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Abstract

Parametrizing beyond Standard Model physics by the S U(3) × S U(2)L × U(1)Y dimension-six effective lagrangian,
we study the impact of anomalous Higgs couplings in angular asymmetries of the crossing symmetric processes
H → Z�+�− and e+e− → HZ. In the light of present bounds on d = 6 couplings, we show that some asymmetries
can reveal BSM effects that would otherwise be hidden in other observables. The d = 6 HZγ couplings as well as
(to a lesser extent) HZ�� contact interactions can generate asymmetries at the several percent level, albeit having less
significant effects on the di-lepton invariant mass spectrum of the decay H → Z�+�−. The higher di-lepton invariant
mass probed in e+e− → HZ can lead to complementary anomalous coupling searches at e+e− colliders.
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1. Introduction, operators and couplings

The discovery of a light boson H with mass around
125 GeV at the LHC [1, 2] has opened a window to a
new sector in the search for physics beyond the Stan-
dard Model (BSM). The new state is compatible with a
SM Higgs, with the quantum numbers JP = 0+ being
highly favoured by the data [3, 4]. The study of signal
strengths of the new state has shown that the Higgs cou-
plings are compatible with SM predictions. Evidence
for BSM physics has proven to be more elusive than
previously expected; the SM appears to be a good ef-
fective field theory (EFT) at the least up to the energies
probed by the first run of LHC.

In the spirit of an EFT, the SM should be supple-
mented with all operators with dimension d > 4 con-
structed from its fields and compatible with its sym-
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metry. In this work we adopt the linear realization of
the S U(2)L × U(1)Y symmetry [5, 6]. The leading cor-
rections to Higgs physics within this scheme arise from
the dimension-six operators, that are suppressed by the
large scale Λ characteristic of BSM physics, and gener-
ate anomalous Higgs boson couplings.

In the search for BSM physics in the flavour sector of
the standard model, in particular in the case of flavour-
changing neutral currents, dedicated observables were
constructed from the angular distribution of the decay
B → K∗��. The angular distribution of the decay H →
Z�+�− offers similar possibilities that we exploit in this
work.

The study of the decay H → Z�+�−, with the on-shell
Z also decaying into �+�−, has a long history. Its angu-
lar distributions were instrumental in the determination
of the Higgs quantum numbers [3, 4], as suggested long
ago (see e.g. Refs. [7, 8, 9, 10]). After the Higgs discov-
ery, it has been suggested that the di-lepton mass distri-
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bution of the decay can reveal effects that would be hid-
den in the total decay width [11, 12, 13, 14]. Recently,
the full angular distribution of the decay has been re-
visited in the framework of the EFT parametrization of
BSM physics [15]. It has been shown that some angu-
lar asymmetries can reveal effects that would be hidden
even in the di-lepton mass distributions.

More recently, we performed an extended study of
the angular asymmetries of H → Z(→ �+�−)�+�− and
of the crossing-symmetric process e+e− → HZ [16].
The latter process should be measured with precision
at a high-energy e+e− collider such as the ILC [17]
and should provide a clean way to extract Higgs cou-
plings [18, 19, 20]. Our focus is on these asymmetries,
their sensitivity to anomalous Higgs couplings, and the
interplay between the asymmetries and the di-lepton
mass distributions. Our aim here is to highlight some
of the main findings of Ref. [16]; for additional details
we refer to that reference.

In the massless lepton limit, the two processes are de-
scribed by the same set of six form factors [7, 8, 11, 13,
15], albeit in different kinematic regimes, related by an-
alyticity. Ignoring loop corrections and neglecting the
lepton masses, the processes are governed by six inde-
pendent angular functions of three independent angles
among the four leptons. These functions can be ex-
pressed in terms of the six form factors that, in turn,
can be written in terms of the couplings of the general
d = 6 Lagrangian.

Assuming the new physics sector to be characterized
by the scale Λ, larger than the electroweak scale, the
SM is supplemented with 59 independent d = 6 opera-
tors [5, 6]. This Lagrangian can be schematically cast as

Leff = L(4)
SM +

1
Λ2

59∑
k=1

αkOk, (1)

where the αk is the coupling of operator Ok. The effec-
tive Lagrangian implies a parametrization of anomalous
Higgs interactions (contained in Ok) constrained by the
SM gauge symmetry. In our expressions, we often em-
ploy the dimensionless coefficients α̂k defined as

α̂k =
v2

Λ2αk, (2)

where v is the classical Higgs vacuum expectation
value. The coefficients α̂k should be smaller than O(1)
for the EFT description to be applicable.

