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Triple Pseudoscalar Decay Mode of theZ Boson
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We analyze the production of triple pseudoscalar Higgs bosons in the decay channel ofZ ! AAA
for light pseudoscalar bosons when the corresponding scalar boson is too heavy to be producedZ
decay. Analytic results are obtained both at the tree level and at the one-loop level. The bran
fraction can be as large as1025, which should be detectable at the CERNe1e2 collider LEP. [S0031-
9007(96)01476-7]
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There is essentially no stringent and model-independe
limit on the mass of a pseudoscalar Higgs boson, gene
cally denoted byA in this Letter. Such a pseudoscalar bo
son always exists in the extended Higgs sector beyond
standard model (SM). An identical pair of pseudoscal
bosons cannot be produced in pairs in theZ decay, as it
is forbidden by Bose statistics. The potential limit on th
mass of a pseudoscalar Higgs boson comes from LEP
periments. However, in all the analyses [1–3], the pseud
scalar bosons are assumed to be produced by the deca
a physical scalar bosonh. For the case when the scalar bo
son is heavy (such asmh . mZ), no limit on mA has been
extracted yet. If the scalar partnerh is heavy enough, the
modeZ ! hA will not be allowed by kinematics. Never-
theless, the channelZ ! AAZp ! AAl1l2 is allowed if
A is light enough. However, its branching fraction wa
shown [4] to be typically about1028, too small to be de-
tectable for LEP. A pseudoscalar Higgs boson lighter th
a b quark can be ruled out byb ! sA [5]; however, the
conclusion will be very much model dependent. (Ther
fore, it is still worthwhile to make a direct search at LEP
even if the pseudoscalar mass is in this light range.)
any case, for a pseudoscalar boson whose mass is hea
than theb quark and whose companion scalar boson is to
heavy for the decayZ ! hA, the current model indepen-
dent bound on its mass is very weak.

In this Letter, we look into another potential discover
channelZ ! AAA for the pseudoscalar boson which ma
be detectable among the rareZ decays. The channel is
particularly interesting when the lightest scalar is heavi
than the lightest pseudoscalar boson which can also be
axion. Experimentally, theAAA final states were searched
for by LEP detectors [1] assuming that twoA’s are the
decay product of a physical scalar bosonh. A lot of
that analysis can probably be borrowed immediately
the case whenh is off shell.

In the popular minimal supersymmetric standard mod
(MSSM), at tree level the Higgs masses obey relatio
[5] mh , mZ , mH , mh , mA , mH , andmH6 . mW ,
wheremh is defined to be the lighter one of the two scala
bosons. These relationships are modified when one-lo
0031-9007y96y77(18)y3732(4)$10.00
nt
ri-
-
the
ar

e
ex-
o-
y of
-

s

an

e-

In
vier
o

y
y

er
an

to

el
ns

r
op

corrections, due to top quark, are taken into account.mh

in this case no longer has to be lighter thanmZ . However,
it is still constrained to be lighter than about 140 GeV (f
tanb . 1) [6]. With the radiative corrections, it is als
possible [3] thatmA ,

1
2 mh. In this sense, our analysis

also very much relevant to the MSSM in addition to t
more general models.

The one-loop amplitude forZ ! AAA via the virtual
top quark was roughly estimated by Li [7]. Here we stu
in detail both the tree-level process due to a virtual sca
Higgs boson, and the one-loop process due to the
quark loop.

In Fig. 1, we illustrate with one of the Feynman di
grams that the triple pseudoscalar decay modeZ ! AAA
occurs through the gauge vertexZ ! Ahp, followed by
hp ! AA [3]. Phenomenologically, one can describe t
interaction among the scalar and the pseudoscalar H
bosons by an effective Lagrangian,

L  lkV lhAA . (1)

The coefficientlkV l is related to the vacuum expectatio
value of the Higgs field, the quartic bosonic coupling
and also some mixing angles. Its value is about the s
of the electroweak interaction.

