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Radiative Higgs boson decaysH˜f f̄ g beyond the standard model
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Neutral Higgs boson radiative decays of the formh0 ,H,A→ f f̄ g, in the light fermion limit mf→0, are
calculated in the two Higgs doublet model at the one-loop level. Comparisons with the calculation within the
standard model are given, which indicates that these two models are distinguishable in the decay mode
fermion-antifermion photon. Our results show that the concerned process may stand as an implement to
identifying the Higgs character in the case where there is an intermediate-mass Higgs boson detected.
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PACS number~s!: 13.85.Qk, 14.70.Hp, 14.80.Bn, 14.80.Cp
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I. INTRODUCTION

The discovery of the Higgs boson is one of the most i
portant goals for future high energy physics. Although t
Higgs mass cannot be precisely predicted in the stand
model~SM!, it can be constrained and deduced from dete
ing some processes it involves. The direct search in the
periments at the CERNe1e2 collider LEP via thee1e2

→Z* H yields a lower bound of;77.1 GeV on the Higgs
boson mass@1#. This search is being extended to the pres
LEP2 experiments, which will probe Higgs boson masses
to about 95 GeV@2#. After LEP2 the search for the Higg
particles will be continued at the CERN Large Hadron C
lider ~LHC! for Higgs boson masses up to the theoreti
upper limit. The detection of the Higgs boson at the LH
will be divided into two mass regions:MW<MH

<130 GeV, the so-called intermediate-mass range,
130 GeV<MH<800 GeV. For searching for th
intermediate-mass Higgs boson, the decayH→gg is still
one of the important discovery modes@3#, although the tech-
niques of secondary vertex detection in experiments h
been greatly improved in recent years, which allows the
tection of secondary vertices from the decay ofb quarks in
the decay of H→bb̄ at hadron colliders@4#. For MH
.2MW ,2MZ , Higgs boson decays to real weak bosons
come dominant.

A recent investigation@5# indicates that the radiative pro
cessH→ f f̄ g also has some unique characteristics and co
be used to supplement Higgs boson searches for
intermediate-mass Higgs boson, wheref is a light fermion.
However, if the Higgs boson should be detected, to de
mining whether it is a Higgs boson of the SM, or one of
extensions, is also necessary. Many extensions of the
contain more than one Higgs doublet. The two Higgs doub
model~2HDM! is one of the extensions@6#, which has drawn
much attention these years, because in the minimal su
symmetric extension of the SM~MSSM! @6,7# two Higgs
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doublets have to be introduced@8#. In the 2HDM, there are
three neutral and two charged Higgs bosons,h0 ,H,A,H6 of
which h0 andH areCP even andA is CP odd.

In this paper we study theH→ f f̄ g process in the contex
of the MSSM Higgs sector, whereH denotesh0 , H, andA.
We present the decay widths versus Higgs boson m
changing in the intermediate-mass region, and compare
the results of the same process in the SM in the case
different parameter choices. In Sec. II, we present exp

FIG. 1. The generic Feynman diagrams ofh0 ,H,A→ f f̄ g pro-
cesses.
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sions for the decay amplitudes. In Sec. III, we give our n
merical results and discussions.

II. FORMALISM OF HIGGS BOSONS DECAY WIDTHS

The Higgs bosons,h0 ,H,A couple to fermions propor
tionally to their masses. Hence, the lowest-order diagram
the processesh0 ,H,A→ f f̄ g are those of loop diagrams i
the mf→0 limit. We perform the calculations in th
Feynman–’t Hooft gauge and generally setmf50 except for
the phase-space intergrations.

The relevant Feynman diagrams for those processes
shown in Fig. 1. The amplitudes forA→ f f̄ g can be ex-
pressed as

MA5MA
g1MA

Z , ~1!
-

of

re

where

MA
g5 f A

g~k1•k32k2•k3!ū~k1!

e”g5v~k2!~k22k1!•eū~k1!e”g5v~k2! ~2!

and

MA
Z52 f A

Z@af~k2•k32k1•k3!ūe”v~k2!

2v f~k2•k32k1•k3!ū~k1!e”g5v~k2!

1afū~k1!k” 3g5v~k2!~k12k2!•e

2v f ū~k1!k” 3g5v~k2!~k12k2!•e# ~3!

with
t

f A
g5

2 ie3gQf

24~k1•k21mf
2!mWp2@ tanbmb

2C0~2k1•k2 ,0,mA
2 ,mb

2 ,mb
2 ,mb

2!14cotbmt
2C0~2k1•k2 ,0,mA

2 ,mt
2 ,mt

2 ,mt
2!#, ~4!

f A
Z5

2 ie3g

16p2 sin uw cosuwmW~2k1•k22mZ
21 iGZmZ!

