitude. Therefore, the interfer-
ence can be probed through kinematic angles [28, 31-33].
An obvious effect is a shift in the azimuthal angle caused
by the interference between CP-even and CP-odd terms.
Hence, we see the CP phase angle dependence clearly in
HVV processes for the benefit of our amplitude decom-
position relations.

V. BSM AMPLITUDES FROM THE ON-SHELL
APPROACH (MASSLESS)

In the on-shell approach, the amplitude is not derived
from Lagrangian and Feynman rules. Instead, it is con-
structed directly from on-shell particle states. In this sec-
tion, we first introduce spinor variables for particles. We
then show how the amplitudes of Hyy are represented
and fixed. Finally, we obtain the amplitudes of Hyf¢ and
H4¢ through recursion relations.

A. Spinor variables

The right-handed and left-handed spinors in Eq. (3)
have two-component versions [37, 38],
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lia) = dia = us(pi) = 1i*), 11°1= A7 =u_(p) =i7),
(1= =u(p) =7, ligl = o =us(p) = @', (34)

where the spinor indices can be raised or lowered by the
antisymmetric tensors € and e,

2= ePg, Ay =epl. (35)

In this notation,
i)y = A0 Ao [ij]= Aia A5 . (36)

The on-shell momentum of a massless particle is repres-
ented as

Pai = Pu0hy; = dadas (37)
where o* = (1,5), with & representing the Pauli matrices.

B. Amplitude of Hyy

A general three point amplitude with the interaction
of one massive and two massless particles is shown in
Fig. 8 [22], where «;, i=1,2,...,2S are the indices of
spinors, S represents the spin of the massive particle, and
hy, h3 are the helicities of the two massless particles.

For the amplitude of Hyy, because the massive
particle H is a scalar with zero spin, we do not need to
carefully consider its spinors, which makes the formula
significantly simpler. The general ansatz is [22, 46, 47]

M1, 20,38y = ¢ — 53 (38)

mhz +hy—

where & ' represents a helicity-related phase, g repres-
ents an overall coupling constant, and m is the mass of

the Higgs boson. Because (23)[32] = (p, + p3)* = p} =m?,
2

(23) = rgn_z The little group scaling [20, 21] requires

hy + h3 = 2hy = 2h3; therefore, M(27, 3))=M2;, 3; )=0.
The non-zero amplitudes are only M(2;, 3}) and
M(2;, 3)). Generality is not lost to require ¢™* =
—&~~ = ¢ because their equal parts can be absorbed into

Fig. 8.
hyare the helicities of the two massless particles.

the  redefinition of g  The inequality of
IM(27, 3;)| #|M(2,, 3,)| may also cause CP violation;
however, this is not favored by physics assumptions. Spe-
cifically, from the Lagrangian in Eq. (12) we need Cyy
and Cyy to be real to maintain the Lagrangian Hermitian
conjugate so that it results in |M(2], 3))| =IM(2;, 3)| as
in Eq. (15). From the above discussion, the nonzero amp-
litudes are

Ms(151,25,33) = &€ 23, (39)
m
My(1.2;,3;,) = ¢ £(23)2 (40)
m
26%

which is equal to Eq. (15) as long as we require % =—
and & =¢.

C. Amplitudes of H — yt¢

The amplitudes of H — y¢¢ can be constructed from
three point amplitudes using the recursion relations. For
the amplitude of H — yf¢, a factorization approach is
H —yV,V — ¢(. Figure 9 shows this factorization. The
mediate particle is taken as y to aviod the amplitudes of
massive particles; its momentum is marked as "I." We
shift the momenta of the 2,4 external particles according
to the BCFW recursion relation approach [48—50]. That
is,

2) = |2) - z/4),
(41)

21=12], 14]=141+22], |4)=4),

where z is a complex number, and shifted momenta are
hatted.
The corresponding analytical formula is

M1y, 2,30, 4%

Ty
=Py (so)M(1 3 =P )M(P}, 27, 37)
+ Py (s3) M1, 4 = PT)M(PL.22.38) . (42)

where p; = py + ps = —(p2+p3) is the momentum of the

ho
Mh2h3{oz1042 - 0425}

hs

General one massive and two massless particle interaction. The subscript S represents the spin of the massive particle, and h,,
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My(1y, 22,38, 404) =

-
4’Y

Fig. 9. Factorization of H — yt¢. We take the mediate particle as y for simplicity.

mediate photon, and P,(s23) = 1/s23 = 1/(p2+ p3)* is the
propagator with unshifted momenta.

