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Decays M ~ yy, yZ, and Z~ yH in the effective Lagrangian approach

J. M. Hernandez and M. A. Perez
Departamento de Fisica, CIXVFSTAV-JPX, Apdo. I'ostal 14—740, 07000 Mexico, Distrito Federal, Mexico

J. J. Toscano

(Received 3 October 1994)

We study the decays H —+ yy, yZ, and Z~ yH in the framework of effective Lagrangians. We consider
all dimension-six and dimension-eight fermionic and bosonic operators which are SUr(2)XU&(1) gauge
invariant and contribute to these decays at tree and one-loop level. Our calculations include, besides tree-level
contributions, the one-loop contributions in the full theory: standard model and the underlying physics. We find

that the effects due to new physics may enhance the standard model widths of these rare decays up to one order
of magnitude.
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The understanding of the electroweak symmetry-breaking
mechanism is a major goal for the next generation of collid-
ers. The CERN Large Hadron Collider (LHC) offers an ex-
traordinary opportunity to explore a completely new energy
domain in which the standard model (SM) scalar sector can
be tested. Nowadays there is general agreement among theo-
rists that simple perturbation theory requires a Higgs boson
mass of the order of the spontaneous symmetry breaking
(SSB) scale. Also, according to several self-consistency ar-

guments, it is generally agreed that there should be new

physics beyond the SM. The one-loop H yy and H yZ in-

teractions predicted by the SM deserve attention as an ex-
cellent mechanism to detect possible effects of new physics.
In fact, these interactions occur through the one-loop con-
tributions induced by a11 the charged particles which couple
to the Higgs boson [1].It has been pointed out [2] that an

intermediate-mass Higgs boson (mz (mrs (2mz) could
be detected through the rare decay mode H ~ yy at the
LHC. On the other hand, the decay Z~H y becomes im-

portant in the SM for a relatively light Higgs boson
(-, mz(m~(mz). Since its branching ratio is small [3], the
importance of this decay mode lies, as in the H —+yZ
case, in its sensitivity to gauge couplings and its clean
signature.

The purpose of the present Rapid Communication is to
report a calculation of the decay widths for H ~ yy, yZ,
and Z —+H y within the framework of effective Lagrangians
[4—6]. In this approach the effects of new physics on the
low-energy processes are parametrized with high-
dimensional effective interactions constructed out of the SM
fields. In the scenario that we have considered, the SM is a
renormalizable theory where the low-energy processes can-
not dramatically depend on the high-energy new physics [7].
Accordingly, all corrections to observables can be expressed
as a power series in the inverse high-energy scale A, in
which the underlying physics becomes apparent. Thus, we
can parametrize physics beyond the SM in a model-
independent manner by means of the following effective
Lagrangian:

I.,„=I.,+ g g „',(0,'"'+ H.c.),
n=5 i=1

where I.o is the renormalizable SM Lagrangian and O~") are
nonrenormalizable operators of dimension n~s which re-
spect the SM symmetries. There are a finite number of un-
known u; parameters determined by the required degree of
accuracy. The dominant nonrenormalizable contributions at
low-energy processes are induced by dimension-six opera-
tors and have been listed by Buchmiiller and Wyler [4].
However, it has been pointed out recently [8] that, in the
framework of a gauge and weakly coupled full theory„some
of the dimension-eight operators may be competitive with
the dimension-six ones. In fact, if any of the dimension-six
operators are generated at one-loop level by the underlying
physics, their effects on the low-energy processes are of or-

der (n;/16vr )(u/A), where u = +2($)o is the SSB scale.
In contrast, if some of the dimension-eight operators are gen-
erated at the tree level by the underlying physics, their ef-
fects on the low-energy processes are of order n;(u/A) . In
case the underlying physics becomes apparent at a scale of
order a few TeV, then the factors (u/A) and I/16vr are
expected to be of the same order of magnitude. Conse-
quently, a complete study of a particular process requires to
take into account the dimension-eight operators generated at
the tree level.

Our general aim in the present work is to consider all the
effects of new physics on the H yy and H yZ interactions
which may be competitive with the dimension-four theory
predictions. Since the H yy and H yZ interactions occur at
the one-loop level in the dimension-four theory, we consider
only new effects up to the one-loop level in the full theory.
Accordingly we have included only tree-level-generated
dimension-six fermionic operators which induce effective
H ff and ffZ interactions which contribute to H" yy and
H yZ interactions through fermion loops. Since there are
no tree-level-generated (in the complete theory) dimension-
six bosonic operators, which could generate the above inter-
actions, we considered also only one-loop-generated
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H H'+ W

F=(U,D)z denotes the corresponding left-handed SU(2)
doublet; P denote the scalar SU(2) doublet, r ' are the Pauli
matrices, P= i r P*, and D~ is the respective covariant de-
rivative. There are six one-loop-generated dimension-six
ho sonic operators [8] which induce tree-level effective
H yy and H yZ interactions:

H H

O~w=(p qb)W' „W' ", Op R=($ Q)B„Q

Ow R=(4 r '$)WI, g
(6)

H+

FIG. 1. Feynman diagrams contributing to the H —+yy, yZ,
and Z —+yH decays. The heavy dot denotes an effective vertex.
There are not tree-level-generated ffy ef'fective vertices. The
anomalous one-loop fermionic contributions in (v) and (vi) are fi-

nite.