Here we employ the complete operator basis defined
in Ref. [6], although different choices are possible and
in use. In practice we only need to work with a sub-
set of the 59 operators, since not all of them contribute

at tree level to the processes of interest. Furthermore,
assuming minimal-flavour violation to avoid tree-level
flavour-changing neutral currents, flavour matrices of
operators that involve a left-handed doublet and a right-
handed singlet are fixed to be the same as in the SM
Yukawa couplings. With this assumption, these opera-
tors are proportional to lepton masses and can be safely
neglected.

The operators considered in this work are listed in
Eqs. (3), (4) and (5) below. The notation and conven-
tions follow those of Ref. [21] to which we refer for fur-
ther details. The first two operators involve four Higgs
doublets and are

OΦ� = (Φ†Φ)�(Φ†Φ),
OΦD = (Φ†DμΦ)∗(Φ†DμΦ). (3)

They modify the Higgs-gauge couplings and entail a
redefinition of the Higgs field to preserve canonically
normalized kinetic terms. Operators of the form X2Φ2,
where X = WI , B, generate anomalous couplings of the
Higgs to ZZ, γZ, and WW. They are, explicitly,

OΦW = (Φ†Φ)WI
μνW

Iμν,

OΦB = (Φ†Φ)BμνBμν,
OΦWB = (Φ†τIΦ)WI

μνB
μν,

OΦW̃ = (Φ†Φ)W̃I
μνW

Iμν,

OΦB̃ = (Φ†Φ)B̃μνBμν,

OΦW̃B = (Φ†τIΦ)W̃I
μνB
μν. (4)

Finally, three operators involving two fermion fields,
that yield contact HZ�� interactions as well as modifi-
cations to gauge-boson couplings to leptons, should be
taken into account:

O(1)
Φ �
= (Φ†i

↔
DμΦ)(�̄γμ�),

O(3)
Φ �
= (Φ†i

↔
DI
μΦ)(�̄γμτI�),

OΦe = (Φ†i
↔
DμΦ)(ēγμe). (5)

As input parameters we employ GF (the Fermi con-
stant as measured in μ → eνμν̄e decay), the Z mass
mZ , the electromagnetic coupling αem, and the Higgs
mass mH . We trade the Lagragian parameters g, g′, the
Higgs self-coupling λ, and the classical Higgs vacuum
expectation value v for combinations of the former. Di-
mension six corrections to our input parameters must
be taken into account and are discussed in detail in [16].
In particular, a four-fermion operator not listed above
contributes to the redefinition of GF and must be con-
sidered [22].
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Apart from SM contributions we include a single in-
sertion of a dim-6 operator. We neglect 1/Λ4 terms in
the square of the amplitudes (except for photon-pole en-
hanced terms, see Ref. [16]). The effects of the opera-
tors listed above can be summarized in the following
effective Lagragian

Leff ⊃ c(1)
ZZ HZμZμ + c(2)

ZZ H ZμνZμν + cZZ̃ H ZμνZ̃μν

+ cAZ H ZμνAμν + cAZ̃ HZμνÃμν + HZμ�̄γμ (cV + cAγ5) �
+ Zμ�̄γμ(gV − gAγ5)� − gemQ�Aμ�̄γμ�. (6)

The effective Lagrangian of HZZ interaction depends
on the basis of d = 6 operators; the above Lagrangian is
constructed from the complete and non-redundant oper-
ator basis of Ref. [6].

