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Higgs-boson decay into two photons as a probe of anomalous gauge couplings
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We present the results of a calculation on the influence of anomalous y WW and vy WW gauge-boson
couplings on the decay of the Higgs boson into two photons. In the standard model this decay occurs
via penguin diagrams with scalars, fermions, and W bosons within the loop. We show that if new phys-
ics comes in at the scale of 1 TeV, anomalous gauge couplings can lead to a large enhancement or
suppression of the decay rate compared to the standard-model results depending on the parameter A,

and k, in the y WW and yy WW coupling.

PACS number(s): 14.80.Gt, 12.15.Cc, 13.40.Hq

I. INTRODUCTION

In the standard model the decay of the Higgs boson
into two photons might be one of the most important de-
cay modes of the Higgs particle because it is the only one
that does not have a similar decay mode for the Z boson.
Therefore, if the Higgs boson can be produced at energies
of the CERN e*e ™ collider LEP or the SLAC Linear
Collider (SLC) via reactions such as ete”
—ZC°H,1*1™ H the two-photon decay mode would play a
central role, which is also true for intermediate Higgs-
boson mass at the superconducting Super Collider and
CERN Large Hadron Collider (LHC).

The decay occurs in the standard model via penguin di-
agrams with scalars, fermions, and W bosons within the
relevant loop diagrams. The result is well known [1,2].
Not only in the standard model does this decay mode ap-
pear to be important, but it is also very sensitive to exten-
sions of the standard model [3,4]. For example, the
influence of sypersymmetric extensions of the standard
model can be found in [5] and the influence of left-right-
symmetric theories was considered in [6].

In this paper we study the influence that the anoma-
lous gauge couplings have on the decay mode of the
Higgs boson into two photons. Here we use the most
general C- and P-parity conserving vector-boson cou-
plings, which have been extensively discussed with their
measurable influences in Refs. [7-18], and references
therein.

This paper is divided into the following sections. In
Sec. II, we present the Lagrangian and the couplings we
need for calculating the relevant penguin diagrams given
in Fig. 1. We also present the calculation procedure and
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FIG. 1. Feynman diagrams of the anomalous gauge cou-
plings leading to the decay of the Higgs boson into two photons.
(a) Three-vertex y WW. (b) Four-vertex yy WW.

give the results for the matrix elements. In Sec. III, we
present the results of the influence of the anomalous
gauge couplings on the decay rate of the Higgs boson into
two photons. Finally, in Sec. IV, we give the conclusions.

II. THE LAGRANGIAN
AND CALCULATION PROCEDURE

For the Lagrangian we take the most general descrip-
tion for the anomalous couplings with conserving C and
P symmetries given by the following parametrization
[9-11]:

L=L+ L+ Ly, (1)
Ly=—1GL G —miWiwr—1m3z, z*,  (la)
'L2=~—% 2 ﬁuviﬁi‘w’ (1b)
i=y,Z
i i}\’i
‘£3= g_z_ﬁpvanlp@; ’ (10)
i=y,Z my
G,=0,~ig, A, —ig,Z,\W,
—(,—ig,A,—ig;Z, )W, , (1d)
Pl =pi 4 tw _wt
Fuv —F;w+lgixi( W/,LWV Wva) s (le)
F;W=a#iv—aviu , (1f)
8,=8,sinfy =e, (1g)
87=8,cos0y, . (1h)

The anomalous magnetic moment and the electric quad-
rupole moment of the W gauge boson are then given by

8i

.uiwz(l""‘i_}w)zmw ) (2)
&i

Quw=—(k;+A;)—— . (3)
mw)

In the standard model A;=0 and «;=1 at tree level.
The contributions of several kinds of models such as the
two-Higgs-doublet model or broken supersymmetric ex-
tensions of the standard model to the parameters uy and
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Quw can be found in [19-21].

The Feynman rules for the three- and four-vertex
gauge-boson couplings derived from (1) are listed in Table
1 in [10] and are given below for those we use to calculate
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the decay of the Higgs boson into two photons. The
relevant Feynman diagrams we have to consider are
shown in Fig. 1 and the Feynman rules in Fig. 2, where
we have made the definitions

I‘yvk gpv(kl+k2)l+gvl(k2—ql)y+g/.zk(k1+ql)v ’ )
Nst_ v
o= l24/[‘Iwkzykm—‘11,1k2kkw*‘(‘kaz)(klvg,uf‘kl}»g,w)
(g 1k N kp&uy — k2,8 (k1K )N(q1,8,0 — 91,80 ] HAK (1,80 —91.8n) > (5)
AK},EKY—I .

Here k, , are the momenta of the W bosons within the loop and g, is the momenta of the outgoing photon. A similar
equation is obtained for the outgoing photon with momenta ¢,.

