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We analyze the production of triple pseudoscalar Higgs bosons in the decay chamheb ofAA
for light pseudoscalar bosons when the corresponding scalar boson is too heavy to be prodidced by
decay. Analytic results are obtained both at the tree level and at the one-loop level. The branching
fraction can be as large a8, which should be detectable at the CERNe~ collider LEP. [S0031-
9007(96)01476-7]
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There is essentially no stringent and model-independerdorrections, due to top quark, are taken into accounn.
limit on the mass of a pseudoscalar Higgs boson, generin this case no longer has to be lighter thapn. However,
cally denoted by in this Letter. Such a pseudoscalar bo-it is still constrained to be lighter than about 140 GeV (for
son always exists in the extended Higgs sector beyond thiang > 1) [6]. With the radiative corrections, it is also
standard model (SM). An identical pair of pseudoscalapossible [3] thain, < %mh. In this sense, our analysis is
bosons cannot be produced in pairs in thelecay, as it also very much relevant to the MSSM in addition to the
is forbidden by Bose statistics. The potential limit on themore general models.
mass of a pseudoscalar Higgs boson comes from LEP ex- The one-loop amplitude foZ — AAA via the virtual
periments. However, in all the analyses [1-3], the pseudaop quark was roughly estimated by Li [7]. Here we study
scalar bosons are assumed to be produced by the decayinfdetail both the tree-level process due to a virtual scalar
a physical scalar bosdn For the case when the scalar bo- Higgs boson, and the one-loop process due to the top-
son is heavy (such ag;, > my), no limit onm, has been quark loop.
extracted yet. If the scalar partneiis heavy enough, the In Fig. 1, we illustrate with one of the Feynman dia-
modeZ — hA will not be allowed by kinematics. Never- grams that the triple pseudoscalar decay méde AAA
theless, the channé&l — AAZ* — AAI"1™ is allowed if  occurs through the gauge vert@x— Ah*, followed by
A is light enough. However, its branching fraction wash* — AA [3]. Phenomenologically, one can describe the
shown [4] to be typically about0~3, too small to be de- interaction among the scalar and the pseudoscalar Higgs
tectable for LEP. A pseudoscalar Higgs boson lighter thatbosons by an effective Lagrangian,
a b quark can be ruled out by — sA [5]; however, the
conclusion will be very much model dependent. (There- L = MV)hAA. 1)

fore, it is still worthwhile to make a direct search at LEP The Coefﬁcient/\<v> is related to the vacuum expectation
even if the pseudoscalar mass is in this light range.) Ifalue of the Higgs field, the quartic bosonic couplings,
any case, for a pseudoscalar boson whose mass is heavigid also some mixing angles. Its value is about the scale
than theb quark and whose companion scalar boson is to@f the electroweak interaction.

heavy for the decay — hA, the current model indepen-  The amplitude for Z(pz,ez) — A(p1) + A(ps) +

dent bound on its mass is very weak. A(p3) can be written in terms of the form factors as
In this Letter, we look into another potential discovery

channelz — AAA for the pseudoscalar boson which may / Alpy)
be detectable among the raredecays. The channel is
particularly interesting when the lightest scalar is heavier <
than the lightest pseudoscalar boson which can also be an 2" (p3) h/ \\
axion. Experimentally, thdAA final states were searched
for by LEP detectors [1] assuming that twids are the - A(p2)
decay product of a physical scalar bosan A lot of
that analysis can probably be borrowed immediately to \\
the case when is off shell. AN

In the popular minimal supersymmetric standard model N
(MSSM), at tree level the Higgs masses obey relations A(ps)
[5] my < mz < mu, my < ma < mp, andmp= > my, Fig. 1. One of the tree-level Feynman diagrams for the
wherem,, is defined to be the lighter one of the two scalarprocessz — AAA via the scalarh Higgs boson. Two other
bosons. These relationships are modified when one-loogiagrams are obtained by permuting the momenta.
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= [F"(pa2, p3)pi + F"(p1, p3)p} We simplified our picture by assuming that the contri-

h v bution of the lightest scalar Higgs boson dominates. The
T F (P p2psl(ez)y, ) analysis is parametrized model independently such that it
where ) e
XV 5 would be straightforward to adapt our study to a specific
F"(py, p3) = & 3) model.