@~21/212/3 sin2uw!mb
2 tan bC0~2k1•k2 ,0,mA

2 ,mb
2 ,mb

2 ,mb
2!

12~21/214/3 sin2uw!cot bmt
2C0~2k1•k2 ,0,mA

2 ,mt
2 ,mt

2 ,mt
2!#. ~5!

Here and below,v f5(I w, f
3 22 sin2uwQf)/2 sinuw cosuw , af5Iw,f

3 /2 sinuw cosuw , k1, k2, andk3 denote momentums of ligh
fermions and photons, respectively, tanb5v2 /v1, i.e., the ratio of the two vacuum expectation values, andC0 ,Ci j andD0 ,Di j
are the three-point and four-point Feynman integrals@9#.

The amplitude forh0→ f f̄ g is given by

Mh0
5Mh0

tr i 1Mh0

box , ~6!

where

Mh0

tr i 5Mh0

tr i ,g1Mh0

tr i ,Z , Mh0

box5Mh0

box,W1Mh0

box,Z , ~7!

with

Mh0

tr i ,g5Mh0

tr i ,g, f ermions1Mh0

tr i ,g,H6
1Mh0

tr i ,g,X , ~8!

Mh0

tr i ,Z5Mh0

tr i ,Z, f ermions1Mh0

tr i ,Z,X1Mh0

tr i ,Z,H6
, ~9!

Mh0

box,W5ū~k1!~e” f 1
box,W1k” 3f 2

box,We•k11k” 3f 3
box,We•k2!~12g5!v~k2!, ~10!

Mh0

box,Z5ū~k1!~e” f 1
box,Z1k” 3f 2

box,Ze•k11k” 3f 3
box,Ze•k2!F4af

22
2I w, f

3 Qf

cos2uw

12~ tanuwQf !
224af~af2tanuwQf !g5Gv~k2!.

~11!

Here,X denotesW6,G6,h6, and

Mh0

tr i ,g, f ermions5
e3gQf

24~k1•k21mf
2!mWp2ū~k1!@2k3•~k11k2!e”1k” 3e•~k11k2!#v~k2!@~2C014C12!

3~2k1•k2 ,0,mh0

2 ,mb
2 ,mb

2 ,mb
2!sin asecb24~2C014C12!~2k1•k2 ,0,mh0

2 ,mt
2 ,mt

2 ,mt
2!cosacscb#, ~12!
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Mh0

tr i ,g,H6
5

e3gQf

8~k1•k21mf
2!mW cosuwp2ū~k1!@2k3•~k11k2!e”1k” 3e•~k11k2!#v~k2!

3@22 cosuwmW sin~a2b!1mZ cos~2b!sin~a1b!#C12~2k1 .k2 ,0,mH6
2 ,mH6

2 ,mH6
2

!, ~13!

Mh0

tr i ,g,X5
2e3gQf

8~k1 .k21mf
2!cosuwp2ū~k1!@2k3•~k11k2!e” f h0 ,g

2 1k” 3e•~k11k2! f h0 ,g
1 #v~k2!, ~14!

Mh0

tr i ,Z, f ermions5
2e3g

96 cosuwmW~2k1•k22mZ
21 iGzmZ!p2 sin uw

ū~k1!$2v f@2k3•~k11k2!e”1k” 3e•~k11k2!#22af@2k3•~k1

1k2!e”g51k” 3g5e•~k11k2!#%v~k2!@secb sin amb
2~2314 sin2uw!~C024C12!~2k1•k2 ,0,mh0

2 ,mb
2 ,mb

2 ,mb
2!

22cscb cosamt
2~2318 sin2uw!~C024C12!~2k1•k2 ,0,mh0

2 ,mt
2 .mt

2 ,mt
2!#, ~15!

Mh0

tr i ,Z,H6
5

2e2g2 cos~2uw!

8 cosuw~2k1•k22mZ
21 iGzmZ!p2ū~k1!$2v f@2k3•~k11k2!e”1k” 3e•~k11k2!#22af@2k3 .~k11k2!e”g5

1k” 3g5e•~k11k2!#%v~k2!F2sin~a2b!mW1
mZ cos~2b!sin~a1b!

2 cosuw
GC12~2k1 .k2 ,0,mH6

2 ,mH6
2 ,mH6

2
!, ~16!

