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The differential rate of the decay of the Higgs boson (h) to a pair of
7 leptons with their subsequent decay in the 7= — 7~ v, and 77 — 7t i,
channels is studied. The Yukawa interaction between the Higgs boson and
the 7 leptons is assumed to include scalar (S) and pseudoscalar (PS) cou-
plings. Angular distributions of the pions in the h — 7777 = 77 v, 770,
decay are considered. For real values of the S and PS couplings, this de-
cay is known to be a source of information on CP violation in the hrt
interaction. In the present paper, the main attention is paid to a possi-
ble non-Hermiticity of this interaction. Influence of non-Hermiticity on the
distribution of the angle between planes of the 7= — 7~ v, and 7+ — 7t i,
decays, and distribution of the polar angle of one of the pions are analyzed.
Asymmetries sensitive to parameters of CP violation and non-Hermiticity
of hrT interaction are proposed.
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1. Introduction

In the framework of the Standard Model (SM), the fermion masses are
generated by the Yukawa interaction between the Higgs field and fermion
fields. A measurement of the corresponding couplings is needed for identifi-
cation of the particle h with the Higgs boson. In the SM, the Higgs boson
is the CP-even scalar particle. However, there exist many models with a
more complicated structure of the Higgs sector in which both the CP-even
and CP-odd scalar particles can exist, as well as particles which do not have
definite C'P parity (see recent review [1]| and references therein). Therefore,
it is possible that the observed Higgs boson h |2, 3| is a mixture of CP-even
and CP-odd states, although other possibilities are not excluded. Thus,
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clarification of the CP properties of the Higgs boson is a necessary step
in investigation of the mechanism which breaks electroweak symmetry and
generates the particle masses. The present status of the LHC measurements
of the C'P properties of the Higgs-boson interactions with vector bosons and
fermions is reviewed in Ref. [4].

In the SM, the source of violation of the CP symmetry is an unremov-
able phase in the Cabibbo—Kobayashi-Maskawa (CKM) mixing matrix [5, 6].
Moreover, the existing data indicate that this phase is the dominant source
of CP violation in the flavor-changing processes. However, model calcula-
tions show that CP violation in the SM is too small to explain the matter—
antimatter asymmetry in the Universe |7, 8]. There should be other sources
of CP violation beyond the CKM mechanism. Thus, the search for new
sources of CP violation is one of the main directions in the particle physics.
One of possibilities in this search is the Higgs boson decay h — 7~ 7+.

The study of the CP properties and violation of the CP symmetry in the
Higgs sector, using the correlations between the spins of 7 leptons created in
the Higgs-boson decay, has been carried out in a series of papers, e.g. [9-31].

Another important aspect of the Yukawa interaction is Hermiticity of the
Lagrangian. In the SM, the Lagrangian of the interaction between fermions
and scalar fields satisfies the symmetry with respect to the gauge transfor-
mations SU(2)r x U(1)y x SU(3). and, in addition, it is Hermitian. The
latter requirement is imposed on the Lagrangian. In contrast to other terms
in the Lagrangian which are naturally Hermitian, the Yukawa interaction
“acquires” Hermiticity which may not be necessary. This aspect has been
raised in [26].

Note that Ref. [26] also suggested a modification of the SM electroweak
interaction to the case of a non-Hermitian interaction between the Higgs
fields and fermions. The consideration there was restricted to one genera-
tion of the fermions. It was shown that for positive values of the Yukawa
couplings, the fermions get the positive mass and the interaction between the
Higgs boson and fermions violates CP symmetry without additional Higgs
fields. It seems therefore important to investigate further this mechanism in
the Higgs-boson decays.

Let us mention that various aspects of non-Hermitian field theories have
been studied in Refs. [32-50]. Influence of non-Hermiticity of the Yukawa
interaction on the photon polarization parameters in the h — vy and h —
~vZ decays has been addressed in [51, 52|, and on the forward—backward
lepton asymmetry in the h — 070~ (¢ = e, u, 7) decays in [53, 54].

In the present paper, we investigate the decay of the Higgs boson to a pair
of the 7 leptons with their consequent decay through the 7 — 7, channel,
namely the h — 7777 — 7~ v, 77, process. The case of a non-Hermitian
interaction of the Higgs boson with the 7 leptons is considered.
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In Section 2, the full angular distribution of the pions is obtained. Then
we derive the distribution of the angle between the 7= — 7 v, and 77 —
770, decay planes, and the distribution of the polar angle of one of the
pions in the helicity frame. The influence of non-Hermiticity of the hrr
interaction on the pion distributions is calculated and analyzed. In Section 3,
the conclusions are presented.