The helicity amplitudes of y£~¢* are three point amp-
litudes with massless particles, which are fully fixed by
little group scaling and dimension analysis,

12)2
M(;,2;,35) = é% , (43)
N
M(ly,Z L 3.) = €W ) (44)
e aey_ 131
M(l ,25,,3[+)=€m, (45)
+ A+ - ~[12]2
M ,257,3@):6’E, (46)

where &=—V2e, Eqgs. (43) and (44) correspond to the
[23] =0 solution, and Egs. (45) and (46) correspond to
the (23) = 0 solution.

After inserting Egs. (40) and (43) into Eq. (42), we

M5(1H7 22—7 32;74;/—75;-&-) =

5ha 5ha
2,2 1y ) 2,2
~ o - R ]’y
+
_|_ _
h “h h
3,4 474 3,3
get
M(11,27.,35.45)
25, (FA (I3
=eP,(s23) X il 6_”5( >A[ 3] ,
v [23]
ZCSV )
=EP,(523) X ——e€[23](24)?, (47)
v
where the last equation is because
(AD[131 =(41p113] = (4 p2 + p3I3]
=(41p213] = (42)[23] = (42)[23],  (48)

and an analytical continuum of |- p) = —|p), |- p] =|p] is
adopted. As a result, Eq. (47) is the same formula as the
one derived in the effective Lagrangian calculation (see
Eq. (16)). It is worth noting that because P,(s23)=

(24)?

Eq. (47) is proportional to 3 and thus has a

1
(23)[32]°
singularity when (23) = 0.

If we take the propagator V as a Z boson, we should
consider a HyZ amplitude together with a Zyy amplitude.

Fig. 10. Factorization of H — 4¢. The external legs are arranged in clockwise order.
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The HyZ amplitude is an amplitude with two massive
and one massless particle, and the Zyy amplitude is an
amplitude with one massive and two massless particles.
These are more complex than the Hyy amplitude be-
cause the spin of Z is 1. These two amplitudes should use
bolded spinor variables [22, 46].

D. Amplitudes of H — 4¢

The amplitude of H — 4¢ is a five point amplitude,
which can be factorized into two parts: a four point amp-
litude plus a three point amplitude. Each amplitude is
split into four parts, as shown in Fig. 10.

In a formula, it is

Ms(1y,2,.,3;.,4,.,5;.)
=P, (s23)M(11.,4;..5}..-P;, )/\/((P+ 2:.30)

V6%
+Py(523)M(1H Z 5(+, )M(P17’2€*93[+)
+ Py (s45)M(1, 2,3}, — )M(P1y,4g ,5.)

+Py(s45)M(1H’ 7 32—9 P )M(P[)A - 35+) (49)

which corresponds to diagrams A, B, C, and D, respect-
ively. Diagrams A and B correspond to (1,4,5)+(2,3)
factorization, whereas diagrams C and D correspond to
(1,2,3)+(4,5) factorization. We assume ¢ # £’ for gener-
ality; hence, the factorizations of (1,2,5)+(3,4) and
(1,3,4)+(2,5) are absent because of flavor symmetry.
Next, we calculate these four diagrams separately.
The formula for diagram A is

7(523)M(1H,4g ,5[ s P )M(P,y,Zg,,3;)

Sy i 2o 31
:%e P, (523) Py (535)[451(A1)? 3

205
=Py (523)Py (545)[4511231(24)? , (50)

where in the last step we use

(AD[I3] = (d1p2 + p313] = A1paI3] = (42)[23] = (42)[23]
(51)
as in Eq. (48), and
P (539351 = ——[35] = ——_[45] = P, (s45)[45]
4 (45)[45] (45)[45] v
(52)

(23) = 0 is chosen for the three-point amplitude, which is
also required in diagram B.
The formula for diagram B is

Py (s )M(1,4,. ,5;,.,—P
205 i »
= v Ze Py(s23)Py(s45)<45>[51]

)M(P

L3730

(12)*
23

2e8 n N
=22 P (523)P, (535)(A5) 51> X 0
Vv

=0, (53)
where the 3-point amplitude is equal to zero because

(23y=(I2y=0.
The formula for diagram C is

Py(sus)M(1.2;. 35, -PL )M(PT,.4,..5;.)
2 iy ¥ P, (545)P, (553)(23)[31]* x << 4>
=@einy(us)Py(szs><23><45>[35]2 , (54)
where
[311(4)y = [35)(54) (55)
and

-1 -1
————(23)=———(23)=P 23
Py (s553)(23) = <23>[23]< )= <23>[23]< ) = Py(523)(23)
(56)
are used. [45]1=0 is required.
The formula for diagram D is
7(S45)M(1H,25 ,32' vy P )M(P1y34[’-’5;’+)
y —it 520,502 151
=P s 3P =0, (8T

where [45] = [15]
ZCro.

