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We revisit the CP-odd form factor in theHWW vertex within the Standard Model, which is induced only
at the one-loop level when one of the W bosons is off-shell. To the best of our knowledge, the numerical
evaluation of this form factor is presented for the first time. The relevant contributions from quark loops are
of order 10−5, well below the current experimental sensitivity. The phenomenological implications are
studied through asymmetries in unpolarized and polarized observables in three-body decays.
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I. INTRODUCTION

The Higgs boson is the physical manifestation of the
mechanism responsible for generating the masses of gauge
bosons and fermions in the Standard Model (SM) [1–3].
Since its landmark discovery in 2012 at the Large Hadron
Collider (LHC) [4,5], substantial progress has been
achieved in the precise determination of its properties [6,7].
Recent measurements by the ATLAS and CMS
Collaborations have reported updated determinations of
Higgs decays into Zγ [8,9] and ZZ final states [10,11].
Motivated by these developments, we investigate the
HWW vertex, as ongoing LHC analyses may yield new
insights into this interaction.
The decay H → WW within the SM has been exten-

sively studied in the literature [12–18]. Experimentally, the
process H → WW� has been examined in both gluon-
fusion and vector-boson-fusion production channels, with
measurements consistent with SM expectations [19–28].
One-loop corrections to the HWW coupling have been
evaluated for several kinematic configurations, including
H�W−�Wþ� [29,30],H�W−Wþ [31], and the fully on-shell
HW−Wþ vertex [14]. Moreover, radiative corrections have
been computed in a variety of extensions of the SM,
including the SMEFT [32], heavy-scalar scenarios [33], the
minimal supersymmetric SM [34], the next-to-minimal
supersymmetric standard Model (NMSSM) [35], and
models with Majorana neutrinos [36]. These corrections
to the HWW vertex, obtained across multiple theoretical
frameworks, have been incorporated into the computational

package H-COUP [37]. In addition, the decay of the Higgs
boson into W pairs has been implemented in widely used
public tools such as HDECAY [38] and PROPHECY4F [15].
Further studies of the HWW coupling can be found in
Refs. [39–56].
The HWW vertex can be described by considering the

kinematics of H → W−Wþ and adopting the momentum
conventions shown in Fig. 1. The corresponding vertex
function can then be written as
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where hVi denote the form factors that parametrize the
interaction. Since the three particles cannot be simulta-
neously on shell, we focus on configurations in which one
of the bosons is virtual, with V labeling the off-shell leg
(V ¼ H,W−, orWþ). In terms of the anomalous couplings,
the general expressions for the form factors are given
by [57]
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þ ĉW
2

p2
1 þ p2

2

m2
W

; ð2Þ

hV2 ðq2; p2
1; p

2
2Þ ¼ 2b̂W; ð3Þ

hV3 ðq2; p2
1; p

2
2Þ ¼ 2b̃W: ð4Þ

The form factors hV1;2 are CP conserving, whereas hV3 is CP
odd. In the SM, hV1 ¼ 1 at tree level, while the remaining
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form factors vanish. At the one-loop level, the anomalous
couplings b̂W and ĉW are generated, with b̂W being complex
and of order 10−2 − 10−3. The CP-odd form factor hV3 also
arises at one loop, but only when a W� boson is off-
shell [29,30]. This form factor has been investigated in a
wide range of theoretical scenarios [14,18,36,44,58–71], as
well as in studies of its phenomenological impact at the
LHC and future colliders [72–76]. The CP-odd form factor
in the HWW coupling can induce novel observables, as
seen in the analogous HZZ vertex [77].
In this study, we revisit hV3 in theHWW vertex within the

SM. The structure of this work is organized as follows. In
Sec. II, we study the one-loop contribution to the CP-odd
form factor hV3 in the HWW coupling. Furthermore, we
present the first numerical evaluation of this contribution.

In Sec. III, we analyze the implications of hV3 in the H →
f̄fW decay, where forward-backward and left-right asym-
metries are introduced. Next, in Sec. IV, we discuss the
experimental prospects for observing these asymmetries at
the LHC. Finally, in Sec. V, we present our conclusions.

II. THE CP-ODD FORM FACTOR IN THE SM

In this section, we revisit the SM contribution to the
CP-odd form factor at the one-loop level. This result was
first reported in Ref. [29]. In the HWW vertex, hV3 arises
from the fermion-loop diagram shown in Fig. 2. Using the
FeynArts [79] and FeynCalc [80–83] packages, we compute the
general CP-odd form factor hV3 , which is given as follows

hV3 ¼ ig2NcjVijj2m2
i

32π2½ðp1 − p2Þ2 − q2�½ðp1 þ p2Þ2 − q2� f½p
2
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2
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2
j ; m

