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Higgs boson radiative decays of the formH→ f f̄g are calculated in the standard model using the complete
one-loop expressions for the decay amplitudes. Contributions to the radiative width from leptons and light
quarks are given. We also presenteē-invariant mass distributions forH→eēg, which illustrate the importance
of the photon pole contribution and the effects of the box diagrams.@S0556-2821~97!00109-4#
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I. INTRODUCTION

Discussions of searches for intermediate mass Higgs
bosons usually concentrate on the decayH→gg as the dis-
covery mode@1#. Other modes considered includeH→Zg
andH→bb̄. The importance of radiative processes led us to
consider the class of decaysH→ f f̄g, where f is a light
fermion. The dominant contributions to these decays occur at
the one-loop level, and their calculation is related to that of
the processeē→Hg, which we recently completed@2,3#.

Typical results for Higgs bosonf f̄g decay appear in the
calculation ofG(H→eēg), which, for mH*100 GeV, re-
ceives a large contribution from theZ pole. Additionally, our
calculations show that the photon pole makes a substantial
correction to the estimate obtained by simply multiplying the
width for H→Zg by the branching ratioB(Z→eē). This
feature is common to all light fermions, and we present re-
sults for all decays of the typeH→ f f̄g.

In the next section, we present expressions for the decay
amplitudes, the decay matrix element, and results for the
fermion-invariant mass distributions and for the widths. This
is followed by a discussion. Complete expressions for the
various amplitudes are given in the appendices.

II. CALCULATION OF HIGGS BOSON DECAY WIDTHS

Contributions to the decay amplitudes arise from the dia-
grams illustrated@4# in Fig. 1. They are of two basic types:
~a! pole diagrams in which thef f̄ emerge from a virtual
gauge boson, and~b! box diagrams containing virtual gauge
bosons and fermions in the loop. The diagrams are evaluated
using the nonlinear gauges discussed in Ref.@2#. In these
gauges, the collection of diagrams consists of four separately
gauge-invariant contributions, the photon pole, theZ pole,
Z boxes, andW boxes. The amplitudes for these contribu-
tions are
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3 ên~k!Ag~mf f̄

2
!, ~1!

Mpole
Z 52

a2mW

sin3uW
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stant,v f5124uef usin2uW, andef is the fermion charge in
units of the proton charge. To calculate the invariant ampli-
tudesBZ(mf f̄
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the approach of Ref.@2#. Here, too, we find a logarithmic
dependence on the fermion mass at intermediate stages of the
calculation, but this dependence cancels, enabling us to take
the limit of zero fermion mass. Explicit expressions for the
invariant amplitudesAg , AZ , BZ , andBW are given in the
appendices.
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with the amplitudeM given by the sum of Eqs.~1!–~4!. For
an f f̄g final state, the limits on thedm

f̄ g

2
integration are
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The fermion mass is retained in the phase space integration
since, as shown below, there is a (m

f f̄
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)21 factor associated

with the photon pole. Explicitly,(spinuMu2 is
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Using our results for the invariant amplitudes, thedm
f̄ g

2
in-

tegration can be performed numerically to obtain the invari-
ant mass distribution.

FIG. 1. The diagrams forH→ f f̄g are shown.

FIG. 2. The invariant mass
distribution of the decay mode
H→eēg for several Higgs boson
masses is shown. The solid line is
the full calculation, the dashed
line is the pole contribution, and
the dotted line is the box contribu-
tion.
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The invariant mass distributiondG(H→eēg)/dme ē is il-
lustrated in Fig. 2. The striking feature of these distributions
is the large peak at smallme ē

2 due to the photon pole. There
is no singularity in the physical region sinceme ē

2 >4me
2 . In

fact, as can be seen from Eqs.~6! and~7!, thedmēg
2 integral

in Eq. ~5! vanishes whenme ē
2 54me

2 . Nevertheless, the re-
sidual effect of the photon pole is sufficient to contribute
;10–20% of the events in the distribution. It is also evident
that the box diagrams make only a small contribution. Curi-
ously, the main effect of the box diagrams is to smooth the
distribution by canceling the kinks in the pole contributions
at theWW threshold. The invariant mass distribution for the
remaining lepton channelH→nn̄g, which has no contribu-
tion from the photon pole, is illustrated in Fig. 3.