After summing up the results of the four parts, that is,
adding Egs. (50), (53), (54), and (57) together, we get

=0 makes the three point amplitude

M(14,27,35,47.,55)

2e8
=P, (5P, (5494231247 (58)
2e8
. vaelfpy(m)py(m)<23><45>[35]2, (59)

which has the same form as the one derived in the effect-
ive Lagrangian calculation (see Eq. (17)). Therefore, we
obtain a consistent result from the on shell approach. The
boundary contributions are assumed to be zero.
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VI. BSM AMPLITUDES FROM THE ON-SHELL
APPROACH (MASSIVE)

When the propagators are Z or W bosons, the mass-
less on-shell method does not work, and we must use the
little-group covariant massive spinor formalism [22, 40,
41]. In this section, we deduce HVV amplitudes accord-

ing to the presumed HVV vertex. A more general meth-
od starting from an ansatz is shown in Appendix 8.

A. Massive spinor formalism

In the massive spinor formalism [22], a massive mo-
mentum is decomposed into two light-like vectors and
thus two pairs of massless spinors,

Poc = /12;11(1/ = |Pl> [PI |, and
P =-18 =1 p'[<pil. (60)
Here, I =1, 2 is the little-group index, and p is bolded to
denote the massive momentum. The equation of motion
reads as
pip'|=mlp’), Blp'y=mip'],
[P 15=-m(p'|. (p'|p=-m[p'I. (61)

The polarized vector of a massive vector boson of mo-
mentum p and mass m is [51]

1
e (p) = o (p' vl P]- (62)

which corresponds to two transverse and one longitudin-
al mode,

1
et = 6;1]’ =—(?+€), € =€2. (63)

B. Amplitudes of HVV

According to the HVV vertex in Eq. (24), the amp-
litude of HVV is

MQg, Iy, Jv) =T"(p1,pr)e.(pne(pr) (64)

Because p*;pyeﬂ(pl)ev(pj)zo, we may freely add this
term in the amplitude formula and make the amplitude
more symmetric.

4
MQAy, 1y, Jv)=— S levv(P) P+ PP, — pi-psg™) + evve P prapislepe(pr)

1 .
=== levvtr (P Y™y YP) +ievvtr Y Y Y* ¥ ) Iprapisedpr)e(ps)

1 —i —a V= i ~ @ =V
=— ;cf/v[e Etr(ot 5 0" 5 + etr(d o 7 o) prapised P (D) | (65)
where
Aghg" — g™ +gMg") = tr(yyy"YP) = tr(0# 5 07 7F) + r(GH o 5 0P, (66)
—4jevoB = tr(y”y"y"yﬁys) = —tr(y“y"y"yﬁys ) = —tr(0“ 50 7P) + tr(GF oG o) (67)

are used. Eq. (65) shows a general formula for HVV
amplitudes, which constitutes two parts with opposite CP
violation phases. If one part is zero, the CP violation
phase degenerates to a trivial phase. After inserting Egs.
(61) and (63) into Eq. (65), we get

205 . .
My Iy, Jy) = CVVV AT + €I, (68)

When one vector boson is a massless photon, the
amplitudes become

2cf,V )
M, 13, Jv) =——=e 1T 1,

ZCiV ) )
Mg, Ly Jy) =—=e 5" (69)

where the compact form of a general amplitude decom-
poses into two parts, each with a trivial CP violation
phase. When both of the two vector bosons are massless
photons, the amplitudes become
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2c§y . )
My, IS, J) =—2e4[1]]7,
1%
M(p.1L;,J,) =0,
My, 1,,J3;) =0,
2c8

M I, J) =— 1) 70)

Therefore, the general amplitude decomposes into
four parts, each with a trivial global CP violation phase,
except for the zero ones.