OgpU= i(4'D, 4)(UR y'UR),

OpD=i(p D~p)(DRy DR),

Op'= (O'D„4)(Fy"F)

O~@~~=i((btD„7. '@)(Fy r 'F),

0@v
= ( @ D ~P) ( UR ys y UR),

0& (Dp D~p)(DRysy DR),

0yF
= ( P D „qb) (Fys y F)

O'& ' =(O'D ~ '4) (Fy y~~ 'F),

(2)

Ovy=(4'0)(FUR4) ODy=(4'4)(FDR4), (4)

Ov&=i(P @)(FysURP), O»=i(P P)(F ysDR@),
(5)

where Uz and Dz denote right-handed fermions of type up
and down, respectively, which are SU(2) singlets, and

dimension-six bosonic operators. Finally, we consider all the
tree-level-generated dimension-eight bosonic operators
which induce the H yy and H yZ interactions.

In Fig. 1 we display the Feynman diagrams which con-
tribute to H ~ yy, yZ, and Z~ yH decays up to one-loop
level in the full theory. There are twelve tree-level-generated
[8] dimension-six fermionic operators which contribute to
these decays through the one-loop graphs shown in Figs.
1(v) and 1(vi):

Opw=(p $)W'„„W' ", Op R=(p Q)B~Q"",

Owa=($ 7' $)WI, g

Os i= (P r 'P)(P 7 'Q) WI, „W'

Os2=i(D~ptD "p)(pt~ 'p) W'„„,

= (4'4)'B„P""

Os 4= i(0 '0) (D'O'D "0)B„.,

(8)

O„=(4t~ '4)(4t~ &4)W'„„WJ~",

O, =i(D"O'D "0)(4'~ '0) W'„.,

Os,3=(4'4)'B 4"
O, = (4'4)(D'O'D"4)B '

(9)

Calculation of the Feynman diagrams shown in Fig. 1
leads to the following effective widths for H —+yy, yZ,
and Z+ yH decays:

where W„„and B~„are the SU(2) and U(1) field strength
tensors, respectively. We denote by V„„=—,'e„„pV the
corresponding dual tensor. The Higgs decay channels into

yy, and yZ have been previously studied using the O~z
operator in Refs. [5,9].Also the above Higgs decay channels
have been studied using all the CP even oper-ators (6) [10].
In order to get a prediction on the respective decay widths,
they used the bounds on the coefficients e;=n;(v/A) ob-
tained from low-energy processes, which in general are of
the order 10 . However, we consider that such bounds are
still rather weak since in our scenario their contributions are
expected to be suppressed because the respective coefficients
n; arise from dimension-six operators induced at the one-
loop level of the complete theory [8].These studies did not
take into account the fact that effective interactions can be
induced at different levels in the context of a simple pertur-
bative scheme of the full theory. Finally, there are eight tree-
level-generated dimension-eight bosonic operators [8] which
induce the H yy and H yZ interactions:
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ul f Q
ul „ Iulr,+H +y—y) =a QINc Fo+ — F, +F0+
&

F 6+ &
F g

2

+ — g QfNcFf+F, 6+ — F,gi. f ( i

r,ff(H —+yZ) =b, g QfNc Afo+ —Af +AD+ — A, 6+ —A, g

)

2

( u l' ( U lg QINcA, +A, 6+ — A, gi. f i )

2'

mH
3

r,gz yH') = ——,r,gH' yz),
Z

(12)
b

4m 2F«= — (2Swng i+2cwng3),

where

a GFmH aGFmzmH i mz l2 3 2 2 3 2 3

64+2~3
' 128r).