2
i Þ

− 2B0ðq2; m2
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2
i Þ� þ ð3p2
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1; m
2
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2
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1 þ 3p2
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2; m
2
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2
jÞ − ðmi ↔ mjÞg; ð5Þ

where jVijj denotes the norm of the ij element of the CKM
matrix, which for leptons is jVijj ¼ 1, and Nc corresponds
to the number of colors. The different B0 functions are
divergent. However, they contain the same divergence (see
Appendix A), which cancels analytically against the ðmi ↔
mjÞ contribution due to the opposite sign of identical terms.
Furthermore, the amplitude is gauge independent because
the Feynman diagram in Fig. 2 contains only fermion
propagators. As a consequence, the hV3 form factor does not
depend on the gauge parameter, even when one of the W
bosons is off shell. This situation differs from that of the
CP-even form factors, where gauge-dependent contribu-
tions appear. In such cases, gauge independence can be
consistently implemented through the pinch technique [84–
86] or the background field method [87,88].
From Eq. (5), it follows that in the SM the CP-odd form

factor is induced only when the W bosons have different
virtualities (p2

1 ≠ p2
2), whereas it vanishes for on-shell W

bosons. Moreover, hV3 is antisymmetric under the exchange

p1 ↔ p2. As a consequence, in the decay H → W�W the
form factor changes sign depending on whether the W− or
Wþ boson is off shell. The expression in Eq. (5) is
consistent with that reported in Ref. [29].
In the SM, CP-violating effects are characterized by the

Jarlskog invariant J [18,89–92], defined as

ImðVijVklV�
ilV

�
kjÞ ¼ J

X3
m¼1

ϵikm
X3
n¼1

ϵjln: ð6Þ

Following the PDG parametrization [93], the invariant is
given by

J ¼ c12s12c213s13c23s23 sin δ; ð7Þ

where cij ¼ cos θij and sij ¼ sin θij, with θij denoting the
quark-family mixing angles and δ the complex phase of the
CKM matrix. It is noted that the form factor hV3 is not

FIG. 1. Kinematic configuration and momentum assignments
for the HWW vertex. The graphics in this work are created with
JaxoDraw [78]. FIG. 2. Fermion loop contribution to the HWW vertex.
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proportional to J and therefore does not represent a
genuine source of CP violation. In fact, the CKM matrix
is not required for the generation of hV3 , as analogous
contributions also arise from lepton loops. Instead, this CP-
odd form factor is induced by absorptive phases in the loop
integrals, which originate from on-shell intermediate states
and can be computed using the Cutkosky cutting rules [94].
To the best of our knowledge, a numerical evaluation of

the contributions to the form factors hW
�

3 has not been
presented before. In Fig. 3, we show the individual and total
contributions to the CP-odd form factor hW

þ
3 as a function

of the invariant mass (M2
12) of the off-shell W

þ boson. The
dominant contributions arise from loops involving tb
quarks and νττ leptons. For the numerical evaluation, we
use mb ¼ 4.18 GeV, as recommended by the LHCHWG
[95]. Since the particles coupled to the Higgs can go on-
shell, an imaginary part of hW

þ
3 is generated. This absorp-

tive contribution reaches values of order 10−5, with the tb
loop providing the largest effect. The real part is smaller
by roughly 2 orders of magnitude and is instead domi-
nated by the lepton loop at low M2

12, whereas at higher
energies the contribution from the tb loop becomes the
leading one.
A similar pattern, where the dominant contribution

corresponds to the imaginary part, has been observed in
quark-gluon coupling [96–98], in trilinear gauge-boson
couplings [99–101], and in the HZZ and HZγ vertices
[57,102,103]. Because of the antisymmetry of Eq. (5) under
p1 and p2, the values obtained for the case with an off-shell
W− boson are identical in magnitude but opposite in sign.
The current bound on the CP-odd form factor has been

obtained by the ATLAS Collaboration through H →
WW� → 2l2ν decays in gluon-gluon and vector-boson
fusion [28]. The result is expressed in terms of the SMEFT
Wilson coefficient CHW̃ [104], which is constrained as

jCHW̃ j≲ 0.9: ð8Þ

This bound represents an improvement of approximately
50% relative to previous limits [27]. The relation between
CHW̃ and the anomalous coupling b̃W in Eq. (1) is given by
b̃W ¼ 4=g2CHW̃ [105], which implies bounds of order 101

for hW
�

3 . This value is 5 orders of magnitude larger than the
SM prediction.
Although hW

�
3 is not a source of CP violation, it

nevertheless represents a genuine one-loop prediction of
the SM. The absorptive phase associated with hW

�
3 is

particularly relevant because, if an additional amplitude
with a weak phase contributes to the same process, their
interference can generate observable CP-violating
asymmetries [106,107]. Furthermore, in searches for
observables sensitive to CP violation in the HWW cou-
pling, the contribution from hW

�
3 constitutes an irreducible

SM background that must be properly accounted for in both
phenomenological predictions and experimental analyses.
This motivates a detailed study of the effects of hW

�
3 in the

three-body decay H → W�W → f̄ifjW.

III. THE H → f̄ fW DECAY AND CP-ODD EFFECTS

In this section, we investigate the impact of the
CP-odd form factor hW

�
3 on the three-body decay

H → W�W → f̄ifjW. We treat hW
�

1;2;3 as complex quan-
tities:

hW
�

i ¼ Re½hW�
i � þ i Im½hW�

i �; i ¼ 1; 2; 3: ð9Þ

Together with the CP-odd form factors, the absorptive
contributions give rise to effects that are particularly
relevant in polarization-sensitive observables [36].