cosbw (pr + p3)? — Mj;

D IMP? =

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

A aAXV)? [ 2xy —4(1 — z — a) — 4a i|
aw(l — xy)MiL(1 —x +a—h)(0 —y+a—h) (1 —z+a—h)?
+ 2 other permutations of, y, z . 4)

Herea = M3/M3%, h = M}/M%, andx = 2p, - pz/M2%, | so that the tree-level amplitude is not important. It is also
y =2p, - pz/M3, z=2ps- pz/Ms, with x +y + interesting because it depends only on the coupling of the
z = 2. The allowedx andy ranges are pseudoscalar boson with the top quark, and independent
ra=x=1-3a of the details of the Higgs self-couplings. We shall
- ’ parametrize the Yukawa coupling of the top quark to
1 - %(x +d)=y=1- %(x —-d), (5) the light pseudoscalar bos@n) in the following model
independent form:

with d = (x> — 4a)"/[1 — 4a/(1 — x + a)]%. (6) Lyukawa = giTiystA. (8)

The coupling between the top quark and thegauge
boson is given in the standard model,
' e

dx d - .
56 3< ZIJ\/HZ) axay (7) 827 4sinfy cosfy

. _ _ For the top-induced amplitude of the procedsp;) —

In Fig. 2, we demonstratg the branchlng fractions ofa(p,)A(p,)A(ps), there are six Feynman diagrams. Un-

the processZ — AAA for different scenarios, (a)/, =  der charge conjugation, they pair up into three sets,

90 GeV (dashed line), (b}, = 100 GeV (solid line), 2

and (c)M;, = 110 GeV (dot-dashed line), for the case _ L 28igzm ]]j |

AV} — 100 GeV. We find that the size of the branching " 9672 Stdadp dy
v < Nz Nz Ntz

(mi)?  (uin)*  (u313)?

The partial width for the chann&l — AAA is

dT = (Z — AAA) =

fraction can be as large a6 for lighter /.
Next, we look at the induced amplitude at the one-loop
level. This is potentially significant whev,, is very large

). @

P12z = yp1 — 6p3 — ‘(01 +vy—B—-98)pz, (10)

-
(=]
|

>~

E ] A 1
F 1 pis = Phs — M7 — (v + &)mi + m}
[ - ] +(8ps + yp1) " pz. (11)

v
.7\/-123

1075 ~

= py (M7 — 4m} — 8#%23 + 4ptys)

] + 4[(p3s — p1)’pz — 2pips + 2p3ip1] - pios-
i (12)

The Feynman parameters satisy+ 8 + y + 6 = 1

v and0 = «,B,v,6 = 1. In Fig. 3, we carefully show
the choice of the momentum flow and the corresponding
Feynman parameters. Our results can be easily produced
following such convention. A color factor 3 has been
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explicitly included in Eq. (9).

0

FIG. 2. Predicted branching fractions of the tree-level pro-
cess Z — AAA for different scenarios, (&), = 90 GeV

5

M, (GeV)

25

(dashed line), (b, = 100 GeV (solid line), and (cM,,
110 GeV (dot-dashed line). We have sgfV) =

100 GeV.

It is straightforward to
generalize expressions (10)—(12) to other cases 132 and
213 by permutations. The charge conjugated diagrams
give equal contributions as one can easily check that
Niz = N3y, etc. To arrange this one-loop amplitude
in a similar form as (2), we introduce the form factors