The amplitude of Vi~I* with massless leptons is

2031
M(1v.27.37) = ety (21*]3] 6, (pr) = Vety 2,
(71)
21131
M 035.35) =en b e = Yier 212
(72)
MIv,2;,3;) = My, 2;,37) =0. (73)

C. Amplitudes of H — 4¢ with massive propagators

We obtain the amplitude of H — VV — 4¢ by simply
gluing the amplitudes of H—VV, V—{¢*{", and
V — ¢'*¢'~, as shown in Fig. 11.

When a propagator goes on-shell, the amplitude fac-
torizes into the tensor product of two subamplitudes.

. M[LIl...Iz,\;®M§eJ,...JL}
lim M= s (74)

P Pr—m?

where L,R represent left and right amplitudes for each
gluing. For each propagator particle, the sign of its mo-
mentum is opposite in the left and right amplitudes, as
shown explicitly in Eq. (42). An analytical continuum
|- p)=—Ip), |- p]l =1p] is adopted. The gluing procedure
is performed by choosing the singlet of the little-group
for the on-shell propagator

I...L Jiody 1/1 252
MPEI QML = My gy, 1€ My, . (T5)

Because the amplitude of H — VV —4¢ has two
propagators, p; and p,, we take the limits p% - m%, and
p% — m}, simultaneously,

lim M1, 27 .35 45,58 =fy (523)fy (sa)My. 27,32 @ Mg Iy, Jv) @ MLy, 47, 55.)

2 22
Pi.p;—ny,

S

where M? and M? in this limit are

2 .
=%f‘;(sz3)f§(s45) e

lim M|,
PP, (76)

lim M +e¥
P,

lim  2M* =QI" W1, I ]I BB KL I )51+ I, T )51 K, I, (T 4)

2 2
pr-py—my

== PP OBIppISI+ ClpSIGIIAD, -

lim 2M" =QI") 1, 15, " BB 1T 51+ IO, T LSBT, T, )00 4)

> 2
pr.py—my

=~ P2 [P} (@lpips 1351+ 2IpASK3Ip D, %)

and we use

) (it =t |p'] | pig=mai. 9

a

When the propagators go off-shell, we should use

pPI=pa+p3. pr=pa+ps. Alp;=+/p;=my, (80)

instead of p; and p;. Now, we get

M= mk[45123124Y2,  MP = m3(23)(45)[35]%.  (81)

Consequently, the amplitude of H —» VV — 4¢ is
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(= (p2, ha)
5
T (ps, hs)
Vv
-
% -
4 (p47 h4)
.

A (p-5= h’5>

Fig. 11. Glue amplitudes by contracting the little-group in-
dices of the massive propagators.

M(111,2;.3} 47,50
S

2 .
Y sy (sl A I23124)2

+e4(23%(45)[35]%], (82)

which is the same as the previous result in Eq. (17).

In Eq. (75), the particles are all on-shell, especially
for the propagator particles. In our specific process, be-
fore and after gluing, sy3 = 545 = m%, should be required in
the amplitude, except for the propagator factor. There-
fore, Eq. (82) is the amplitude of H — VV — 4¢ in the on-
shell limit. In contrast, Eq. (17) is obtained from the off-
shell method and sy3 # s45 # m%/ Why are these two amp-
litudes the same? This is because the amplitude of
H — VV — 4¢( is independent of the residue z. Eq. (48) il-
lustrates this point explicitly, that is, the combined amp-
litude has no z dependence.

D. CP violation phase

Via the on-shell approach, we obtain a compact form
to show that the CP violation phase in the HVV amp-
litude is not a trivial phase because of the BSM HVV ver-
tex. It degenerates to a trivial phase once the helicity of
the vector boson is fixed, as in the Hyy and H — yV
cases. In contrast, using the off-shell method, we only ob-
serve the nontriviality of the CP violation phase in the
H — 4¢ amplitude. This is because we do not deal with
the massive vector boson independently in the off-shell
approach. Its full properties are exhibited indirectly in the
four final states.