2. Angular distributions of pions

We assume that the interaction of the Higgs boson (h) with the 7 leptons
is determined by the Lagrangian which includes scalar (S) and pseudoscalar
(PS) parts

my - .
Lprr = _7h¢r (a7+1b775) Yr, (1)

where ), is the field of the fermion, v = (\/ﬁGF)_l/2 ~ 246 GeV is the vac-
uum expectation value of the Higgs field, G = 1.1663787(6) x 1075 GeV 2
is the Fermi constant [55|, m, is the fermion mass, and a,, b, are com-
plex parameters (a; = 1 and b, = 0 correspond to the SM). Equation (1)
can be considered as a phenomenological parametrization of effects of new
physics [11, 12, 26|. For the real-valued parameters a,, b;, the interaction (1)
is Hermitian, however, we are interested in the case of non-Hermitian inter-
action with complex-valued parameters a,, b,. At the same time, the Higgs
interaction with the W= and Z bosons is chosen Hermitian as in the SM.

Let us consider the decay of h to a pair of 7 leptons with their consequent
decay to the 7= — 7 v, and 77 — 77, channels. The differential decay
rate of h — 7777 — 7 v, 7w, in the Higgs boson rest frame can be
written as

dBrh—r 75 =1 vnto,)
dcosf_dcosfdy

3w
dcosf_dcosf dy

=I'(h— 7 77) x (BR(T = 71;,))? (2)

Here, I'(h — 77 77) is the Higgs boson decay width which in the leading
order is given by

Grm?
/5 Ularl"82 4+ 16,%) 3)

I (h — T7T+) =my, Br

where my, is the Higgs boson mass, f; = /1 — 4m§/m}2l is the velocity of
the 7 lepton in the rest frame of the Higgs, BR(7 — 7v;) is the branching
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of the 7 decay through the 7 — wv,; channel. Further, the total angular
distribution for the h — 777+ — 7~ v, 777, decay has the form of

¢w = i(1—cost9 cos 0
dcosf_dcosfydy 8w B *

2Im(a, b¥)

TR P B (cosf_ — cosb)

_ |ar 57 — [br|
|ar|?B7 + [br|?

2Re(a, b . : .
_ MﬁT sin_ sin 0 sin X> .4

sinf_ sin 6 cos x

where 0_ (0) is the angle between the direction of the 7~ (7) meson
motion in the 7= (771) lepton rest frame and the direction of the 7= (77)
lepton motion in the h boson rest frame, and x is the angle between the
planes of the 7= — 7~ v, and 77 — 777, decays in the h boson rest frame
(see Fig. 1).

Fig. 1. Definition of helicity angles 8_, 6, and x in the sequential h — 777+ —
7~ vy w1, decay.

It is useful in parameterization of Eq. (4), instead of parameters a,, b,
to introduce the parameters (angles) ¢cp and ¢y defined as

|br|
t = )
an ¢cp ]’ (5)
2Im(a, b . .
]aP(—i—]b\)Q = sin2¢cp sin ¢p , (6)
2Re(a, bk .
e(ar b7) = sin 2¢cp cos ¢y - (7)

|ar[? + 1b-[?
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As a result, Eq. (4) takes the form of

dBwW
dcosf_dcosf dy

Br sin 2¢cp sin pn

1
= — (1 —cosf_cosfy — (cosf_ — cosb)

8m B2 cos? gpcp + sin® gcp
B2 cos? pcp — sin? pcp Brsin2¢cp cospn
— 7 3 — cos x + 5 5 5 Sin
37 cos? pcp + sin® pep 35 cos? pcp + sin” ocop

X sin 6_ sin 9+) . (8)

As the 7 leptons produced in the decay of Higgs boson of the mass of 125 GeV
are ultrarelativistic, one has §; ~ 0.9996, and taking the limit 5, — 1, we
obtain

dB3w
dcosf_dcosfidy
1
= % (1 — cosf_ cos 4 — sin 2¢cp sin ¢y (cos O — cos )
™
— (cos 2¢¢cp cos x + sin 2¢cp cos ¢y sin x) sin f_ sin 9+) . (9)

For Hermitian h77 interaction, ¢ = 0 or ¢ = 7, Eq. (9) becomes

d3W 1 . .
dcosf_dcosf,dy - (L —cosf_ cosfy — cos (x £ 2¢cp)sinf_sinf) .
(10)

Therefore, one of the observables with a maximal sensitivity to the corre-
lations of the 7 spins is the azimuthal angular correlation in the Higgs rest
frame, which has a simple form [28] of

aw 1
dy 2«

2
(1 - 71L6 cos (y £ 2¢Cp)) . (11)