The various partial widths can be obtained by integrating
Eq. ~5!. This results in the contributions illustrated in Fig. 4.

Also shown in the lepton panel of Fig. 4 is the contribution
from theZ pole. The figure clearly shows that the widths are
enhanced significantly in the complete calculation, even in
the case of neutrino decays. FormH*160 GeV, the up-type
quark contributions are basically the same. This is also true
for the down-type quarks.

III. DISCUSSION

As can be seen from Fig.~2!, the invariant mass distribu-
tions are basically determined by the photon andZ pole con-
tributions. The box diagrams make corrections to the high
mass side of the distribution where they are of the same
order as the pole terms. This being the case, it is possible to
obtain a simplified expression fordG/dm

f f̄

2
by retaining only

the Ag and AZ terms in Eq. ~5!. After performing the
dm

f̄ g

2
integration, one finds

FIG. 3. The invariant mass distribution of the
decay modeH→nn̄g is shown for two Higgs
boson masses.

FIG. 4. The partial widths for Higgs boson
decay into a lepton pair~left! and quark pair
~right! are plotted as a function of the Higgs bo-
son mass. In the left panel, the solid line is the
partial width for a charged lepton and the dashed
line is the partial width for its neutrino. The dot-
ted line is theZ pole approximation for the
charged lepton partial width and the dot-dashed
line is the pole approximation to the neutrino par-
tial width. In the right panel, the solid line corre-
sponds to the up quark, the dashed line to the
down quark, the dot-dashed line to the strange
quark, and the dotted line to the charm quark.
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This expression reproduces the dashed lines in Fig. 2.

The total width forH→ f f̄g is shown in Fig. 5, where the
neutrino, electron, muon, up quark, down quark, and strange
quark contributions are added. The dashed line in this figure
corresponds toH→gg, and it can be seen that thef f̄g width
exceeds thegg width for mH*140 GeV.

The relatively large size of theH→ f f̄g decay mode com-
pared toH→gg decay mode is somewhat unexpected and
this could be used to supplement Higgs boson searches
which rely on the detection of photons. Our results also show
that ~occasionally rumored! eēg events, where the
eē-invariant mass does not lie in theZ0 bin, are unlikely to
be Higgs boson decays unless theeēmass is low. Finally,
should the Higgs boson be detected in the intermediate mass
range, measurement of these rare decay modes may be of use
in determining whether its interactions are those of the stan-
dard model or one of its extensions.
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APPENDIX A: POLE CONTRIBUTIONS

The amplitudesAg(mf f̄

2
) and AZ(mf f̄

2
) can be expressed in terms of two scalar functionsC0(mf f̄
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FIG. 5. The partial widthG(H→ f f̄g), obtained by summing the
neutrino, electron, muon, up quark, down quark, and strange quark
contributions, is shown as the solid line. For comparison, the
dashed line is the partial widthG(H→gg).

FIG. 6. The numbering schemes used for the computation of
D0(1,2,3,4) in the case of theZ box ~a! and theW box ~b! are
shown.
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with I 3 denoting the third component of theexternalfermion weak isospin andmt being the top quark mass.
The evaluation ofC0(mf f̄
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2 ,m2) is straightforward, yielding
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APPENDIX B: ‘‘ Z ’’ BOX CONTRIBUTION

The ‘‘Z’’ box diagrams are illustrated in Fig. 1~b!, where the internal gauge boson can be either aZ or aW. In addition to
these box diagrams, there are two triangle diagrams which make the amplitude gauge invariant. The entire contribution is
given by the functionB0(mf f̄
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In terms of the decomposition of Ref.@5#, this function is given by
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When theDab in Eq. ~B2! are expanded in terms of scalar integrals, the expression forB0(mf f̄
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where we have used the compact notation of Ref.@5# with m15m45mZ andm25m35mf , as illustrated in Fig. 6~a!.
Explicitly, we have
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The function Sp(y) is defined as the real part of the dilogarithm. For realy.1, we have
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Wheny is complex, thei« may be ignored.
The requiredC0 functions are
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The expression forC0(1,3,4) is obtained fromC0(1,2,4) by the interchangemfg
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andm is introduced to preserve the dimensions of the regularized integrals.
The cancellation of the ln(mf

2) dependence in Eqs.~B4!, ~B11!, and ~B12! can be checked by substituting the explicit
expressions into Eq.~B3!.