FIG. 3. Relevant SM contributions to the CP-odd form factor hW
þ

3 . This scenario corresponds to the decayH → W−Wþ�. For the case
hW

−

3 , the values are identical but change sign.
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Therefore, we compute polarized amplitudes following the
approach developed in Refs. [57,102]. The polarization
states of theW bosons in Higgs decays have been studied in
Refs. [36,56,67,68,108,109].

A. Polarized amplitudes

We use the momentum assignment shown in Fig. 4 and
the kinematics described in Appendix B 1. For a three-body
decay, the total double-differential partial width can be
decomposed into polarized contributions as follows:

dΓðH → f̄ifjWÞ
dM2

23dM
2
12

¼
X
λ

dΓλðH → f̄ifjWλÞ
dM2

23dM
2
12

; λ ¼ L;R; 0;

ð10Þ
where M23 and M12 are the invariant masses of the
fjðp2ÞWðp3Þ and f̄iðp1Þfjðp2Þ systems, respectively.
The polarization state of the on-shell W boson is denoted

by λ. According to Eq. (B12), the invariant massM2
23 can be

replaced by cos θ as an integration variable, where θ is
defined as the angle between the x axis and f̄i in theW� rest
frame (see Fig. 8). Therefore, the double-differential partial
width can be written as

dΓλðH → f̄ifjWÞ
dM2

23dM
2
12

¼ −
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

H −m2
WÞ2 − 2ðm2

H þm2
WÞM2

12 þM4
12

q dΓλðH → f̄ifjWÞ
d cos θdM2

12

¼ g4NcjVijj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

H −m2
WÞ2 − 2ðm2

H þm2
WÞM2

12 þM4
12

p
32 · 3072π3m3

Hm
2
Wðm2

W −M2
12Þ2

M2
λðcos θ;M2

12Þ; ð11Þ

where the polarized amplitudes M2
λðcos θ;M2

12Þ are given by

M2
L=Rðcos θ;M2

12Þ ¼ Hðcos θÞM2
12½4ðRe½hV1 �2 þ Im½hV1 �2Þm4

W þ ðRe½hV3 �2 þ Im½hV3 �2Þðm2
H −m2

WÞ2
− 2ðRe½hV3 �2 þ Im½hV3 �2Þðm2

H þm2
WÞM2

12 þ ðRe½hV3 �2 þ Im½hV3 �2ÞM4
12

� 4m2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

H −m2
WÞ2 − 2ðm2

H þm2
WÞM2

12 þM4
12

q
ðRe½hV1 � Im½hV3 � − Im½hV1 �Re½hV3 �Þ�; ð12Þ

with the angular function Hðcos θÞ defined as

Hðcos θÞ ¼
8<
:

ð1 − cos θÞ2; for L;
ð1−cos2 θÞ2
ð1−cos θÞ2 ; for R:

ð13Þ

For longitudinal polarization, the corresponding amplitude reads

M2
0ðcos θ;M2

12Þ ¼
ð1 − cos2θÞ

2m2
W

½ðmH −mWÞ2ðmH þmWÞ2fðIm½hV2 �2 þ Re½hV2 �2Þm4
H − 2ð−2 Im½hV1 � Im½hV2 �

þ Im½hV2 �2 þ Re½hV2 �ð−2Re½hV1 � þ Re½hV2 �ÞÞm2
Hm

2
W þ fð−2 Im½hV1 � þ Im½hV2 �Þ2

þ ð−2Re½hV1 � þ Re½hV2 �Þ2gm4
Wg − 4ðmH −mWÞðmH þmWÞfðIm½hV2 �2 þ Re½hV2 �2Þm4

H

þ 3ðIm½hV1 � Im½hV2 � þ Re½hV1 �Re½hV2 �Þm2
Hm

2
W þ ðð2 Im½hV1 � − Im½hV2 �ÞðIm½hV1 � þ Im½hV2 �Þ

þ ð2Re½hV1 � − Re½hV2 �ÞðRe½hV1 � þ Re½hV2 �ÞÞm4
WgM2

12 þ 2f3ðIm½hV2 �2 þ Re½hV2 �2Þm4
H

þ 2ð3 Im½hV1 � Im½hV2 � þ Im½hV2 �2 þ Re½hV2 �ð3Re½hV1 � þ Re½hV2 �ÞÞm2
Hm

2
W

þ ð2 Im½hV1 �2 þ 2Re½hV1 �2 þ 2 Im½hV1 � Im½hV2 � þ 2Re½hV1 �Re½hV2 �
þ 3ðIm½hV2 �2 þ Re½hV2 �2ÞÞm4