The effective couplings can be written in terms of the
underlying dimension-six operators. We list here ex-
plicitly only three of them, namely the contact HZ��
couplings cV,A and the CP-even anomalous HZγ cou-
pling, since they enter the phenomenology discussed in
the sequel. We have

cV =
√

2GF mZ α̂
V
Φ�,

cA =
√

2GF mZ α̂
A
Φ�,

cAZ = (
√

2GF)1/2 α̂AZ , (7)

with

α̂V
Φ� = α̂Φe +

(
α̂(1)
Φ�
+ α̂(3)

Φ�

)
,

α̂A
Φ� = α̂Φe −

(
α̂(1)
Φ�
+ α̂(3)

Φ�

)
,

α̂AZ = 2sW cW (α̂ΦW − α̂ΦB) + (s2
W − c2

W )α̂ΦWB, (8)

where sW and cW are respectively sin θW and cos θW .
The remaining couplings are given in detail in [16].

In the study of the phenomenological impact of the
anomalous couplings one must take into account the
constraints imposed on these couplings by the present
LHC data, as well as EW precision data. We esti-
mate [16] the following bounds for the contact HZ��
couplings

α̂V,A
Φ�

∈ [−5, 5] × 10−3. (9)

Also, from the results of Ref. [23], one can deduce the
following bounds within our conventions

α̂AZ ∈ [−1.3, 2.6] × 10−2. (10)

We allow the above couplings to vary within these lim-
its.

2. Angular asymmetries of H → Z(→ �+�−)�+�−
and e+e− → HZ(→ �+�−)

We discuss here the angular structures of the differ-
ential decay amplitude of H → Z(→ �+�−)�+�− and of
the cross-section of e+e− → HZ(→ �+�−). Here we dis-
cuss in some detail the decay case; the description of
the scattering can be done in close analogy exploiting
crossing symmetry.

Summing over spins of the final-state leptons, the
four-fold differential decay width for the process
H(pH) → Z(p)(→ �−(p1)�+(p2))�−(p3)�+(p4) in the
massless lepton limit can be written as a function of
the di-lepton invariant mass squared q2 = (p3 + p4)2

and of three angles. We chose the angles θ1,2, the an-
gles between the direction of p1 and p3 and the z-axis
in the respective di-lepton rest frames, and the angle φ
between the normals of the di-lepton decay planes. The
expression for the differential decay width reads

d4Γ

dq2d cos θ1d cos θ2dφ
=

1
mH

N(q2)J(q2, θ1, θ2, φ),

(11)
with the normalization factor

N(q2) =
1

210(2π)5

1√
r γZ
λ1/2(1, r, s), (12)

written in terms of the dimensionless variables

s =
q2

m2
H

, r =
m2

Z

m2
H

≈ 0.53, γZ =
ΓZ

mH
≈ 0.020, (13)

and the function λ(a, b, c) = a2 + b2 + c2 − 2ab − 2ac −
2bc. The maximum value of q2 is q2

max = (mH − mZ)2 ≈
(34.4 GeV)2 which gives

0 ≤ s ≤ (mH − mZ)2

m2
H

≈ 0.075. (14)

The functionJ(q2, θ1, θ2, φ) has nine independent angu-
lar structures with coefficient functions J1,...,J9, which
we write

J(q2, θ1, θ2, φ)
= J1(1 + cos2 θ1 cos2 θ2+ cos2 θ1 + cos2 θ2)
+ J2 sin2 θ1 sin2 θ2 + J3 cos θ1 cos θ2
+ (J4 sin θ1 sin θ2 + J5 sin 2θ1 sin 2θ2) sin φ
+ (J6 sin θ1 sin θ2 + J7 sin 2θ1 sin 2θ2) cos φ
+ J8 sin2 θ1 sin2 θ2 sin 2φ
+J9 sin2 θ1 sin2 θ2 cos 2φ. (15)
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The J functions are in turn written in terms of six form-
factors that we denote HV,A

i (with i = 1, 2, 3)