The amplitude for ZspZ , ´Zd ! Asp1d 1 Asp2d 1

Asp3d can be written in terms of the form factors as

Fig. 1. One of the tree-level Feynman diagrams for
processZ ! AAA via the scalarh Higgs boson. Two other
diagrams are obtained by permuting the momenta.
© 1996 The American Physical Society
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M  fFhsp2, p3dpn
1 1 Fhsp1, p3dpn

2

1 Fhsp1, p2dpn
3 g s´Zdn , (2)

where

Fhsp2, p3d 
glkV l
cosuW

2

sp2 1 p3d2 2 M2
h

. (3)
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We simplified our picture by assuming that the con
bution of the lightest scalar Higgs boson dominates. T
analysis is parametrized model independently such th
would be straightforward to adapt our study to a spec
model.

From Eq. (2), we obtain the spin-summed amplitu
squared as follows:
X

jMj2 
4pal2kV l2

xW s1 2 xW dM2
Z

∑
2xy 2 4s1 2 z 2 ad

s1 2 x 1 a 2 hd s1 2 y 1 a 2 hd
1

z2 2 4a
s1 2 z 1 a 2 hd2

∏
1 2 other permutations ofx, y, z . (4)
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Herea  M2
AyM2

Z , h  M2
hyM2

Z , andx  2p1 ? pZyM2
Z ,

y  2p2 ? pZyM2
Z , z  2p3 ? pZyM2

Z , with x 1 y 1

z  2. The allowedx andy ranges are

2
p

a # x # 1 2 3a ,

1 2
1
2 sx 1 dd # y # 1 2

1
2 sx 2 dd , (5)

with d  sx2 2 4ad1y2f1 2 4ays1 2 x 1 adg1y2. (6)

The partial width for the channelZ ! AAA is

dG  sZ ! AAAd 
MZ

256p3

µ
1
3

X
jMj2

∂
dx dy

3!
. (7)

In Fig. 2, we demonstrate the branching fractions
the processZ ! AAA for different scenarios, (a)Mh 
90 GeV (dashed line), (b)Mh  100 GeV (solid line),
and (c)Mh  110 GeV (dot-dashed line), for the cas
lkV l  100 GeV. We find that the size of the branchin
fraction can be as large as1025 for lighter h.

Next, we look at the induced amplitude at the one-lo
level. This is potentially significant whenMh is very large

FIG. 2. Predicted branching fractions of the tree-level p
cess Z ! AAA for different scenarios, (a)Mh  90 GeV
(dashed line), (b)Mh  100 GeV (solid line), and (c)Mh 
110 GeV (dot-dashed line). We have setlkV l  100 GeV.
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so that the tree-level amplitude is not important. It is a
interesting because it depends only on the coupling of
pseudoscalar boson with the top quark, and indepen
of the details of the Higgs self-couplings. We sh
parametrize the Yukawa coupling of the top quark
the light pseudoscalar bosonsAd in the following model
independent form:

LYukawa  gttig5tA . (8)

The coupling between the top quark and theZ gauge
boson is given in the standard model,

gt
Z 

e
4 sinuW cosuW

.

For the top-induced amplitude of the processZspZd !

Asp1dAsp2dAsp3d, there are six Feynman diagrams. U
der charge conjugation, they pair up into three sets,

M  3
2g3

t gt
Zmt

96p2

Z Z Z
3! da db dg

3

µ
N

n
123

sm2
123d2

1
N

n
132

sm2
132d2

1
N

n
213

sm2
213d2

∂
s´Zdn , (9)

p̂123  gp1 2 dp3 2
1
2 sa 1 g 2 b 2 ddpZ , (10)

m2
123  p̂2

123 2
1
4 M2

Z 2 sg 1 ddm2
A 1 m2

t

1 sdp3 1 gp1d ? pZ , (11)

N n
123  pn

2 sM2
Z 2 4m2

t 2 8m2
123 1 4p̂2

123d

1 4fsp3 2 p1dnpZ 2 2pn
1 p3 1 2pn

3 p1g ? p̂123 .