WgM4
12 − 4fðIm½hV2 �2 þ Re½hV2 �2Þm2

H þ ðIm½hV2 �ðIm½hV1 �
þ Im½hV2 �Þ þ Re½hV2 �ðRe½hV1 � þ Re½hV2 �ÞÞm2

WgM6
12 þ ðIm½hV2 �2 þ Re½hV2 �2ÞM8

12�; ð14Þ

FIG. 4. Momentum configuration of the H → f̄ifjW decay.
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where in Eqs. (12) and (14), the superscript in hVi (i ¼ 1, 2,
3) denotes the off-shell W boson. This distinction is
necessary because the amplitudes M2

L;R depend linearly
on hV3 , which changes sign depending on whether the Wþ

or W− boson is off shell.
We observe that the longitudinally polarized amplitude is

not sensitive to hV3 . This behavior has also been observed in
the HZZ vertex [57]. In contrast, the transverse polar-
izations in Eq. (12) behave differently with respect to cos θ
and the CP-odd form factor, as summarized below:

(i) The function M2
Lðcos θ;M2

12Þ is proportional
to ð1 − cos θÞ2, whereas M2

Rðcos θ;M2
12Þ∼

ð1 − cos2 θÞ=ð1 − cos θÞ2.
(ii) The interference terms involving the real and imagi-

nary parts of hV1 and hV3 differ by an overall minus
sign between the two transverse polarizations.

These differences indicate distinct patterns in the polar-
ized partial widths of the H → f̄ifjW decay, which may
give rise to phenomenologically relevant effects. Figure 5
shows the contours of the SM double-differential partial

widths associated with transverse polarizations in theffiffiffiffiffiffiffiffi
M2

12

p
versus cos θ plane. We consider the scenario in

which the W− boson is off shell, with leptons in the final
state. Since Eq. (12) also depends on the form factor hW

−

1 ,
we compute its SM one-loop contributions using the
FeynArts [79] and FeynCalc [80–83] packages. The numerical
evaluation is performed with the LoopTools [110] package.
The largest contributions are of order 10−8 and occur
around

ffiffiffiffiffiffiffiffi
M2

12

p
≃ 40 GeV. As a function of cos θ, these

values are reached at −1 and þ1 for the left- and right-
polarized amplitudes, respectively. This behavior is con-
sistent with the findings reported in Ref. [111], where
Monte Carlo simulations of Higgs decays into polarized
W� bosons including a CP-odd form factor were analyzed.
For the case in which the Wþ boson is off-shell, we find a
similar behavior to that shown in Fig. 5.
The pattern observed in cos θ signals the presence of a

forward-backward asymmetry (AFB), defined as

AV
FB ¼

R
1
0 d cos θ dΓðH→f̄ifjWÞ

d cos θdM2
12

−
R
0
−1 d cos θ

dΓðH→f̄ifjWÞ
d cos θdM2

12R
1
0 d cos θ

dΓðH→f̄ifjWÞ
d cos θdM2

12

þ R
0
−1 d cos θ

dΓðH→f̄ifjWÞ
d cos θdM2

12

; V ¼ Wþ;W−; ð15Þ

where, once again, the superscript V labels the off-shell W boson in the H → W�W process. Using Eqs. (11)–(14) and
carrying out the integration, we obtain

AV
FB ¼ −24m4

WM
2
12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

H −m2
WÞ2 − 2ðm2

H þm2
WÞM2

12 þM4
12

p
fðmW;mHÞ

ðRe½hV1 � Im½hV3 � − Im½hV1 �Re½hV3 �Þ; ð16Þ

with the function fðmW;mHÞ given by

FIG. 5. Left- and right-polarized partial widths in the
ffiffiffiffiffiffiffiffi
M2

12

p
versus cos θ plane. The curves are obtained using the SM one-loop

contributions to the form factors hW
−

1 and hW
−

3 .
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fðmW;mHÞ ¼ ðmH −mWÞ2ðmH þmWÞ2fðIm½hV2 �2 þ Re½hV2 �2Þm4
H − 2ð−2 Im½hV1 � Im½hV2 � þ Im½hV2 �2

þ Re½hV2 �ð−2Re½hV1 � þ Re½hV2 �ÞÞm2
Hm

2
W þ ðð−2 Im½hV1 � þ Im½hV2 �Þ2

þ ð−2Re½hV1 � þ Re½hV2 �Þ2Þm4
Wg þ 4ð−ðIm½hV2 �2 þ Re½hV2 �2Þm6

H þ f−3 Im½hV1 � Im½hV2 �
þ Im½hV2 �2 þ Re½hV2 �ð−3Re½hV1 � þ Re½hV2 �Þ þ 2ðIm½hV3 �2 þ Re½hV3 �2Þgm4

Hm
2
W

þ f−2 Im½hV1 �2 − 2Re½hV1 �2 þ 2 Im½hV1 � Im½hV2 � þ Im½hV2 �2 þ 2Re½hV1 �Re½hV2 �
þ Re½hV2 �2 − 4ðIm½hV3 �2 þ Re½hV3 �2Þgm2