APPENDIX C: W BOX CONTRIBUTION

The box diagrams withW’s in the loop are shown in Figs. 1~b! and 1~c!. The non-gauge-invariant portions of these
diagrams are again canceled by triangle diagrams in which the Higgs boson decays into anf f̄ pair through aWWf triangle and
the photon is emitted from one of the fermions. The invariant amplitudeBW(mf f̄
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where, as in Appendix A,I 3 is the third component of the external fermion weak isospin. Here,ei is the charge of theinternal
fermion in units of the proton charge and the prime denotes the replacementmZ→mW in Eq. ~B2!. Notice that the arguments
mfg
2 andm
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2
are interchanged inB2. In terms of theDab of Ref. @5#, we have
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2 ,m
f̄ g

2
!5D0~mf f̄

2
,mfg

2 ,m
f̄ g

2
,mH

2 ,mf
2 ,mW

2 !1D11~mf f̄

2
,mfg

2 ,m
f̄ g

2
,mH

2 ,mf
2 ,mW

2 !

1D13~mf f̄

2
,mfg

2 ,m
f̄ g

2
,mH

2 ,mf
2 ,mW

2 !1D25~mf f̄

2
,mfg

2 ,m
f̄ g

2
,mH

2 ,mf
2 ,mW

2 !, ~C2!

B2~mf f̄

2
,mfg

2 ,m
f̄ g

2
!52D12~mf f̄

2
,mfg

2 ,m
f̄ g

2
,mH

2 ,mf
2 ,mW

2 !1D13~mf f̄

2
,mfg

2 ,m
f̄ g

2
,mH

2 ,mf
2 ,mW

2 !

1D26~mf f̄

2
,mfg

2 ,m
f̄ g

2
,mH

2 ,mf
2 ,mW

2 !. ~C3!

The decomposition into scalar functions takes the form

B1~mf f̄

2
,mfg

2 ,m
f̄ g

2
!5

1

2

1

m
f f̄

2
mfg
2 H F ~mf f̄

2
1mfg

2 2mW
2 !

mfg
2 @mW

2 ~mfg
2 1m

f̄ g

2
!2m

f f̄

2
m

f̄ g

2
#22mW

2 m
f f̄

2 GD0~1,2,3,4!

1~mf f̄

2
1mfg

2 2mW
2 !F2

m
f f̄

2

mfg
2 C0~1,2,3!1

~mf f̄

4
12m

f f̄

2
mfg
2 2mfg

4 !

~mf f̄

2
1mfg

2 !mfg
2 C0~1,2,4!

1
~mfg

2 1m
f̄ g

2
!

mfg
2 C0~1,3,4!2

m
f̄ g

2

mfg
2 C0~2,3,4!G1

2m
f f̄

2

~mfg
2 1m

f̄ g

2
!
@B0~1,3!2B0~1,4!#

1
2m

f f̄

2

~mf f̄

2
1mfg

2 !
@B0~2,4!2B0~1,4!#J , ~C4!

B2~mf f̄

2
,mfg

2 ,m
f̄ g

2
!5

1

2

1

m
f f̄

2
m

f̄ g

2 H ~mf̄ g

2
2mW

2 !

m
f̄ g

2 @mf f̄

2
m

f̄ g

2
1mW

2 ~mfg
2 1m

f̄ g

2
!#D0~1,2,3,4!1~mf̄ g

2
2mW

2 !Fmf f̄

2

m
f̄ g

2 C0~1,2,3!

2
~mf f̄

2
1mfg

2 !

m
f̄ g

2 C0~1,2,4!1
~mfg

2 1m
f̄ g

2
!

m
f̄ g

2 C0~1,3,4!2C0~2,3,4!G1
2m

f f̄

2

~mfg
2 1m

f̄ g

2
!
@B0~1,4!2B0~1,3!#J .