VII. SUMMARY AND DISCUSSION

The HVV amplitudes with CP violation BSM are
analyzed in two ways. The first is the off-shell method
under the field theory framework. We decompose the
helicity amplitudes of H —»yV — yf¢ and H —» VV — 4¢
into the helicity amplitudes of H — yy. There are two

preconditions for the decomposition relation. 1. The mul-
tilinear momentum dependence of the HVV vertexes,
which allows us to decompose the vertexes of the overall
momentum into a summation of the momenta of sub-pro-
cesses. 2. The current of J, in V — ¢*¢~ is formally pro-
portional to a photon's polarization vector, which allows
us to replace such a sub-process by an equivalent photon.
The second method is the on-shell scattering amplitude
approach. For the massless propagator case, the 3-point
amplitude of Hyy is the starting point. Then, the 4-point
amplitude of H¢Cy and the 5-point amplitude of H4¢ are
obtained through recursion relations. For the massive
propagator case, we adopt the little-group covariant
massive-spinor formalism. This first expresses the HVV
amplitude and then glues the V£¢ amplitudes to get final
H — VV — 4¢ amplitudes. We obtain consistent results
through the off-shell and on-shell methods.

The CP violation phase in the H — VV — 4{ amp-
litude is a nontrivial phase, whereas in the H — yV — y{¢
and H — yy amplitudes, it is a global trivial phase. In the
off-shell approach, the decomposition relation shows that
in the H — VV — 4¢ amplitude, it mixes H — yy amp-
litudes with different helicities; hence, it mixes H — yy
amplitudes with different dependences on CP violation
phases. In the on-shell approach, the nontriviality of the
CP violation phase appears directly in HVV amplitudes,
which is not a helicity amplitude but a compact massive-
spinor amplitude. It degenerates to a trivial phase when
the helicity of at least one vector boson is fixed, such as
what occurs in the HyV and Hyy amplitudes. The de-
cays of V — £¢ maintain the nontriviality of the CP viola-
tion phase. The on-shell method supplies a simpler and
clearer viewpoint for the CP violation phase in amp-
litudes. Our systematic analysis of a series of HVV pro-
cess amplitudes reveals the dependence of the CP viola-
tion phase; therefore, it may be convenient for future CP
violation searches in HVV couplings.
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APPENDIX A: MASSIVE HVV AMPLITUDES

In Sec. VI.B, we derive massive HVV amplitudes us-
ing the HVV vertex I'*. Here, we construct them dir-
ectly. Consider the three massive amplitudes M(1p,
Iyv,Jv). In this case, Ref. [22] showed that the spinor
space is spanned by two tensors, the symmetric tensor
Op, and the antisymmetric tensor £,. We choose the first
tensor
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Opy = papyPlyy = 12)12'3513kly + B oy, (AD)

Therefore, the three massive amplitudes have the general

form

MQAy, 1y, Jv)

1
111 2Jz 1K1 sz —i i
:/lg /1[23 /lg /lg Zga',(oz lgl)wlﬁz},b’l?’z}

i=0
IJI 2]2 IKI ZKZ
=5 G AL (20,(00) 86,110 + 80, OE)ip 1 13v) -
(A2)
The second term (Og) is
Oﬁl)’lsﬁz)’z +Oﬁ1}’28ﬁ271 - <23>[2’3] (AS)

Because this term is symmetric between the angle and

square brackets, it does not contribute to CP violation.

The first term (OO) can be parameterized as

gloﬁlﬁzo)’l)’z + gZ(OﬁO’I Oﬁz)’z + Oﬁl)’z Oﬁﬁ’l )
81
= _(2Oﬁ1/32 07172 - Oﬁlyl Oﬁz)’z - 0/30’20,3:71 )

28> +g1
s (Oﬁlyl Oﬁ 2Y2 +Oﬁ1720ﬁz)’|)

81
= EmV(gﬁl'}/l By + EBy:EBy: )

+282 +81

(Oﬁl% Oﬁz?’z + Oﬁl% 0/32% ) (A4)

where we use the Schouten identity

_/lJ, /1K1 /1]2 /1K7

205,4,0y,y,

Ji K, )
=y Ay o, A

- Oﬂl')’l Oﬁz% - ()/3177 Oﬁz’)’u
1([2,3k,1120,3%,1 -

1[22,25,103k,3k.]
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20817736127 37a)

K, J. K,
218, 3,1Vt A3y, BN EK K,
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Ji
—mV/l

(AS5)

Therefore, the (OO) term gives two independent

structures that contribute to CP violation,

[23)%,

‘Sﬁm 8ﬁ272 + sﬁl’)’zgﬁz% - <23>2

Oﬁl}’! Oﬂz?’z +0ﬁ1720527| -
(A6)
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