Hm
4
W þ f10 Im½hV1 �2 þ 10Re½hV1 �2 þ Im½hV1 � Im½hV2 �

− Im½hV2 �2 þ Re½hV1 �Re½hV2 � − Re½hV2 �2 þ 2ðIm½hV3 �2 þ Re½hV3 �2Þgm6
WÞM2

12

þ 2ð3ðIm½hV2 �2 þ Re½hV2 �2Þm4
H þ 2f3 Im½hV1 � Im½hV2 � þ Im½hV2 �2 þ Re½hV2 �ð3Re½hV1 �

þ Re½hV2 �Þ − 4ðIm½hV3 �2 þ Re½hV3 �2Þgm2
Hm

2
W þ f2 Im½hV1 �2 þ 2Re½hV1 �2

þ 2 Im½hV1 � Im½hV2 � þ 3 Im½hV2 �2 þ 2Re½hV1 �Re½hV2 � þ 3Re½hV2 �2 − 8ðIm½hV3 �2
þ Re½hV3 �2Þgm4

WÞM4
12 − 4ððIm½hV2 �2 þ Re½hV2 �2Þm2

H þ ðIm½hV2 �ðIm½hV1 � þ Im½hV2 �Þ
þ Re½hV2 �ðRe½hV1 � þ Re½hV2 �Þ − 2ðIm½hV3 �2 þ Re½hV3 �2ÞÞm2

WÞM6
12

þ ðIm½hV2 �2 þ Re½hV2 �2ÞM8
12: ð17Þ

We note that the generation of a nonzero forward-
backward asymmetry requires the presence of CP-odd
and complex form factors. In the SM, the hW

�
1 and hW

�
3 are

induced at one-loop level, with the CP-odd form factor
being complex. As a consequence, Eq. (16) implies that
the forward-backward asymmetry AFB is nonzero.
Furthermore, since AFB depends linearly on hV3 , the
asymmetry changes sign depending on whether W� boson
is off shell. The structure of Eq. (16) is analogous to that of
the H� → ZZ decay, where unpolarized angular observ-
ables are likewise proportional to the interference between
the hV1 and hV3 form factors of theHZZ coupling [102]. The
connection between transverse polarizations, CP-odd form
factors, and angular observables has been previously
explored in Refs. [39,60].

In Fig. 6, we show the behavior of AW−

FB as a function of
the invariant mass

ffiffiffiffiffiffiffiffi
M2

12

p
. Using the SM one-loop con-

tributions to the form factors hW
−

i (i ¼ 1, 2, 3), we find that
AW−

FB attains values of order 10−6, with a maximum aroundffiffiffiffiffiffiffiffi
M2

12

p
≃ 32 GeV. This observable is strongly suppressed

at both low and high
ffiffiffiffiffiffiffiffi
M2

12

p
. The observation of a nonzero

value of this asymmetry would point to effects of the CP-
odd form factor within the SM that have not been fully
accounted for in previous analyses.

B. Left-right asymmetry

After integrating over cos θ, the polarized partial widths
can be expressed in terms of the invariant mass of the final-
state fermion pair (M12) as

dΓλðH → f̄fWλÞ
dM2

12

¼ g4M2
12NcjVijj2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2M2

12ðm2
H þm2

WÞ þM4
12 þ ðm2

H −m2
WÞ2

p
3072π3m3

Hm
2
Wðm2

W −M2
12Þ2

M2
λðM2

12Þ; λ ¼ L;R; 0; ð18Þ

where jVijj2 ¼ 1 for leptons in the final state, and the integration range is 0 ≤ M2
12 ≤ ðmH −mWÞ2. The left- and right-

polarized amplitudes are given by

M2
L;R ¼ M2

12ðM2
12ðRe½hV3 �2 þ Im½hV3 �2Þ − 2ðm2

H þm2
WÞðRe½hV3 �2 þ Im½hV3 �2ÞÞ

� 4m2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2M2

12ðm2
H þm2

WÞ þM4
12 þ ðm2

H −m2
WÞ2

q
ðRe½hV1 � Im½hV3 � − Im½hV1 �Re½hV3 �Þ

þ 4m4
WðRe½hV1 �2 þ Im½hV1 �2Þ þ ðm2

H −m2
WÞ2ðRe½hV3 �2 þ Im½hV3 �2Þ: ð19Þ

As discussed above, the longitudinally polarized component is not sensitive to the CP-odd form factor. For completeness,
this contribution is included in Appendix C. The calculation of polarized observables in the process W� → WH has been
presented in Ref. [67]. Summing over polarizations and taking hV1 ¼ Nc ¼ jVijj ¼ 1 and hV2 ¼ hV3 ¼ 0, we recover the tree-
level unpolarized SM result for the H → W�W → f̄ifjW decay [13,112,113]:
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dΓSM

dM2
12

¼ g4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2M2

12ðm2
H þm2

WÞ þM4
12 þ ðm2

H −m2
WÞ2

p
3072π3m3

Hðm2
W −M2

12Þ2
× fðm2

H −m2
WÞ2 þM4

12 − 2M2
12ðm2

H − 5m2
WÞg:

ð20Þ
In Eq. (19), we observe that the sign difference in the

interference terms involving hV3 and hV1 persists after

integration over cos θ. Two remarks are in order. First,
these interference terms cancel upon summing over polar-
izations, so only the quadratic dependence on the hV3 form
factor remains. As a result, in unpolarized observables the
CP-odd effects are strongly suppressed with respect to
those induced by the CP-conserving form factor hV1 .
Second, the impact of hV3 is significantly more notable
in polarized quantities. For this reason, we define a left-
right asymmetry AV

LR for the three-body decay as

AV
LR ¼

dΓLðH→f̄ifjWLÞ
dM2

12

− dΓRðH→f̄ifjWRÞ
dM2

12

dΓLðH→f̄ifjWLÞ
dM2

12

þ dΓRðH→f̄ifjWRÞ
dM2

12

;

V ¼ Wþ;W−; ð21Þ

which can be expressed analytically as

AV
LR ¼ 4m2

W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2M2

12ðm2
H þm2

WÞ þM4
12 þ ðm2

H −m2
WÞ2

p
Gðm2

H;m
2
WÞ

× ðRe½hV1 � Im½hV3 � − Im½hV1 �Re½hV3 �Þ ð22Þ

with the Gðm2
H;m

2
WÞ function given as

Gðm2
H;m

2
WÞ ¼ 4 Im½hV1 �2m4

W þ 4Re½hV1 �2m4
W − 2M2

12ðIm½hV3 �2 þ Re½hV3 �2Þðm2
H þm2

WÞ
þM4

12ðIm½hV3 �2 þ Re½hV3 �2Þ þ Im½hV3 �2ðm2
H −m2

WÞ2 þ Re½hV3 �2m4
H

− 2Re½hV3 �2m2
Hm

2
W þ Re½hV3 �2m4

W: ð23Þ

As in the forward-backward case, nonvanishing values of
AV

LR require complex and CP-odd form factors. This
observable also depends linearly on the real and imaginary
parts of hV3 . Therefore, it changes sign depending on the
charge of the off-shell W boson. In the SM, the left-right
asymmetry AV

LR is nonvanishing.
In Fig. 7, we show theAW−

LR as a function of
ffiffiffiffiffiffiffiffi
M2

12

p
, using

the one-loop SM contributions to the hW
−

1 and hW
−

3 form
factors. Its behavior differs from that of the forward-
backward asymmetry shown in Fig. 6, as the largest values
occur at lowM2

12 and are of order 10
−6. At higher energies,

the magnitude of AW�
LR decreases and reaches values of

order 10−7.
As discussed in Sec. II, the CP-odd form factor hH3 is not

induced when bothW bosons are on shell. Nevertheless, for
completeness, we analyze its implications in the H� →
W−Wþ decay in Appendix D.

IV. EXPERIMENTAL PROSPECTS AT THE LHC

At this point, one may ask whether the asymmetries
discussed in this work can be observed at the LHC.

FIG. 6. Forward-backward asymmetry AW−

FB as a function offfiffiffiffiffiffiffiffi
M2

12

p
within the SM. The curve changes sign when the off-shell

boson corresponds to Wþ.

FIG. 7. Left-right asymmetry AW−

LR as a function of
ffiffiffiffiffiffiffiffi
M2

12

p
within the SM. For an off-shell Wþ boson, the asymmetry
changes sign.

CP-ODD FORM FACTOR IN THE HWW VERTEX PHYS. REV. D 114, 053007 (2026)

053007-7



For angular observables in the H → 2l2ν channel atffiffiffi
s

p ¼ 13 TeV, current sensitivity to the effects of a CP-
odd form factor is of order 10−2 [111]. With integrated
luminosities of 500–1000 fb−1 and assuming ideal detec-
tion efficiency, sensitivities approaching 10−3 could be
achievable [68]. These values remain 3 to 4 orders of
magnitude larger than the SM prediction for the forward-
backward asymmetry shown in Fig. 6.
For polarized observables, current sensitivities to CP-

odd effects are of order 10−1 at
ffiffiffi
s

p ¼ 13 TeV [111], i.e.,
about 5 orders of magnitude above the SM expectations in
Fig. 7. Recent developments in gauge-invariant techniques
for extracting polarization information [114,115], together
with the growing phenomenological interest in polarized
gauge bosons [56,111,114–124], suggest that substantial
progress can be expected in the near future. The physics of
polarized gauge bosons has been implemented in event
generators such as MadGraph5_aMC@NLO [125] and
SHERPA [126], thereby enabling more accurate theore-
tical predictions for polarized observables. On the exper-
imental side, measurements of Z and W� polarization are
already being carried out by ATLAS [127–136],
CMS [131,137–140], and LHCb [141] Collaborations.
Improvements in sensitivity, both for angular and polarized
observables, may also arise from the use of deep neural
networks, such as those implemented by ATLAS and CMS
Collaborations. The asymmetries analyzed in this work
provide a stringent test of the SM predictions. Their
experimental confirmation would signal the presence of
CP-odd effects that have remained largely unexplored in
previous studies.

