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Abstract

One-loop contributions to the decay process H— Z"y — veve? in standard model are performed in this paper. The
detailed computations are carried out in unitary gauge. In physical results, we present numerical results for partial decay
width and its distribution. We find that the partial decay width is given to 0.466 KeV. This result is in the upper bound
of the current experimental data at the Large Hadron Collider.

Keywords: Higgs phenomenology; One-loop corrections; analytic methods for Quantum Field Theory; Dimensional
regularization.

Tém tit

Trong bai bao nay, chung t6i tinh cac dong gop tich phan Feynman mot vong cho qua trinh phén ra hat vo huéng Higgs
H— Z7y = vevey trong mo hinh Chuan. Tinh toan chi tiét dugc xét trong chuén unitary. Trong phan két qua vat
ly, chung tdi trinh bay ket qua cua be rong phén rd va cac phan bo clia be rong phan ra cho qua trinh trén. Ket qud be
rong phan rd nhan dugc tir tinh toan nay l1a $0.466$ KeV va phu hop vai dir liéu thyc nghiém hién tai & may gia toc
LHC.

Tir Khéa: Hién tugng luan hat vo huéng Higgs; BS chinh lwong tir; Phuong phap giai tich cho Ly Thuyét truong luong
tua; Phuong phap chinh thir nguyén.

1. Introduction LHC) as well as future colliders [1, 2, 3] is to

After the discovery of the Standard model ~ Measure the SM-like Higgs properties. It means
like (SM-like) Higgs boson at the Large Hadron  that all couplings of the Higgs to gauge bosons
Collider (LHC), one of the main targets at the ~ and matter particles are probed as precise as
High-Luminosity Large Hadron Collider (HL- possible. From the experimental data, we can
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verify the Standard model at higher energy
region as well as extract the contributions of
new physics. In all the Higgs decay modes, the
channel of Higgs boson decay to photon and
missing energy is great of interest the colliders
[4, 5, 6, 7, 8, 9] by following reasons: (i) since
many new particles which are absent in SM
may exchange in the loop diagrams of the
decay process; (ii) new neutral particles rather
than three neutrinos may exist in new physics.
Subsequently, the decay could provide an
important information for testing Higgs sector
as well as probing to dark matter and
constraining new physic parameters.

In order to analyse new physics, we must
understand  fully the Standard model
background. Therefore, precise calculations for
H— Z*y — v.v.y are necessary. The relevant
Feynman diagrams for this decay channel start
not at tree level but at one-loop level in the
electroweak interaction. As the above reasons,
we carry out one-loop contributions to the
decay H— Z*~ — v.v.v. The calculations are
performed in unitary gauge by using
dimensional regularization. In
phenomenological results,we present the partial

{A; B; Oyt = (u2)2d/2/

decay width and its distribution in detail. The
partial decay width is to 0.466 KeV which is in
the upper bound of the present experimental
data at the LHC. Detailed analytical
calculations and physical results for H— v,y
with l=e, p, 7 are discussed in our forthcoming
paper.

Our paper is organized as follows: In section
2, after describing briefly one-loop tensor
reduction method, detailed calculations for one-
loop contributions to H— Z*v — v.v.y are
explained more. Analytic formulas for one-loop
form factors and phenomenological results are
presented in this section. Conclusions and
outlook are devoted in section 3.

2. Calculations

In general, one-loop amplitude for the decay
is expressed H— Z*v — v.v.vin terms of one-
loop Feynman tensor integrals which are
reduced frequently into scalar functions. In this
computation, we apply the tensor reduction
method in [10]. The approach will be explained
briefly in the following paragraphs. Firstly, the
definitions for one-loop one-, two-, three-point
tensor integrals with rank P are given by

dek Jeb1 b2 oL LpP
(2m)4{Dy; D1Dy; D1 Dy D3} 1)

Where the inverse Feynman propagators are given as follows:

Dj = (k+q;)* —m7 +ip, (2)

j
fo_r j=1,--.3. In this equation, 97 ~ Elpi The explicit reduction formulas for one-loop
with P: are the external momenta and m; aré  one.. two- and three-point tensor integrals up to
internal masses in the loops. Note that  rank P=2 involving this process are then shown

p1 +p2 +p3 =0 thanks to momentum
conservation. Space-time dimension is d=4—2¢
and 1% parameter is a renormalization scale.

as follows [10]:
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In the above relations, we have utilized the
short notation [10]

{g, @i} =g""q + 9" q; +9" a7 All
scalar coefficients A,, B,, - C,, are so-
called Passarino-Veltman functions (PV)
[10]. Analytic formulas of the PV functions are
well-known and they have been implemented
into package LoopTools [12] for numerical
computations.