F'(pi, pj) in parallel with F",
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2g3g7m; (4pz + 8p1) - P13 | (4pz + 8p3) - P32
F'(p1,p3) = 3t—ff[ 3ldadB dy +
962 (M%n)z (M%IZ)Z

M7 — 4m? — 8t + 4pins
+ RS .
(lL123)

The above formulas are ready for numerical integrasix charm quarks. The two modes are competitive with
tions. However, for the purpose of illustration we extracteach other. One can search fof 7~ plus four jets or
only the leading contribution in the large, limit even 7%7 777" plustwojetsor* 7 777 7" 7~ all together
though the correction can be of orderMi%/m,2 ~ 0.25. tomaximize detection efficiencies. The answer willdepend
We also remove irrelevant constant terms fréfn Such  on the relative fraction between” r~ andcc final states.
constant terms cannot contribute to the overall amplitude For the channel — AAA — bbbbbb, the clear signal
for a physical polarizatiom of the Z boson. We obtain  can be a number df-tagged jets. A similar signal was

3t . searched before in the previous Higgs search analysis [1]
w (14) for lighter on-shell scalar bosoh using the sameiAA
87 2mi final state. It was concluded [1] that the current limit

Unfortunately, such a top-loop induced amplitude is sd®f this branching ratio is at about B level. With
small that it produces, by itself, a negligible branching™Ore recent data, this limit may be improved by a factor

fraction forZ — AAA below 1019, even if we assume a of 3 or more with improved statistics. To improve this

SM couplingg, = (v2G#)/2m,. This is much smaller further, one probably has to increase the efficiency in the

than the previous rough estimate [7] by many orders ofdentification of six jets from the threé bosons and the

magnitude. More likely, the signal of — AAA comes fficiency inb tagging. Typically a prize [of about (20—
from the Higgs mediated process. 30)%] has to be paid to impose a tight cut to reject three,

Since one requires the scalar bosénto be light four, or five jet events. The efficiency will be higher

enough (such as 90 GeV) in order to get a large branchingrr lighter pseudoscalar. In addition, one has to pay a

ratio, one may also consider the alternative production of'iz€ for b tagging. The currenb-tagging efficiency of
ete” — Z* — hA — AAA. This possibility is already LEP detectors is roughly about 20% per jet for over 90%

covered in some of the Higgs search analysis [1,2]. pu_rity._ Even if one tags only three out of six jets, the

As the accumulated events Bf— hadronsamong the ~ Prize is already quite severe (about 10%). These two
four LEP groups have reachdd’, a branching ratio of effects combine to give (3—5)% efficiency of. identifying
1075 is potentially detectable. The main difficulty seemsZ, — AAA. (OPAL [1] quoted (6-11)%, but with a rather
to be finding a clear signal with high efficiency for such high background.) ,
events. If the pseudoscalar boson is heavier thap ~ In a _ge_neral rr_1u|t|doublet extension of the standgrd
10 GeV, then presumably it will decay dominantly into M0del, it is possible that the pseudoscalar decays into
six b quarks. In MSSM [8], for tai8 > 1, the scalar and 7 leptons orb quarks with a S|m|.Iar branching fraction; in
pseudoscalar bosons decay i about 90% of the time  that case, the best modes to discover pseudoscalar boson
and about (6—8)% inte™* 7. may bebbr 7 1t 7 orbbbbr 7" final states [9]. So

For the case0 GeV =~ 2m;, > m, > 2m, ~ 3.5 GeV, far these modes have not been seriously searched for by
the A boson can decay dominantly into sixleptons or LEP yet L _

Our analysis indicates that there is a good chance that
one can detect a signal of pseudoscalar bosdn decay

(13)

F'(pi,p3) =3

A(pr) with a branching ratio of about0™>. It is certainly far
L from trivial; however, the reward is that the pseudoscalar
I+3pz—m boson may be already there in the data waiting to be
uncovered.
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FIG. 3. One of the one-loop Feynman diagrams for the prof Republic of China.
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