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Abstract

The amplitude of the diphoton decay of the Higgs boson is considered in an ex-

tension of the Standard Model involving heavy vectorlike fermions, which was recently

suggested in the literature in order to explain a possible enhancement of the h → γγ

decay rate. It is pointed out that generally in such models the decay amplitude ac-

quires a sizable CP-odd contribution from the complex phases in the mass matrix of

the new heavy fermions. The resulting CP violation in the diphoton decay can be

studied experimentally when both photons are converted into e+e− pairs by measuring

the distribution over the angle between the planes of the pairs. Such measurement, if

feasible, would be of a great interest on its own, regardless specific models.



The observed in the LHC experiments [1, 2] properties of the particle with mass around

126GeV agree with the expectations for a Higgs boson h of the Standard Model (SM),

except, possibly, for an apparent hint at an enhancement of the diphoton decay rate h→ γγ.

Namely, taken at face value, the data correspond to the two photon decay rate being larger

by a factor 1.5÷ 2 than predicted [3, 4] in the SM. Clearly, if such enhancement persists in

the further data, this will require an extension of SM.

The possible enhancement in the observed yield of the diphoton events can be a result

of an enhanced production of the Higgs boson, or of an extra contribution to the h → γγ

decay amplitude, or both [5]. The enhanced production, e.g. through an extra contribution

of new heavy colored fermions to the Higgs boson coupling to gluons [6, 7, 8, 9, 10], would

also affect the yield of the leptonic events due to the h → ZZ∗ and h → WW ∗ coupling,

which appear [1, 2] to agree better with the SM predictions. Although a modification of

the yield in the latter channels is not excluded [5] within the current data, a mechanism of

enhancing the Higgs boson diphoton decay without significantly affecting its other properties

is identified [6, 10, 11, 12, 13, 14, 15, 16] as an introduction of vectorlike heavy leptons. The

mass matrix for these leptons is only partially given by Yukawa interaction with the Higgs

field, and the other part is an ad hoc singlet with respect to the electroweak SU(2)× U(1)

symmetry and is not related to a Higgs Yukawa interaction. The usage of leptons, rather

than heavy quarks, allows to avoid modification of the coupling of h to two gluons and thus to

not affect the production of h by the gluon fusion, while an introduction of vectorlike, rather

than chiral, leptons breaks the known rigid proportionality between the fermion mass and

the coupling to h. The latter property is important for the following reason. The coupling

of the Higgs boson to two photons arises from loops with charged particles, and the largest

contribution is given by the loop withW bosons. The contribution of a charged fermion with

a mass proportional to the Higgs field is of the opposite sign and is several time smaller [4].

Thus adding new generations of chiral fermions would only reduce the h → γγ coupling

(unless an unreasonably large number of such leptons is introduced in the model). In the

case of heavy vectorlike fermions, SU(2) × U(1) singlet mass terms can be introduced in

addition to the Higgs - generated, so that with appropriate choice of the sign of the Yukawa

couplings, the contribution of the loop with new leptons can be made of the same sign as

the W loop, thus enhancing the h→ γγ decay.

It can be noted however, that the Yukawa sector in the discussed models of vectorlike

leptons generally contains complex phases that cannot be rotated away [14]. These phases
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introduce violation of the CP symmetry in the Yukawa sector. The purpose of this paper is

to point out that a CP violation in the mass sector results in a CP-violating contribution to

the amplitude of the decay h → γγ, which can in principle be measured experimentally by

studying the distribution of the angle between linear polarizations of the two photons.

The new hypothetical leptons are assumed to be heavy, so that the discussed Higgs boson

is well below the threshold for pair production of the new particles. In this situation one can

consider the hγγ coupling generated by the loops with the heavy leptons, using the approach

of the low energy theorems [4], i.e. by calculating the loops for the two-photon correlator

in a static Higgs field φ = v + h, and then identifying the term linear in the excitation h

over the vacuum average v = (GF

√
2)−1/2 ≈ 246GeV. The main observation of the present

paper can be formulated as follows. Let M(φ) be the mass matrix for the heavy fermions

with charge Qe, i.e. the mass term for these fermions is written as

LM = −Mi,j(v) (ψiLψjR) + h.c. , (1)

where the indices i and j label the ‘flavors’ of the heavy fermions and thus the number of

these ‘flavors’ determines the dimension of the matrix M. The contribution of the heavy

fermions to the hγγ coupling can then be written as the effective Lagrangian

Lhγγ = (2)

α

4π
Q2

e

h

v

{

1

3
F µνFµν

∂

∂ log v
log Det

[

M†(v)M(v)
]

+
1

2
ǫµνλσFµνFλσ

∂

∂ log v
arg [DetM(v)]

}

.

The CP-even term in this formula, proportional to F µνFµν , is the result of the low energy

theorems [4] expressed in the generalized matrix form [11], while the CP-odd term, propor-

tional to FF̃ and omitted in the previous studies, does not arise in SM with sequential chiral

generations of fermions, and is specific for the extended models with vectorlike fermions.

The latter term corresponds to the CP-odd part of the effective QED Lagrangian that one

finds upon integrating out heavy fermions:

∆LQED =
α

4π
Q2

e

{

1

3
F µνFµν logDet

[

M†(v)M(v)

Λ2

]

+
1

2
ǫµνλσFµνFλσ arg [DetM(v)]

}

(3)

with Λ being an ultraviolet cutoff parameter.