For the four-vertex ¥y WW coupling we have

F;vau 28,38 uv ~8un8,1 " 838w > (6)
A
D= (8841 42k — k1) 18,08,7(2k1 —q1k2) 8,38,1(d1K1 —g2K2)
w
+gpv[qlx(kl_k2)k+q2)»(kl_k2)1]+g)j[klv(ql+q2)y~k2y(ql+q2)v]
+g;m[‘11v(k1+kz)x_fhvklx_qlka]"'gﬂx[‘hv(kx+k2)x*41vk1x“92xk1v]
—8ulqiu kT k) —aru k0 — a5k, 18 1[0k Ko =g, k0n —anky, 1) - M

To compute the Feynman diagrams shown in Fig. 1,
we take the W-boson propagator in the unitary gauge

(g,_w kw/mle) .

k2

As was already pointed out in [12], the calculations show
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FIG. 2. (a) Feynman rules for the Higgs-boson— W-boson

coupling. (b) Feynman rules for the three-vertex y WW cou-
pling. (c) Feynman rules for the four-vertex yy WW coupling.

f

that the longitudinal component of the W-boson propaga-
tor (kﬂkv/mfy) does not contribute to the A; term but
gives the most singular contribution to the Ax; terms.

The highest divergencies, which occur in the con-
sidered Feynman diagrams, are quadratic. To keep the
matrix element finite we therefore introduce a cutoff pa-
rameter A, where we suppose the new physics is coming
in. This cutoff parameter is introduced via the usual
power-law form factor [11] by multiplying the quadrati-
cally divergent part of the matrix element with the factor
A*/[(k?—A2)(k3—A?)]. In the calculation we will keep
only the most divergent terms, which are quadratic diver-
gent [that means we neglect all terms <<(A/mW)2, eg.,
In(A/my )%, (my /A, ... ]

The result of the calculation of the first diagram in Fig.
1 is then given by

)
e’g, A?
M, = +l(4 )2 Wm;‘,,(q‘ng}‘i_qlzq”‘)

Xettes A2+ L(Ak, ) +3Ak, ) . @)

The second diagram leads to

e’y A2 A sk

b= Wmty<qlngu—q,;qu)e;‘ &M —ar, ).
9)

As a final point we want to mention that the terms pro-
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portional to A? of diagrams with one scalar particle and
two W bosons within the loop are proportional to g3 or
g2 and therefore identical to zero.

III. THE DECAY RATE
OF THE HIGGS BOSON INTO TWO PHOTONS

In the standard model the penguin diagrams with sca-
lars, fermions, and gauge bosons lead to the decay rate [2]

st a’Gpmp
r(H )=———7— | 3 N_e2F; |?
YT s ‘2 ’ ‘
3
a
= N_;e?F,
12811'Zsm26W m3, 2 € .
(10)
where i =scalars, fermions, and gauge bosons, e; the elec-
|
St+NSt o 13{ R
YT 28 sin’@y,, m3, 2,' at

In the standard model the scalars and fermions lead to
negative F;, whereas the W bosons give a positive value
for F; if we take for the mass of the top quark 140 GeV
and for the Higgs-boson mass 100 GeV, the summation
over all fermions leads for the real part of F to
3N, fesz 'r~—3.5 (the largest contribution comes from
the top quark). The addition of the W boson contribu-
tion changes the value to 3,_ ; yN,e*F;~ +4.2 and the
further addition of the Higgs boson finally gives us the
value +3.8. The imaginary part is about —0.2. The
highest contribution therefore comes from the W bosons.

Considering (12), we see that mainly the linear terms in
Ak, and A, lead to a contribution to the decay rate of the
decay of the Higgs boson into two photons, whereas the
A2 and (A, ) terms can usually be neglected. They only
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FIG. 3. T(H——yy) in keV as a function of the Higgs-
boson mass my in GeV for m,,, =140 GeV: Standard model
(solid line); A,=0.01 and Ak,=0 (dashed line); A,=0 and
Ax,=0.01 (dashed-dotted line).
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tric charge in units of e, and N,; the color factor:

F,=7,(1—71%,

2
—=— | [3Ak,—4A,+A2+L(Ak,)?]

Fr=—=21,[1+(1—7,)I?], an
— —_ 2
Fy=2+37,+37,(2 T,
with 7, =4(m; /my)* and
arctan 1 >1
vVr—1’ ’
I= N
L lrdim |22, <1,
2 -

The new couplings given in (5) and (7) change the decay
rate of (10) to

2
(12)

r

become important if A, ~Ak, because of an accidental
cancellation between the A, and Ak, terms due to a rela-
tive minus sign.

Because 3, —; s wN,e; 2F, is of order 1 and (A /my,)* of
order 100, if we set the scale of new physics at 1 TeV,
even small values }»1,, AK,, <0.01 will have a large
influence on this decay. In Figs. 3—-7, we show the decay
rate of the Higgs boson into two photons in units of keV
as a function of the Higgs-boson mass for different values
of A, and Ak,. In all figures we have taken a top mass of
140 GeV.