Mh0

tr i ,Z,X5
2e2g2

32 cos2uw~2k1•k22mZ
21 iGzmZ!p2ū~k1!$2v f@2k3•~k11k2! f h0 ,Z

2 e”1k” 3e•~k11k2!# f h0 ,Z
1

22af@2k3•~k11k2! f h0 ,Z
2 e”g51k” 3g5e•~k11k2! f h0 ,Z

1 #%v~k2!. ~17!

In the above equationsf h0 ,g
i , f h0 ,Z

i , f i
box,W , and f i

box,Z are form factors, and their explicit expressions are given by

f h0 ,g
1 524 cosuWmW sin~a2b!C0~2k1•k2 ,0,mW

2 ,mW
2 ,mW

2 !1@6 cosuWmW sin~a2b!1mZ cos~2b!sin~a

1b!#C12~2k1•k2 ,0,mW
2 ,mW

2 ,mW
2 !, ~18!

f h0 ,g
2 5 f h0 ,g

1 2
cosuwmW

4
F6 sin~a2b!2

2mh0

2 sin~a2b!2mZ
2 cos~2b!sin~a1b!

k1•k31k2•k3
GC0~2k1•k2 ,0,mW

2 ,mW
2 ,mW

2 !, ~19!

f h0 ,Z
1 54 cos2uw sin~a2b!$~3 cosuwmW2mZ sin2uw!C0~2k1•k2 ,0,mW

2 ,mW
2 ,mW

2 !

1@220 cos3uwmW sin~a2b!1cosuw sin2uwmW sin~a2b!13 cos2uw sin2uwmZ

2cos~2uw!mZ cos~2b!sin~a1b!#C12~2k1•k2 ,0,mW
2 ,mW

2 ,mW
2 !%, ~20!

f h0 ,Z
2 5 f h0 ,Z

1 2
cosuwmW

4
C0~2k1•k2 ,0,mW

2 ,mW
2 ,mW

2 !

3H 6 sin~a2b!cos2uw2
@~2 cos2uw11!mh0

2 23 cos2uwmZ
2#sin~a2b!2mZ

2 sin2uw cos~2b!sin~a1b!

k1•k31k2•k3
J , ~21!

f 1
box,W5

eg3mW sin~a2b!

128p2 $3C0~0,2k2•k3 ,mh0

2 ,mW
2 ,0,mW

2 !1~3mW
2 28k2•k3!D0~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mW
2 ,0,mW

2 ,mW
2 !

28k2•k3D1~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mW
2 ,0,mW

2 ,mW
2 !

12~3k1•k214k1•k324k2•k3!D2~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mW
2 ,0,mW

2 ,mW
2 !

26k2•k3D3~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mW
2 ,0,mW

2 ,mW
2 !18D00~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mW
2 ,0,mW

2 ,mW
2 !%

1~k1•k3↔k2•k3!, ~22!
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f 2
box,W52

eg3mW sin~a2b!

16p2 ~D11D23!~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mW
2 ,0,mW

2 ,mW
2 !1~k1•k3↔k2•k3!, ~23!

f 3
box,W5

eg3mW sin~a2b!

16p2 ~D01D21D22D132D23!~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mW
2 ,0,mW

2 ,mW
2 !1~k1•k3↔k2•k3!,

~24!

f 1
box,Z5

e3gmZ sin~a2b!Qf

16p2 cosuw

3@2C0~0,k2•k3 ,mh0

2 ,mZ
2 ,mf

2 ,mZ
2!12~k2•k3D11D00!~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mf
2 ,mZ

2 ,mZ
2 ,mf

2!#, ~25!

f 2
box,Z5

e3gmZ sin~a2b!Qf

8p2 cosuw
~D221D23!~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mf
2 ,mZ

2 ,mZ
2 ,mf

2!, ~26!

f 3
box,Z52

e3gmZ sin~a2b!Qf

8p2 cosuw
~D11D121D13!~0,0,mh0

2 ,0,2k1•k2 ,2k2•k3 ,mf
2 ,mZ

2 ,mZ
2 ,mf

2!. ~27!
s
es

th
u

are
The amplitude of the processH→ f f̄ g can be simply ob-
tained by substitutinga→3p/21a andmh0

→mH in the am-

plitude of h0→ f f̄ g.
For the simplicity of calculating the amplitude square

we can parametrize the amplitudes of the proc
(h0 ,H,A)→ f f̄ g in a general form

M5ū~k1!~g1e”1g2e”g51g3k” 3e•k11g4k” 3g5e•k1

1g5k” 3e•k21g6k” 3g5e•k2!v~k2!. ~28!