(12)

The Feynman parameters satisfya 1 b 1 g 1 d  1
and 0 # a, b, g, d # 1. In Fig. 3, we carefully show
the choice of the momentum flow and the correspond
Feynman parameters. Our results can be easily prod
following such convention. A color factor 3 has be
explicitly included in Eq. (9). It is straightforward t
generalize expressions (10)–(12) to other cases 132
213 by permutations. The charge conjugated diagr
give equal contributions as one can easily check
N123  N321, etc. To arrange this one-loop amplitu
in a similar form as (2), we introduce the form facto
Ftspi , pjd in parallel withFh,
3733
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Ftsp1, p3d  3
2g3

t gt
Zmt

96p2

Z Z Z
3! da db dg

∑
s4pZ 1 8p1d ? p̂123

sm2
132d2

1
s4pZ 1 8p3d ? p̂312

sm2
312d2

1
M2

Z 2 4m2
t 2 8m

2
123 1 4p̂2

123

sm2
123d2

∏
. (13)
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The above formulas are ready for numerical integr
tions. However, for the purpose of illustration we extra
only the leading contribution in the largemt limit even
though the correction can be of order ofM2

Zym2
t ø 0.25.

We also remove irrelevant constant terms fromFt . Such
constant terms cannot contribute to the overall amplitu
for a physical polarizatioń of theZ boson. We obtain

Ftsp1, p3d ø 3
g3

t gt
Zsp1 ? p3d
8p2m3

t
. (14)

Unfortunately, such a top-loop induced amplitude is
small that it produces, by itself, a negligible branchin
fraction for Z ! AAA below 10210, even if we assume a
SM couplinggt  s

p
2 GFd1y2mt. This is much smaller

than the previous rough estimate [7] by many orders
magnitude. More likely, the signal ofZ ! AAA comes
from the Higgs mediated process.

Since one requires the scalar bosonh to be light
enough (such as 90 GeV) in order to get a large branch
ratio, one may also consider the alternative production
e1e2 ! Zp ! hA ! AAA. This possibility is already
covered in some of the Higgs search analysis [1,2].

As the accumulated events ofZ ! hadronsamong the
four LEP groups have reached107, a branching ratio of
1025 is potentially detectable. The main difficulty seem
to be finding a clear signal with high efficiency for suc
events. If the pseudoscalar boson is heavier than2mb ø
10 GeV, then presumably it will decay dominantly into
six b quarks. In MSSM [8], for tanb . 1, the scalar and
pseudoscalar bosons decay intobb about 90% of the time
and about (6–8)% intot1t2.

For the case10 GeV ø 2mb . mA . 2mt ø 3.5 GeV,
the A boson can decay dominantly into sixt leptons or

FIG. 3. One of the one-loop Feynman diagrams for the pr
cess Z ! AAA via the virtual top quark. The choice of
momentum flow and the Feynman parameters are clea
labeled. Two other diagrams are obtained by permuting
momenta.
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six charm quarks. The two modes are competitive w
each other. One can search fort1t2 plus four jets or
t1t2t1t2 plus two jets ort1t2t1t2t1t2 all together
to maximize detection efficiencies. The answer will depe
on the relative fraction betweent1t2 andcc final states.

For the channelZ ! AAA ! bbbbbb, the clear signal
can be a number ofb-tagged jets. A similar signal wa
searched before in the previous Higgs search analysis
for lighter on-shell scalar bosonh using the sameAAA
final state. It was concluded [1] that the current lim
of this branching ratio is at about a1024 level. With
more recent data, this limit may be improved by a fac
of 3 or more with improved statistics. To improve th
further, one probably has to increase the efficiency in
identification of six jets from the threeA bosons and the
efficiency inb tagging. Typically a prize [of about (20–
30)%] has to be paid to impose a tight cut to reject thr
four, or five jet events. The efficiency will be highe
for lighter pseudoscalar. In addition, one has to pay
prize for b tagging. The currentb-tagging efficiency of
LEP detectors is roughly about 20% per jet for over 90
purity. Even if one tags only three out of six jets, th
prize is already quite severe (about 10%). These t
effects combine to give (3–5)% efficiency of identifyin
Z ! AAA. (OPAL [1] quoted (6–11)%, but with a rathe
high background.)

In a general multidoublet extension of the standa
model, it is possible that the pseudoscalar decays
t leptons orb quarks with a similar branching fraction; in
that case, the best modes to discover pseudoscalar b
may bebbt1t2t1t2 or bbbbt1t2 final states [9]. So
far these modes have not been seriously searched fo
LEP yet.

Our analysis indicates that there is a good chance
one can detect a signal of pseudoscalar boson inZ decay
with a branching ratio of about1025. It is certainly far
from trivial; however, the reward is that the pseudosca
boson may be already there in the data waiting to
uncovered.
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