In Fig. 3 we have taken A,=0.01 and Ak, =0 (dashed
line) and A, =0 and Ak, =0.01 (dashed-dotted line). The
values of the standard model are given by the solid line.
We see that due to a relative plus or minus sign of the
new terms compared to the standard model, we get a

0 +— - j =7 T T
60 80 100 120 140 160 180 200
My [Ge\/]

FIG. 4. Same as in Fig. 3: Standard model (solid line);
A,=Ak, with Ax,=0.01 (dashed line), Ak,=0.05 (dashed-
dotted line), and Ak, =0.1 (dotted line).
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FIG. 5. Same as in Fig. 3: A,=0 with Ak, =0.05 (solid line)
and Ak, =0.1 (dashed line); A, =0.01 with Ax,=0.05 (dashed-
dotted line) and Ak, =0.1 (dotted line).

large suppression or enhancement of the decay rate rela-
tive to the standard model. In Fig. 4 we show the results
for AYEAKY in the cases of AY=O.O] (dashed line),
)»y=0. 05 (dashed-dotted line), and 7Ly=0.1 (dotted line).
The values of the standard model are again given by the
solid line. Again we see the suppression of enhancement
of the decay rate relative to the standard model.

In Fig. 5 we have taken A, =0 with Ak;=0.05 (solid
line) and Ak,=0.1 (dashed line) and A,=0.01 with
AK},=0.05 (dashed-dotted line), and Ax,=0.1 (dotted
line). In Fig. 6 we have A,=0.05 with Ak, =0 (solid
line), AKy=0.01 (dashed line), and AK},ZO‘I (dashed-
dotted line). Finally, in Fig. 7 we have plotted the results
for AY=0.1 with Ak, =0 (solid line), AKY=0.01 (dashed
line) and Ax,=0.05 (dashed-dotted line). In the last
three figures we see that, even if one parameter is identi-
cal to zero, the decay rate is enhanced by a factor of at
least 10 compared to the values in the standard model.
The enhancement is at the highest when A,#Ax, and
both parameters are unequal to zero.

For the sake of simplicity we have chosen only positive
values for A, and Axk,. As can be seen from (12) and Fig.
3, if we choose the cases }»},<O with Ak, <0 or >0 or

Y
k7>0 with AK7<O, this would not change our results

1400 1 1 I it L 1

1200 L
1000 A+

— /L
= 800 7,

[
X ~ /
—. 600 - / L
- -
g -
K

400 A

2004

T T
160 180 200
[GeV]

FIG. 6. Same as in Fig. 3: A, =0.05 with A«, =0 (solid line),
Ak, =0.01 (dashed line), and Ax, =0.1 (dashed-dotted line).
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FIG. 7. Same as in Fig. 3: A,=0.1 with Ax, =0 (solid line),
Ax,=0.01 (dashed line), and Ak, =0.05 (dashed-dotted line).

very much. Depending only on the relative minus or plus
sign of the new terms compared to the standard model we
always obtain a large suppression or enhancement of the
decay rate relative to the standard model even for small
values of A, or Ak,. If [A,[ or |AK7,| are large ( >0.05)
and A, # Ak, we always obtain

St+NSt St
IF'H——yy)>»>T(H——>yy)

because then the nonstandard couplings mostly contrib-
ute to the decay rate. This is also true if we would have
chosen for the scale of new physics A=10 TeV, where
the contribution of the nonstandard coupling is enhanced
by a further factor of 100 due to the (A /my,)? factor.

IV. CONCLUSION

In this paper we have shown the contribution of the
nonstandard couplings given in (5) and (7) to the decay
rate of the Higgs-boson decay into two photons. We
have seen that, even for small values of }»Y and AKy
(<0.01), the nonstandard couplings lead to a large
enhancement or suppression of the decay rate compared
to the standard model. This is also valid for negative
values of A, and Aky.

If M,AKY >0.05 and A,,#AK./, the nonstandard cou-
plings give the largest contribution to the two-photon de-
cay rate and enhance it by more than a factor of 10 com-
pared to the standard-model prediction to the decay rate,
which is also true for AV,AKy < —0.05.

A final point we want to mention is that we can use our
result given in (8) and (9) for the decay of the Higgs boson
into a Z boson and photon if we replace the curly brack-
ets in M, with

{A Az + 1Ak, Akz +3(Ak, +3AKZ)}

and in M, with —2(A,+A;) and multiply M, +M, by
an overall factor — cot©y,.

The result of this decay rate within the standard model
is given in [22]. But because of the large backgrounds
coming from continuum gg—Zy and gg —Zy produc-
tion [4,23], we do not consider the decay of the Higgs bo-
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son into a Z boson and one photon.

Furthermore, we can also use the result for the decay
of the Z boson into the Higgs boson and one photon, if
the Higgs-boson mass is smaller than the Z-boson mass.
In the usual parametrization of this decay mode [24], we
obtain

Ap=+cosOp (A, Az + 1Ak, Axz +3(Ak, +3Akz)

2
—20h,+2,)) A (13)
my

This can be much larger than the contribution coming
from the W bosons with Ay ~—4.6—1(my/my)*. But
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because of the lower experimental mass bound of the
Higgs boson, this decay rate is only interesting in the
small mass range of the Higgs boson from 60 GeV to m .
This decay mode is also suppressed by the kinematic fac-
tor of B*=(1—mp% /m%)®. Therefore, if the Higgs boson
will be discovered at LEP or SLC in the near future, the
decay of the Higgs boson into two photons will be the
most important mode for analyzing extensions of the
standard model.
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