V. CONCLUSIONS

In this work, we have carried out the first one-loop
evaluation of the CP-odd contribution to the HWW vertex
within the SM. We find that the corresponding form factor
hW

�
3 is complex and dominated by its imaginary part. The

largest contribution arises from the t̄bW� coupling and is of
order 10−5, well below the current experimental sensitivity
of order 101. We also show that hW

�
3 is generated only when

the two W bosons have different virtualities (p2
1 ≠ p2

2).
The form factor hW

�
3 is not CP violating, as it is not

proportional to the Jarlskog invariant. Nevertheless, its
contribution constitutes an irreducible SM background in
searches for CP violation in the HWW coupling. We
therefore investigated the effects of hW

�
3 in the decay

H → f̄ifjW�. Furthermore, we defined the forward-

backward (AW�
FB ) and left-right (AW�

LR ) asymmetries.
These observables are nonvanishing only in the presence
of complex and CP-odd couplings. In the SM, AW�

FB and
AW�

LR are nonzero and reach magnitudes of order 10−6 and
10−7, respectively. These values are far beyond the reach of
current experiments. Nevertheless, recent developments

in methods for accessing polarized observables may sig-
nificantly enhance experimental sensitivity. The observa-
tion of these asymmetries would be evidence of a
previously missed CP-odd form factor within the SM.
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APPENDIX A: B0 SCALAR FUNCTIONS

The scalar Passarino-Veltman B0 functions appearing in
Eq. (5) are given by

B0ðp2; m2
i ; m

2
jÞ

¼ Δ −
Z

1

0

dx ln

�−xð1 − xÞp2 þ xm2
j þ ð1 − xÞm2

i

μ2

�
;

ðA1Þ
with

Δ ¼ 2

ϵ
− γ þ lnð4πÞ; ðA2Þ

where the ultraviolet divergence of the B0 functions appears
as a pole in the limit ϵ → 0.

APPENDIX B: KINEMATICS

1. H → f̄ ðp1Þf ðp2ÞWðp3Þ
The kinematics of theHðqÞ andWðp3Þ bosons in the rest

frame of the Higgs boson can be described by the following
relations.

qμ ¼ ðmH; 0Þ; pμ
3 ¼

�
m2

H þm2
W −M2

12

2mH
; p⃗3

�
; ðB1Þ

where the magnitude of the three-momentum p⃗3 is

kp⃗3k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

H þm2
W −M2

12Þ2 − 4m2
Hm

2
W

p
2mH

: ðB2Þ

We consider that in this frame the Wðp3Þ gauge boson
moves along the negative x axis, so their polarization
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vectors can be written as

ϵμ3ð0Þ ¼
1

mW

�
kp⃗3k;−

m2
H þm2

W −M2
12

2mH
; 0; 0

�
; ðB3Þ

ϵμ3ðR=LÞ ¼
1ffiffiffi
2

p ð0; 0; i;�1Þ: ðB4Þ

The fermion momenta in their center of mass system are
given by

pμ
1 ¼

M12

2
ð1; n̂1Þ; ðB5Þ

pμ
2 ¼

M12

2
ð1;−n̂1Þ; ðB6Þ

with the unit vector

n̂1 ¼ ðcos θ; sin θ; 0Þ: ðB7Þ

Here, θ is the angle between the x̂ and p⃗1 vectors in the
f̄ðp1Þfðp2Þ center of mass as shown in Fig. 8. We define
the M2

ij invariant masses as follows:

M2
ij ¼ ðpi þ pjÞ2: ðB8Þ

Note that for massless fermions the M2
ij masses fulfill the

relation

m2
H ¼ M2

31 þM2
12 þM2

23 −m2
W: ðB9Þ

The fermion momenta can be boosted to the Higgs rest
frame through the following velocity

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

H þm2
W −M2

12Þ2 − 4m2
Hm

2
W

p
m2

H þm2
W −M2

12

: ðB10Þ

In this frame, the relevant invariant is

p2 · p3 ¼
1

4

�
− cos θ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2M2

12ðm2
H þm2

WÞ þM4
12 þ ðm2

H −m2
WÞ2

q
−M2

12 þm2
H −m2

W

�
: ðB11Þ

From Eq. (B8) and (B11), we find that

dðM2
23Þ ¼ −

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

H −m2
WÞ2 − 2ðm2

H þm2
WÞM2

12 þM4
12

q
dðcos θÞ; ðB12Þ

where the range of the angle θ is

−1 ≤ cos θ ≤ 1: ðB13Þ

2. H� → WW

The kinematics of the H� → WW decay in the Higgs
boson rest frame can be described by the following
relations

qμ ¼ ðQ; 0Þ; ðB14Þ

pμ
1;2 ¼ ðQ=2;�p⃗Þ; ðB15Þ

where the magnitude of the three-momentum p⃗ is

kp⃗k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 − 4m2

W

p
2

: ðB16Þ

We consider that in this frame the W gauge bosons
move along the x axis, so their polarization vectors can
be written as