For a non-Hermitian h77 interaction (1), this angular correlation takes
a different form of

aw 1

2
o (1T (cos 2¢cp cos x + sin 2¢cp cos ppsinx) | - (12)
dy 2

16
One has to note that if it will not be possible to distinguish in experiments
the events with the azimuthal angle y from the events with the angle 27—y,
then the resulting distribution of y takes the form of

aw 1 ( s

1—16(:os2¢cpcosx> , 0<xy<m. (13)

dy 7
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In general, a possibility of measurement of the distribution (11) in exper-
iments at the LHC or the ILC has been discussed by many authors with the
aim of searching for violation of the CP symmetry in the h — 7771 decay
(see, for example, [28, 29]). As for the influence of a non-Hermitian interac-
tion (1) on the form of the distribution of the observable x, this aspect has
not been discussed.

In Figs. 2, 3, and 4, we show the angular distribution (12) for Hermi-
tian and non-Hermitian interactions for a few values of the CP-violation
parameter ¢cp and Hermiticity-violation parameter ¢g.

0.25} TN ]
20 U N
S| > /o \
o | 0.150 /S N
/i \
0 1 2 3 4 5 6
x [rad]

Fig. 2. Distribution of the azimuthal angle x (0 < x < 27) for Hermitian interaction
with ¢y = 0. Solid line corresponds to the SM, dashed line — ¢cp = g, dotted

3 _
line — gﬁcp =7
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<
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Fig. 3. Distribution of the azimuthal angle y. Solid line — SM, dashed and dot-
ted lines correspond to non-Hermitian interaction with ¢y = 7: dashed line —

dcp = X, dotted line — ¢cp = Z.
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Fig.4. Distribution of the azimuthal angle y. Solid line — SM, dashed and dot-
ted lines correspond to non-Hermitian interaction with ¢y = 5: dashed line —

¢cp = g, dotted line — ¢cp = 7.

It is seen from Fig. 2 that for the Hermitian interaction, one can measure
violation of CP symmetry via the phase shift in the distribution of x (11),
if there is no background. If the interaction is non-Hermitian, then the
azimuthal correlation (12) substantially differs from the SM case, as it is
seen in Figs. 3 and 4, and the corresponding differences strongly depend on
the parameter ¢y. A model for a non-Hermitian A77 interaction in which
¢n = 5 has been discussed in [26].

It would also be interesting to measure the following asymmetries:

/2 3m/2
A = /dx—/dx-i—/dx T:_%COS&%P’ (14)
7r/2 3m/2
Ay = /dX /dX di = —%sinQ(ﬁcp COS ¢ - (15)

If the values of these asymmetries turn out to be different from the SM

prediction, then this will be a clear signal of physics beyond the SM.
Finally, we briefly discuss another observable which is sensitive to non-

Hermiticity of the Yukawa interaction. This is the polar-angle correlation

dw 1
Jeosty 2 (1 + sin 2¢cp sin ¢y cosO4) . (16)

It follows from Eq. (16) that for Hermitian interaction (¢g = 0 or ¢u = ),
the distribution of the observable cos f+ is uniform. Therefore, any deviation
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of a measured distribution from 1/2 will point to a non-Hermiticity of the
Yukawa interaction and violation of the CP symmetry in the Higgs boson
decay to a pair of 7 leptons.

3. Conclusions

In this work, we analyzed the differential rate of the decay of the Higgs
boson to a pair of 7 leptons with their subsequent decay into the 7= — 77 v,
and 77 — 777, channels. The Yukawa interaction between the Higgs boson
and 7 leptons is assumed to include both the scalar (S) and pseudoscalar
(PS) couplings. The total angular distribution of the pions in the h —
771t — 7 v, 7T, process is considered, as well as distribution of the
angle x between the planes spanned by the 7= — 7 v, and 77 — 77,
decays, and distribution of the polar angle 84 of the 7.

For real values of the S and PS couplings, this decay is known to be a
source of information on CP violation in the h77 interaction. In the present
work, we concentrate on a non-Hermitian Yukawa interaction. It is shown
that the distributions of the charged pions strongly depend on a parameter of
non-Hermiticity of the h77 interaction. Asymmetries sensitive to parameters
of C'P violation and non-Hermiticity are proposed.

In summary, the measurement of the h — 7777 — 7 v, 770, decay
allows one to test predictions of the SM, and can be a source of informa-
tion on CP violation in the Yukawa interaction and on such a fundamental
property as Hermiticity of this interaction.
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