~C5!

The numbering is defined in Fig. 6~b!, with m15m35m45mW andm25mi50.
In this case, the scalar functionD0(1,2,3,4) is

D0~1,2,3,4!5
21

m
f f̄

2
m

f̄ g

2

1

~b012b02! H SpS b01

b012mW
2 /m

f̄ g

2 D 2SpS b0121

b012mW
2 /m

f̄ g

2 D 2SpS b01

b012bW1
D1SpS b0121

b012bW1
D

2SpS b01

b012bW2
D1SpS b0121

b012bW2
D1SpS b01

b012g1
D2SpS b0121

b012g1
D1SpS b01

b012g2
D2SpS b0121

b012g2
D

1 ipF2u~mf̄ g

2
2mW

2 !lnU b0121

b012mW
2 /m

f̄ g

2 U1u~mH
2 24mW

2 !lnU bW12b01

bW22b01
U2u~mf f̄

2
24mW

2 !lnU g12b01

g22b01
UG

1b01→b02J , ~C6!

with

b065
1

2 F12
mW
2

m
f f̄

2 2
mW
2

m
f f̄

2

mfg
2

m
f̄ g

2 6AS 12
mW
2

m
f f̄

2 2
mW
2

m
f f̄

2

mfg
2

m
f̄ g

2 D 2

14
mW
2

m
f f̄

2

mfg
2

m
f̄ g

2 G , ~C7!

bW65
1

2
~16A124mW

2 /mH
2 !, ~C8!

g65
1

2
~16A124mW

2 /m
f f̄

2
!. ~C9!
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The variousC0’s are

C0~1,2,3!5
1

m
f f̄

2 H 2SpS mW
2

mW
2 2m

f f̄

2
g1

D 1SpS mW
2 2m

f f̄

2

mW
2 2m

f f̄

2
g1

D 2SpS mW
2

mW
2 2m

f f̄

2
g2

D 1SpS mW
2 2m

f f̄

2

mW
2 2m

f f̄

2
g2

D 2SpSmW
2 2m

f f̄

2

mW
2 D

1
p2

6
1 ipF u~mf f̄

2
24mW

2 !lnUmW
2 2m

f f̄

2
g1

mW
2 2m

f f̄

2
g2

UG J , ~C10!

C0~1,2,4!5
21

m
f̄ g

2
2mH

2 HSpS l0

l02l1
D2SpS l021

l02l1
D2SpS l0

l02bW1
D1SpS l021

l02bW1
D2SpS l0

l02bW2
D1SpS l021

l02bW2
D

2SpS l021

l0
D1

p2

6
1 ipFu~mH

2 24mW
2 !lnU bW12l0

bW22l0
U2u~mf̄ g

2
2mW

2 !lnU l12l0

2l0
UG J , ~C11!

C0~1,3,4!5
21

m
f f̄

2
2mH

2 HSpS 1

bW1
D1SpS 1

bW2
D2SpS 1

g1
D2SpS 1

g2
D1 ipFu~mH

2 24mW
2 !lnU bW1

bW2
U2u~mf f̄

2
24mW

2 !lnU g1

g2
UG J ,

~C12!

C0~2,3,4!5
1

m
f̄ g

2 H SpSmf̄ g

2

mW
2 D 1 ipu~mf̄ g

2
2mW

2 !lnUmf̄ g

2

mW
2 UJ , ~C13!

with

l05
mW
2

mH
2 2m

f̄ g

2 , ~C14!

l15
m

f̄ g

2
2mW

2

m
f̄ g

2 . ~C15!

In this case, theB0’s are

B0~1,3!5D121g1lnS g1211 i«

g1
D1g2ln

g2212 i«

g2
, ~C16!

B0~1,4!5D121bW1lnS bW1211 i«

bW1
D1bW2lnS bW2212 i«

bW2
D , ~C17!

B0~2,4!5D122S 12
mW
2

m
f̄ g

2 D F lnU12
m

f̄ g

2

mW
2 U2 ipu~mf̄ g

2
2mW

2 !G , ~C18!

and

D5p~n/222!SmW
2

m2 D ~n/222!

GS 22
n

2D . ~C19!
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