ϵμ1;2ð0Þ ¼
1

mW

�
kp⃗k;�

ffiffiffiffiffiffi
Q2

p
2

; 0; 0

�
; ðB17Þ

ϵμ1ðR=LÞ ¼
1ffiffiffi
2

p ð0; 0;−i;�1Þ: ðB18Þ

APPENDIX C: LONGITUDINALLY
POLARIZED AMPLITUDE

We present the squared amplitude for the 0 polarization

corresponding dΓλðH→f̄fWλÞ
dM2

12

, which is given as follows:

FIG. 8. Kinematics for the H → f̄ifjW decay.
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M2
0 ¼ m4

Wð2M4
12ð2 Im½hV1 �2 þ 2 Im½hV1 � Im½hV2 � þ 2Re½hV1 �2 þ 2Re½hV1 �Re½hV2 � þ 3ðIm½hV2 �2 þ Re½hV2 �2ÞÞ

þ 2m2
Hm

2
Wð3 Im½hV1 � Im½hV2 � þ Re½hV2 �ð3Re½hV1 � þ Re½hV2 �Þ þ Im½hV2 �2Þ þ 3m4

HðIm½hV2 �2 þ Re½hV2 �2ÞÞ
− 4M6

12ðm2
WðIm½hV2 �ðIm½hV1 � þ Im½hV2 �Þ þ Re½hV2 �ðRe½hV1 � þ Re½hV2 �ÞÞ þm2

HðIm½hV2 �2 þ Re½hV2 �2ÞÞ
− 4M2

12ðmH −mWÞðmH þmWÞð3m2
Hm

2
WðIm½hV1 � Im½hV2 � þ Re½hV1 �Re½hV2 �Þ

þm4
Wðð2 Im½hV1 � − Im½hV2 �ÞðIm½hV1 � þ Im½hV2 �Þ þ ð2Re½hV1 � − Re½hV2 �ÞðRe½hV1 � þ Re½hV2 �ÞÞ

þm4
HðIm½hV2 �2 þ Re½hV2 �2ÞÞ

þ ðmH −mWÞ2ðmH þmWÞ2ð−2m2
Hm

2
Wð−2 Im½hV1 � Im½hV2 � þ Re½hV2 �ðRe½hV2 � − 2Re½hV1 �Þ þ Im½hV2 �2Þ

þm4
WððIm½hV2 � − 2 Im½hV1 �Þ2 þ ðRe½hV2 � − 2Re½hV1 �Þ2Þ þm4

HðIm½hV2 �2 þ Re½hV2 �2ÞÞ
þM8

12ðIm½hV2 �2 þ Re½hV2 �2Þ: ðC1Þ

It is observed that M2
0 is not in terms of the CP-odd form factor hV3 .

APPENDIX D: H� → W −W + CASE

We present the left-right asymmetry for the H� → W−Wþ process. The polarized partial width is defined as

ΓλλðH� → W−
λW

þ
λ Þ ¼

g2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 − 4m2

W

p
128πm2

WQ
2

M2
λλ; ðD1Þ

where we take identical transverse polarizations for both bosons. The transversely polarized amplitudes are given by

M2
LL ¼ Q2ðQ2 − 4m2

WÞðRe½hH3 �2 þ Im½hH3 �2Þ þ 4m4
WðRe½hH1 �2 þ Im½hH1 �2Þ

þ 4m2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q4 − 4Q2m2

W

q
ðRe½hH1 � Im½hH3 � − Im½hH1 �Re½hH3 �Þ; ðD2Þ

M2
RR ¼ Q2ðQ2 − 4m2

WÞðRe½hH3 �2 þ Im½hH3 �2Þ þ 4m4
WðRe½hH1 �2 þ Im½hH1 �2Þ

− 4m2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q4 − 4Q2m2

W

q
ðRe½hH1 � Im½hH3 � − Im½hH1 �Re½hH3 �Þ: ðD3Þ

The longitudinal contribution is omitted because it is not sensitive to the CP-odd form factor [57]. The opposite sign of the
interference terms in Eqs. (D2) and (D3) motivates the definition of the left-right asymmetry AH

LR,

AH
LR ¼ ΓLLðH� → W−

LW
þ
L Þ − ΓRRðH� → W−

RW
þ
R Þ

ΓLLðH� → W−
LW

þ
L Þ þ ΓRRðH� → W−

RW
þ
R Þ

: ðD4Þ

In terms of the hHi form factors, the AH
LR asymmetry can be expressed as follows:

AH
LR ¼ 4m2

WQ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 − 4m2

W

p
ðRe½hH1 � Im½hH3 � − Re½hH3 � Im½hH1 �Þ

Q2ðQ2 − 4m2
WÞðRe½hH3 �2 þ Im½hH3 �2Þ þ 4m4

WðIm½hH1 �2 þ Re½hH1 �2Þ
: ðD5Þ

As in the cases ofAW�
FB andAW�

LR , complex andCP-odd form factors are required to generate a nonzeroAH
LR. Within the SM,

this asymmetry vanishes. However, it can arise in scenarios beyond the SM, such as through loops of heavy Majorana
neutrinos [36]. This left-right asymmetry was first analyzed in Refs. [36,108]. An analogous observable for the polarized
process H� → ZZ has been investigated in Refs. [57,102,103].
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