As is well known, the CP-odd ‘anomalous’ term in Eq.(3) by itself is of no consequence

in QED since FF̃ is a total derivative. Moreover, an arbitrary constant, ‘the θ term’, can be

added to the coefficient of this part of the QED Lagrangian with no modification of physically
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measurable amplitudes. However, the contribution in Eq.(2) of the variation of this part of

the effective Largrangian in the Higgs background is of a potential physical significance, and,

as discussed further, it gives rise to a measurable effect of CP violation in the decay h→ γγ.

One can also readily notice that in SM with only chiral fermions the CP-odd term in Eq.(2)

vanishes, since the mass matrix is proportional to the Higgs field, so that the complex phase

of the determinant does not depend on v.

A nonvanishing CP-odd term in Eq.(2) is naturally generated in a minimal model of

vectorlike leptons. This model contains two lepton doublets of opposite chirality: L =

(N0, E−)L and R = (N0, E−)R, and two opposite chirality singlets: S−
L and S−

R . The mass

term for these heavy vectorlike leptons has the general form

LM2 = −m1 (SLSR)−m2 (LR)−
√
2 y12 (SLH

†R)−
√
2 y21 (LH SR) + h.c. , (4)

where H is the Higgs field doublet and y12 and y21 are dimensionless Yukawa couplings. This

model describes one neutral Dirac lepton N0 with mass m2 and two Dirac leptons with the

electric charge Qe = −1, whose 2× 2 mass matrix in the basis (S−, E−) has the form

M(v) =





m1 y12v

y21v m2



 . (5)

For complex Yukawa couplings y, the phase of the determinant of this matrix, DetM(v) =

m1m2 − y12y21v
2, generally cannot be rotated away [14]. Moreover, there is no apriori

reason to expect this phase to be small. One can readily write explicit expressions for the

contribution of the vectorlike leptons to the coefficients in Eq.(2):

∂

∂ log v
log Det

[

M†(v)M(v)
]

=
−4v2Re(m1m2y12y21) + 4v4|y12y21|2

|m1m2 − y12y21v2|2
(6)

and
∂

∂ log v
arg [DetM(v)] = −2v2Im(m1m2y12y21)

|m1m2 − y12y21v2|2
. (7)

The phase of the product m1m2y12y21 is invariant under phase rotations of the fields of

fermions and thus cannot be eliminated [14]. Furthermore, for a constructive interference

with the SM amplitude of h→ γγ the expression in Eq.(6) has to be negative and not small,

so that in particular the product −4v2Re(m1m2y12y21) should be substantially larger than

4v4|y12y21|2. Therefore there is no apparent reason to expect that the coefficient (7) for the

CP-odd part of the amplitude is suppressed relative to the coefficient (6) for the CP-even

contribution of the vectorlike leptons.
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The total effective Lagrangian for the hγγ interaction can thus be written in the general

form

Lhγγ = (ASM + A+
V L) hF

µνFµν + A−
V L h

1

2
ǫµνλσFµνFλσ (8)

with ASM being the SM contribution and AV L being the contribution from the vectorlike

leptons with A+
V L (A−

V L) standing for its CP-even (CP-odd) part. Introducing the unit

vector ~n along the direction of the final photons in the rest frame of the decaying Higgs

boson and also the transverse vectors ~a1 and ~a2 for the linear polarization of the photons

[(~a1 · ~n) = (~a2 · ~n) = 0], one can find, from Eq.(8) the amplitude for the decay h → γγ in

this reference frame as

A(h→ γγ) = −2M2
H

{

(ASM + A+
V L) (~a1 · ~a2) + A−

V L [~n · (~a1 × ~a2)]
}

. (9)

The amplitudes of different CP parity do not interfere in the total decay rate, Γ(h→ γγ) ∝
(ASM + A+

V L)
2 + (A−

V L)
2. They however do interfere in the distribution over the angle ϑ

between the linear polarizations of the two photons. The decay amplitude in Eq.(9) written

explicitly in terms of the angle ϑ between the vectors ~a1 and ~a2 reads as

A(h→ γγ) = −2M2
H

[

(ASM + A+
V L) cosϑ+ A−

V L sin ϑ
]

= A cos(ϑ− β) (10)

with A = −2M2
H

√

(ASM + A+
V L)

2 + (A−
V L)

2, and the CP-violation effect encoded in the

angle β as

tan β =
A−

V L

ASM + A+
V L

. (11)

The distribution of the decay rate over the angle θ is given by

dΓ(h→ γγ)

dϑ
=

4

π
Γ(h→ γγ) cos2(ϑ− β) , (12)

so that the maximum of the distribution is at ϑ = β. (Clearly, the range of physically

distinguishable values of ϑ is from 0 to 90◦.) For the SM Higgs boson any nonzero value of

β would imply violation of the CP symmetry in the diphoton decay. 1

In order to explain an enhancement by a factor 1.5 ÷ 2 of the diphoton decay rate, one

should assume that A+
V L/ASM ≈ 0.2÷0.4. Since, as discussed, one can generally expect that

the CP-odd amplitude A−
V L is not suppressed relative to the CP-even A+

V L, the angle β can

easily amount to few tenths of a radian, or more.

1It can be also mentioned that if the observed 126GeV particle is not the SM Higgs boson, a value of

β = π/2 would unambiguously identify this particle as a pseudoscalar, rather than imply a CP violation.
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The discussed angular distribution can be experimentally measured when both photons

are converted, either internally, or in the detector, into e+e− pairs by the angular distribution

between the planes defined by the momenta of the e+ and e− in the pairs (in essentially

similar way as has been done for the π0 decay [17]). It would be extremely interesting if

such measurement could be done with the current LHC detectors, or in the future. 2 Clearly,

such test of CP symmetry in the decay h → γγ may provide an important insight, even if

specific models of heavy vectorlike fermions turn out to be irrelevant for the actual nature.
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