J1 = 2 r s
(
g2

A + g2
V

) (
|H1,V |2 + |H1,A|2

)
,

J2 = κ
(
g2

A + g2
V

) [
κ
(
|H1,V |2 + |H1,A|2

)
+ λRe

(
H1,V H∗

2,V + H1,AH∗
2,A

) ]
,

J3 = 32 r s gA gV Re
(
H1,V H∗

1,A

)
,

J4 = 4κ
√

r s λ gA gV Re
(
H1,V H∗

3,A + H1,AH∗
3,V

)
,

J5 =
1
2
κ
√

r s λ
(
g2

A + g2
V

)
Re
(
H1,V H∗

3,V + H1,A H∗
3,A

)
,

J6 = 4
√

r s gA gV
[
4κRe

(
H1,V H∗

1,A

)
+ λRe

(
H1,V H∗

2,A + H1,AH∗
2,V

) ]
,

J7 =
1
2
√

r s
(
g2

A + g2
V

) [
2κ
(
|H1,V |2 + |H1,A|2

)
+ λRe

(
H1,V H∗

2,V + H1,AH∗
2,A

) ]
,

J8 = 2 r s
√
λ
(
g2

A + g2
V

)
Re
(
H1,V H∗

3,V + H1,AH∗
3,A

)
,

J9 = 2 r s
(
g2

A + g2
V

) (
|H1,V |2 + |H1,A|2

)
, (16)

where κ = 1 − r − s. The form factors parametrize the
amplitude Mμ

HZ�� for the decay H → Z�� as follows

Mμ
HZ�� =

1
mH

ū(p3, s3)
[
γμ
(
H1,V + H1,A γ5

)
+

qμ/p

m2
H

(
H2,V + H2,A γ5

)
+
εμνσρpνqσ

m2
H

γρ
(
H3,V + H3,A γ5

) ]
v(p4, s4), (17)

where ε0123 = +1 and q = p3 + p4. An important obser-
vation is that SM tree level contributions appear solely
in HV,A

1 , the form factors HV,A
2,3 are suppressed by 1/Λ2.

Therefore, we neglect higher powers of HV,A
2,3 in Eq. (16).

The cross section for e+e− → HZ is governed by the
same set of form factors, in another kinematic regime
and related by analyticity to those of H → Z�+�−. We
can cast the cross section as1

dσ
d cos θ1 d cos θ2dφ

=
1

m2
H

Nσ(q2)J(q2, θ1, θ2, φ),

(18)
where the new normalisation reads

Nσ(q2) =
1

210(2π)3

1√
r γZ

√
λ(1, s, r)

s2 . (19)

1For the precise definition of the three angles in this case we refer
to the appendix A.2 of Ref. [16].

The threshold energy for the reaction is given by
√

q2
th =

(mH + mZ) ≈ 217 GeV which gives, in units of m2
H , the

minimal s value

sth = q2
th/m

2
H ≈ 2.98. (20)

The form factors are therefore probed at much higher
energies, which leads to non-trivial phenomenological
consequences in comparison with H → Z�+�−.

Integrating over the three angles, the differential de-
cay rate and the total cross section are proportional to
the combination 4J1 + J2. Angular asymmetries can be
constructed to give us access to the information con-
tained in other J functions. Here we show results for
two of them, written explicitly for the case of the decay
H → Z�+�−. Following the notation of Ref. [16] we
write

A(3)
φ =

1
dΓ/dq2

∫ 2π

0
dφ sgn(cos φ)

d2Γ

dq2dφ

=
9 π
32

J6

4J1 + J2
, (21)

Acθ1,cθ2 =
1

dΓ/dq2

×
∫ 1

−1
d cos θ1 sgn(cos θ1)

∫ 1

−1
d cos θ2 sgn(cos θ2)

d3Γ

dq2d cos θ1d cos θ2
=

9
16

J3

4J1 + J2
. (22)

The sign function is sgn(±|x|) = ±1. The asymmetries
for e+e− → HZ can be written in close analogy to the
ones above.

The functions J3 and J6 are sensitive to the contact
HZ�� interaction and to CP-even anomalous HZγ cou-
pling, whose expressions are given in Eqs. (7) and (8).
In the remainder we discuss briefly how these anoma-
lous couplings impact the asymmetries in two specific
cases. A thorough discussion of the asymmetries and
couplings in both H → Z�+�− and e+e− → HZ is found
in Ref. [16].

First, let us study the asymmetries of Eqs. (21)
and (22) in a scenario where we consider the impact
of α̂AZ ; all other anomalous couplings are set to zero
for the moment. The results of this exercise are shown
in Fig. 1. The asymmetries are particularly sensitive
to this anomalous coupling, in Fig. 1(a), |A(3)

φ | reaches
∼ 10% for lower values of q2, compared to an almost
zero asymmetry in the SM. This relatively high sensi-
tivity is, in the case of A(3)

φ , due to the photon pole.
Another case of interest is the impact of the contact

HZ�� interactions in the cross section and asymmetries
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Figure 1: (a) −A(3)
φ , (b) −Acθ1 ,cθ2 . Three scenarios are considered.