Therefore, the amplitude square is given by

(
spins

uM u258@~g1
21g2

2!~k1•k2!

12Re~g3g5
†1g4g6

†!~k1•k2k2•k3k1•k3!#.

~29!

Here gi are form factors, which can be expressed as
combinations of the form factors given above. Their tedio
expressions are not shown here.

The differential decay widths can be written as

dG~h0 ,H,A→ f f̄ g!

d~k1•k2!

5
1

256p3

1

mh0 ,H,A
3 E

~k2•k3!min

~k2•k3!max
d~k2•k3!(

spin
uM u2
,
s

e
s

with

~k2•k3!min5
1

4
@mh0 ,H,A

2 22~mf
21k1•k2!#

3S 12A12
2mf

2

mf
21k1•k2

D ,

~k2•k3!max5
1

4
@mh0 ,H,A

2 22~mf
21k1•k2!#

3S 11A12
2mf

2

mf
21k1•k2

D .

III. NUMERICAL RESULTS AND DISCUSSIONS

In our numerical calculation the relevant parameters
chosen as

mt5176 GeV, mb54.5 GeV, a~Mz!51/128,

Mz591.2 GeV, Mw580.3 GeV, Gz52.5 GeV,
~30!

The Higgs boson massesmh0
, mH , and mH6 are deter-

mined bymA and tanb as follows@10#:
mh0

2 5
1

2
@mA

21Mz
21e2A~mA

21Mz
21e!224mA

2Mz
2cos22b24e~mA

2sin2b1Mz
2cos2b!#, ~31!

mH
2 5mA

21Mz
22mh0

2 1e, ~32!
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and

mH6
2

5mA
21mW

2 ~33!

with

e5
3GF

A2p2

mt
4

sin2b
logS 11

mS
2

mt
2D . ~34!

Here themS is a common squark mass which is equal to
TeV in our numerical calculations. The mixing anglea is
fixed by tanb and the Higgs boson massmA :

tan2a5tan2b
mA

21Mz
2

mA
22Mz

21e/cos2b
, ~35!

where2p/2,a,0.
Figures 2 and 3 show the total decay widths of the p

cessesh0 ,H,A→ f f̄ g versus the Higgs mass varying in th
intermediate range for two values tanb51.5 and tanb
530. As can be seen from these figures, the total de
widths for h0 ,H,A→ f f̄ g, where the neutrino, electron
muon, and light quarks contributions are included, ha
some obvious characters compared with the two-pho
widths of the MSSM Higgs boson decays@11,12#. First, in
the case of tanb51.5 the width GH→ f f̄ g can exceed the
width GH→gg for 140 GeV<mH<200 GeV. However, in the
same Higgs boson mass rangeGh0→ f f ḡ and GA→ f f ḡ are

FIG. 2. The neutral Higgs boson decay widths versus Hi

boson masses ofh0 ,H,A→ f f̄ g processes in MSSM with tanb
51.5.
-

y

e
n

smaller thanGh0→gg and GA→gg , respectively. And, the

width GH→ f f̄ g is less than that of the widthGH→gg for mH
,140 GeV.

Second, in the case of tanb530 the widthGH→ f f ḡ is still
larger than GH→gg for 140 GeV,MH,200 GeV and
Gh0→ f f ḡ is smaller thanGh0→gg . Only in the vicinity of

Mh0 ,H'130 GeV are the decay widthsGh0→ f f ḡ andGH→ f f ḡ

about the same asGh0→gg andGH→gg , respectively. Again,

the width for the radiative decay of the pseudoscalarGA→ f f̄ g
is smaller thanGA→gg for MA,200 GeV.

Comparing with the same process of the SM@5#, we find
that in general the widths in the MSSM case are less t
that in the SM case, except the Higgs boson mass is aro
130 GeV, where the predictions of the SM and MSSM on
f f̄ g widths are almost the same and indistinguishable.

In conclusion, in addition to being a supplement
searching the Higgs boson through the Higgs boson deca
two photons, the radiative decay of Higgs bosonH→ f f̄ g
would be a more observable channel in searching the H
boson in future experiments, since the radiative decay wid
can be larger than the two-photon decay mode for some
vorable parameter space. Besides, our calculation also sh
that the processh0 ,H,A→ f f̄ g may play an important role in
identifying the Higgs boson being of the SM or the MSS
on the basis of the size of decay widths if the Higgs boso
discoved via this process.
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s FIG. 3. The neutral Higgs boson decay widths versus Hig

boson masses ofh0 ,H,A→ f f̄ g processes in MSSM with tanb
530.
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