I, mH j
b= 4 1 2 (13)

F,= —2rfI (rf)(avy+ aDy) ~ [1—rfI (rf)](n~F+ n~F)

+[1 rfI (rf)](alpv+nyD)~ (16)

and the parametric functions are given by

Fo= —2rf[1+ (1 —rf)I ],

1
F,6=4 (2$wa~w+2Cwn~B $2wawB—),4mo.

(17)

pf- Sw

2$2ma
f(au~+ aD—p)Fo,

7f

(14) .b
4m

F,g
= (2Swng &+ 2Cwag 3)1

F =2+3r +3r (2 —r )I (r ),

1
F,6= — (2$„nyW+2CwapB S2wuWB)~ (15)

where in our notation subindices and superindices denote the
dimension and the type of operator, respectively —the
dimension-four theory contributions are denoted by the sub-
index zero. - The parametric functions for the 0 —+ yZ mode
are given by

gf ffj
Ao= —2g~ 1+ 1 — [I (rf) I (of)]— — [J(rf)I(rf) J(of)I(of)]-0f—7f i Of —7fi Of —7f

(18)

Ag n@v+ ayD+ ayF+ nyF+f= (&) (3)
8 ma

W f(au&+ nD&) Ao,
7f

Ao= x —
I y+x [I (rw) I (ow)] —2x— [J(rw)I(r„) J(o„)I(o)]- . .

7w 7wi

$2w b 4m$2 l g~n
Aa6 —

4 ($2wnpW $2wnpB 2C2waWB)~ Aag $2wng, l S2wng34 no. A' 4c ~8,2 ~ 8, 4
4SW

A, = —2' g& g& 1 — [I (rf) I (of)] (n&—~+ n&z)—

lOf 7f+ g~ —g~ 1 — [I (rf) I (of)] (nyv+ ap—D) ',
Of 7f r

7w Of7f [I (rf) I (of)](ave+ uDy)—
7f Of 7f

(20)
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FIG. 2. The fractions I',+H ~ yy)/
Io(H ~'yy), I',n(H ~yZ)/I'0(H +yZ), and—
I,+Z~ yHO)/I'o(Z~ yH ) as a function of
m& fox m, = 174 GeV, A = 1 TeV, and for all the
coefficients taken as unity. In each case, fermi-
onic (dotted), dimension-six bosonic (dashed),
dimension-eight bosonic (dot-dashed), and total
(solid line) contributions are displayed.
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"b 2w A

Aa6 4 ($2w&QW $2w&QB 2C2wnWB)4mn

F
b 4 VS2w

Aa8=
/ma . g~n

u
~

' ' 4c ' 4$ ')S2w8, 1 S2w8, 3 ~ 8, 2 ~ 8 4 '

~

(21)

)1)
arctan

1 1 —iJ
, 2 1+iJ

where

'
ga, —1,

J(k;)='
i v'1 —)t.;, )t.;~ 1

(23)

x= ——1+—tan Hw
—5+—

&).

Y= —2c (3 —tan 6t ),
(24)

with X.;= 7;. , o.;.

where 7;=4mt/mH, rr;=4m, /mz, gv and g„are thef
vector and axial-vector coupling coefficients for fermions to
the Z, respectively, s„=sin8, c =cos8, s2 =sin28„,
c2„=cos28, and we have taken the following replacement:
a;~ u;/16m in the one-loop generated operators (6), (7). In
our notation the signs + (—) correspond to down (up) type
fermions. It is important to notice that the one-loop effective
contributions of the fermionic operators, which are generated
at the tree level, give a finite result. On the contrary, in a
previous calculation the R'-boson loop diagram, involving
one-loop generated H WlV and WWy vertices, lead to a
logarithmically divergent result [9].The functions I, J, x,
and y [1,2] are given by

In Fig. 2 we have displayed the fractions I,fr/I o as a
function of mH for m, = 174 GeV, A=1 TeV, and we took all
the coefficients equal to 1. In the fermionic part, only the
quark top contributions have been taken into account. In
each case we present the contributions coming from
dimension-six fermionic operators, dimension-six bosonic
operators, dimension-eight bosonic operators, and the overall
contribution. We can appreciate that the rare decays are in-
sensitive to both fermionic and bosonic dimension-six con-
tributions. In contrast, the dimension-eight tree-level-
generated contributions enhance up to one order of
magnitude the SM width H + yy, while the corresponding
widths for H —+yZ and Z~yH may be enhanced up to a
factor of 2. We have found that different scenarios for the
values of the u; coefficients do not modify appreciably this
result.

In conclusion, our analysis for the rare decays in the
framework of effective Lagrangians confirms the result ob-
tained in previous studies [5,9,10] that those decay modes
are rather sensitive to the structure of the couplings induced
by physics beyond the SM. However, we have found that a
systematic bookkeeping of the u; anomalous coefficients
leads us to expect that an enhancement of these radiative
decays up to one order of magnitude can possibly arise from
the contribution of tree-level-generated dimension-eight
bosonic operators. On the other hand, as in the SM case, the
anomalous contributions to the decay widths H ~yZ and
Z —+ yH are marginally important with respect to the
H —+ yy mode. Our results are consistent within the pertur-
bative framework of the full theory, where the tree-level-
generated dimension-eight operators induce the most impor-
tant contribution.
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