2.1 Analytic results

The detailed evaluations for the decay
H(p) — v.(q1)v.(g2)v(g3) in unitary gauge in
which only the physical particles appear and
ghosts and Goldstone bosons being absent are
presented in this subsection. The decay channel
consists of W boson and fermion internal
particles exchanging in one-loop triangle
diagrams (seen Fig. 1 and Fig. 2 respectively).
The fermion and gauge boson propagators

q12 q = (q1 + (]2)2 =2q

2q,

(g2 + %)

q23

g"" Coo + ¢} ¢ Ci1 + nggcm + (qt a5 + ngl”)Clz
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©)
(Where Clg = Cgl).

related to the decay in unitary gauge and the
relevant Feynman rules for the three- and four-
point vertices which we use for this work are
summarized and devoted in Appendix. The
Ward identity is implied for external photon's
on-shell condition as qe; = 0 where q; «; are
momentum and polarization vector of photon
respectively. Besides that Dirac equation's
conditions for external electron neutrinos v (q; )
and v, (q,) are applied as to simplify more the
calculations. Kinematic invariant variables for
this decay process are given

p’ = My, ¢l =m,. q¢=m,.
g5 = m2 = 0. with Mu being the Higgs boson
mass.

Assuming that electron neutrinos are
massless, so that ai =ds =0, we then
introduce the following Mandelstam variables
as:

=2q1 qs3

@13 = (g1 + Q3)2
q12413

(4)

Figure 1. W-boson particles exchanging in one-loop triangle diagrams of H — v, v,y in unitary gauge.
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Figure 2: Fermion particles f exchanging in one-loop triangle diagrams of H — v, v,y in unitary gauge.

General one-loop amplitude for the decay
channel can be written as follows:
A=A+ A (5)

tri

In this formula, AEZV) presents for the

contributions of triangle Feynman diagrams
AE:’iV/f)

Where we have used left-handed projection
operator P = (1 ~5)/2- The calculations
are consistently straightforward and we make
full usage of Package X[13, 14] for handling
all Dirac traces and contracts in general d
dimensions. The form factors
P/ and F\Y7) are expressed in terms of
scalar coefficients - more specifically, in terms
of Passarino-Veltman functions at arbitrary d
are obtained by summing all diagram
amplitudes of each type as follows. In the limit
d — 4, all scalar Passarino-Veltman
coefficients Ay, B;, - . Cy, Of the mentioned
form factors are expressed in terms of the
Passarino-Veltman function's basis such as one-
point integrals Ao, two-point integrals Bo and
three-point integrals Co in [10]. In principle,
each diagram's contribution can be dependent

w L v w v
_ [P g gr 4 BIVID g

with W boson internal lines (shown in Fig. 1).
The term A7) is to the contributions of triangle
Feynman diagrams with fermions exchanging
in the loop (seen in Fig. 2). Each component of
Eqg. (5) is expressed in terms of Lorentz

invariant structure as follows:

u(q1)v" Pro(qa)e, (q3). (6)

of ultraviolet cut-off (1/e-term) and the mass
scale parameter of dimensional regularization
#* when taking d — 4, we confirm that these
terms are cancelled out after summing all
diagrams. As a result, the total amplitude
contributions become consistently finite at d=4
and are independent of I Taking an example,
one-loop triangle amplitude's contributions
related to this decay channel, in particularly,
consist of the ultraviolet divergences that
appear in the scalar two-points integrals B, and
their own expressions in terms of 1/¢ in
dimensional regularization. When we take into
considerations about difference between two Bo
's, the analytical result becomes finite in terms
of logarithm functions at d=4. Specifically, we
obtain for M = m;, My, and P? = ¢q,,, M} as
follows

BO<MJ%D M2, M2) - BO(QlQ; MQ; MQ) =

M} — AMAMG

[ /ML = AMPME + 2M* — M?,

H
M)%[ In

=M

q12

Y qiy — 4MAqys | Y Gty — AMAq1z + 2M* — g1z @)
2M4 ’
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BO(P27M27M2) - BO(07 M27M2) =

- VPY Z 4MNAP? | VPT Z4MTP? + oM* — p?
— n .
P2 204 (8)

Moreover, the three-point integral related to this decay channel is also given by finite result in
terms of logarithm functions at d=4 as follows:

1

Co(0, 12, M, ’ ’ ) 2(M3% — qr2) -
.. \/M;ll — 4M4M12{ oMt — M}Q{ o Q%z — AM4qio + 2M* — 19
WL 20 "

By performing explicitly s-expansion for the  space-time dimension d=4 in terms of
above form factors, we confirm exactly Ward  logarithm functions of related masses and
identity relation for the q4¢” and ¢””-term's  Mandelstam variables for above form factors in
form factors. Therefore, the analytical results at ~ Eq. (6) are expressed as

M% —
F1(W) _ H2 6]12F2(W)

Oé2

_ _ «
2ME M, 53, (M7 — qi2)* (e — Mz + 1Tz M)
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12 [—M]%, + /M — 4MEME, + 2MV2V]
M3
w

+M§{2M§M§V — M aqis + 12ME MY, — AME Mgy
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1
X In N,

M}, | M (q12 = 6M3,) +12Mjy + 6Mya12 — 2a% x

x In?