The red solid-line is the SM case. The dot-dashed blue line corre-
sponds to α̂AZ = −1.3 × 10−2, whereas the dotted green line cor-
responds to α̂AZ = 2.6 × 10−2. The gray band excludes the region
0 ≤ q2 ≤ (12 GeV)2 where the decay (Z∗, γ∗) → �+�− is dominated
by hadronic resonances.

of e+e− → HZ. Fig. 2(a) shows that the total cross
section is rather sensitive to the axial contact coupling.
Such a sensitivity is a consequence of the higher values
of s probed in the scattering and is not observed in the
decay rate of H → Z�+�−. The asymmetry of Fig. 2(b)
can reach a few percent and is mainly sensitive to the
vector contact coupling αV

Φ�
. We remark that the pat-

tern of contributions to the different asymmetries can be
well understood with the help of approximated analytic

3 4 5 6 7
0

2

4

6

8

s�q 2
�m H

2

Σ
�f
b�

(a) σ

3 4 5 6 7

�0.04

�0.02

0.00

0.02

s�q 2
�m H

2

(b) −A(3)
φ

Figure 2: (a) dΓ/ds, (b) −A(3)
φ . Three scenarios with the same α̂V

Φ�
coupling are considered. The red solid-line is the SM case. The dotted
green line corresponds to (α̂V

Φ�
, α̂A
Φ�

) = (5, 5) × 10−3, whereas the dot-
dashed blue line to (α̂V

Φ�
, α̂A
Φ�

) = (5,−5) × 10−3.

expressions given in Ref. [16].

3. Conclusions

• We identify several angular asymmetries, which
are indeed very sensitive to anomalous couplings.

• Within the presently allowed range of the anoma-
lous HZγ interaction strength, α̂AZ , modifications
of angular asymmetries ofO(1) and even larger rel-
ative to the SM value are still possible indicating
sensitivity to multi-TeV scales.
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• Anomalous HZ�� contact interactions have smaller
effects. This is mainly because we find that
their size is already tightly constrained by existing
data, in agreement with the constraints derived in
Ref. [23]. The effects of the contact HZ�� inter-
actions in the angular asymmetries of H → Z�+�−
were previously investigated in Ref. [15]. While
we formally agree with their results, we find signif-
icantly smaller asymmetries, since the typical val-
ues of α̂V

Φ�
adopted in that paper are about a fac-

tor of four larger than those allowed in the present
analysis.

• At present, the CP-odd d = 6 couplings are
not strongly constrained by data. We showed, in
Ref. [16], that CP-odd asymmetry A(1)

φ can reach
the few percent level in both in H → Z�+�− decay
and e+e− → HZ Higgs production. In H → Z�+�−
an asymmetry-zero may occur. However, for al-
lowed values of the CP-odd couplings the asym-
metry that can display this zero is never large.

• Most interesting asymmetries are small in absolute
terms, reaching at most 10%, and often much less,
because they are suppressed by the small vector
Z�� coupling.

• Overall, the process e+e− → HZ seems better
suited than H → Z�+�− for the study of anoma-
lous HZ�� contact interactions due to the higher
di-lepton invariant masses. This is particularly
true for the contributions of α̂A

Φ� (as well as of
α̂ZZ) to the total cross section, where 15% percent
modifications are possible, which is illustrated in
Fig. 2(a). On the other hand, H → Z�+�− pro-
vides better sensitivity to the anomalous HZγ cou-
pling due to the photon-pole enhancement, as seen
in Fig. 1(a).

In Ref. [16] we provided an estimate of SM loop
effects, which suggests that the loop effects are small
compared to the present bounds on d = 6 contribu-
tions. Obviously, a realistic extraction of d = 6 cou-
plings from high-statistics data requires the inclusion of
the SM loop contributions, which were computed in the
past [24, 25, 26, 27].

Finally, our results show that the experimental detec-
tion of angular asymmetries will be challenging even
with the planned higher statistics up-grades of the LHC.
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