202,

—q12 + G}y — 4M5VQ12 + 2]\/[3[/]

+ Mg — 12Miy e + 2Miy s }
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| M+ M} — AMZMZ, + 2M3,
2M2,

(10)
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and

M — a2 p)

Fl(f) = 9 2

« mfNéQf

75

2M12_1MWC%VS%/(M12{ — q12)*(q1a — MZ 4+ il ;M)

X {Mé [(4m? — M% + q1) In?

q12 + \/ 4q12mf + 2mf
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Here o is the fine-structure constant,
cw = cosBy = My /My
and sy = sinfy = /1 — (Mw/Mz)?  with
9w is the electroweak mixing angle. In addition
mf7N£wa and ch are the mass, the color
multiplicity factor (Né =1 for leptons and

dr  MZE}(My —2E,)

dE.,dcost a 12873

Where E. is the photon energy and 0 is
angle of photon and electron neutrino in center-
of-mass of neutrino pair. Note that due to the
couplings of the Higgs boson to fermions are
proportional to the fermion masses, so we only
take into considerations about the top quark t,
bottom quark b, strange quark s: charm quark c
and tau lepton = masses for the charged fermion
f loop diagrams.

2.2 Numerical results

In this paper, we use the following input

parameters: a = 1/137.035999084,
Mz =91.1876 GeVv, I'z=24952 GeV,
My = 80.379 GeV, My =1251 GeV,
m, = 177686 GeVv, m;=172.76 GeV,

- 4M1%I + 4Q12]

me

— M5+ \ /My — 4m3 M} + 2m3

me

— M3 + M}y — 4m3 M + 2m?

}. (11)

N/, — 3 for quarks), the charge (in units of e),
and the third component of weak isospin of the
fermion frespectively.

2
2mf

The decay width is then calculated as
follow:

(1+ cos®6). (12)

2
W) SR
7

m, =418 GeVy, m,=093 GeV and
m. = 1.27 GeV, we gain numerical result for
the  decay  width. Integrating  over
E, € [0, Mg /2] and cos# € [—1.1], we get the
decay width I' = 0.466 KeV. This result is in
the bound of experimental data at the LHC.

In this Fig. 3, the distribution of decay width
as a function of E., and cos @ is shown. We
observe the peak which are corresponding to
the Z-pole that Z boson decay to neutrinos. The
position of this peak for ¢ € [=7. 7] is located
at

B ==

This provides important information for

testing SM at higher energy regions at LHC.

2
My - Mj _ —29.3159GeV. (13)
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Figure 3: Differential decay width as a function of
E, and cosf

3. Conclusions

Analytic results for one-loop contributions
to H—» Z*v — v.v.y have presented in this
paper. In physical results, we compute the
partial decay width and differential decay width
with respect to photon's energy. The partial
decay width is 0.466 KeV. This result agrees
with upper bound of experimental data at LHC.
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Appendix: Feynman rules and Feynman diagrams

The fermion f, virtual Z.W gauge boson propagators and the Feynman rules for the three-point
and four-point vertices in unitary gauge are, respectively, given. In the Tables, we use

Pp=(1-1)/2,

The short notation for the standard Lorentz tensors of the gauge boson self couplings
Luva(p1.p2.p3) = guv(P1r — P2)x + 9w (P2 — P3)u + 9ua(P3 — P1)v with momenta are all inward
and Suv.as = 29uvgap — Guagup — 9us9va are introduced for convenience. The notation
Pz(p) = 1/(p* — M7 +iMzT 2) from the propagator of the virtual Z* gauge boson is used.

Particle types Propagators
fermions f z}i—*——mg
W boson

Virtual Z boson

_Z “V p.upu
2 (9 — 32
?— M2, M2

: prp”
—iP p _

Table 1: Feynman rules involving the decay H— Z7y = vevey
through fermions and W bosons loop in the unitary gauge.
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Table 2: Couplings involving the decay H— 7%y = vevey through fermions and W bosons loop in unitary gauge.
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