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Very light CP-odd scalar in the two-Higgs-doublet model
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We show that a general two-Higgs-doublet model with a very lightCP-odd scalar~A! can be compatible
with the r parameter, Br(b→sg), Rb ,Ab , (g22)m of the muon, Br(Y→Ag), and the direct search via the
Yukawa process at CERN LEP. For its mass around 0.2 GeV, the muon (g22)m and Br(Y→Ag) data require
tanb to be about 1. Consequently,A can behave like a fermiophobicCP-odd scalar and predominantly decay
into a gg pair, which registers in detectors of high energy collider experiments as a single photon signature
when the momentum ofA is large. We compute the partial decay width ofZ→AAA and the production rate of

f f̄→ZAA→Z1 ‘‘ gg,’’ f 8 f̄→W6AA→W61 ‘‘ gg, ’’ and f f̄→H1H2→W1W2AA→W1W21 ‘‘ gg ’’ at
high energy colliders such as LEP, Fermilab Tevatron, CERN LHC, and future Linear Colliders. Other pro-
duction mechanisms of a lightA, such asgg→h→AA→ ‘‘ gg,’’ are also discussed.
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I. INTRODUCTION

One of the main tasks of the current and future high
ergy colliders is to find the Higgs boson of the standa
model~SM!, or some other scalar particle~s!, if there is any,
predicted by the extensions of the SM. The mass spectru
these scalars as well as their decay channels depend o
assumed model. Recently, the possibility of a Higgs bo
decaying into a pair of lightCP-odd scalars was considere
in Ref. @1#. As pointed out in that paper, a very lightCP-odd
scalar~A! can arise in some extensions of the SM, such
the minimal composite Higgs model@2#, or the next-to-
minimal supersymmetric model@3#. An interesting aspect o
a light A particle is that if its mass (MA) is less than twice
that of the muon (mm), i.e., less than about 0.2 GeV, it ca
only decay into a pair of electrons (A→e1e2) or photons
(A→gg). Hence the decay branching ratio Br(A→gg) can
be sizable. Furthermore, at high energy colliders, the li
CP-odd scalarA can be produced with such a large veloc
that the two photons from its decay are highly boosted
seen by the detector as one single-photon signature. Th
fore the production of a pair ofAA is identified by the de-
tector as a pair of photons when eachA decays into its dipho-
ton mode. The subsequent signature as a diphoton reson
~e.g., in the case that a Higgs boson decays into a pair oA)
or photon cascades~e.g., in the case that aA particle is radi-
ated from a fermion line! provides an interesting window fo
the experimental search for the scalar particles that may
responsible for the breaking of the electroweak symmetry
general, we expect the decay branching ratio ofA→gg to

*Electronic address: flarios@belinda.mda.cinvestav.mx
†Electronic address: yuan@pa.msu.edu
0556-2821/2001/64~5!/055004~18!/$20.00 64 0550
-
d

of
the
n

s

t

d
re-

nce

be
n

decrease rapidly when the di-muon channel (A→m1m2) be-
comes available asMA increases. This is because th
Yukawa coupling of A-m1-m2 is larger than that of
A-e1-e2 by the mass ratio (mm /me);200. Since we are
interested in the phenomenology of having a lightA decay-
ing into a pair of photons, we will restrict our discussion f
MA to less than about 0.2 GeV, though, in principle, that
not necessary as long as the decay branching ratio BA
→gg) is not too small to be observed experimentally.

A simple extension of the SM is the two-Higgs-doubl
model ~THDM! @3#, which has been extensively studie
theoretically and experimentally. For example, a constra
on the mass of the charged Higgs bosonH1 in the THDM
was carefully examined at the CERNe1e2 collider LEP as a

function of its decay branching ratios into thet1nt andcs̄
modes@4#. Studies on searching for a lightA in its associated
production with a bottom quark pair were also done@5# as a
function of MA and tanb ~the ratio of the two vacuum ex
pectation values of the Higgs doublets in the THDM!.
Though some useful constraints have been obtained by
LEP experiments, we show in this work that a very lightA
~with MA,2mm) is still allowed in the THDM. This lowMA
value, in the context of a THDM, can induce large contrib
tions to ther parameter unless other parameters of the mo
adjust to counteract this effect. In particular, as to be d
cussed later, the masses of the charged scalar (H1) and the
heavyCP-even Higgs boson~H! have to be approximately
equal. Also, the value of the mixing anglea has to be such
that cos(b2a) becomes small in order to suppress the Hig
boson contribution to ther parameter.

Another important experimental data to constrain a lighA
in the THDM is the measurement of the muon anomalo
magnetic moment. The recent measurement at BNL@6#
strongly disfavors such a model when compared with cer
©2001 The American Physical Society04-1



al
ti

w

h
ca
hi

ca
s
s

ns
th
i-
,

on
th

al

igg
rg
t
in

.

a

tio

i
in
n
nt
th
f
er

ta,

the

nd

ns

d-
vel

f
he
hes
the
ass

ia-

r

ing

s

ed
n
e

F. LARIOS, G. TAVARES-VELASCO, AND C.-P. YUAN PHYSICAL REVIEW D64 055004
theoretical calculations@7,8#. Nevertheless, other theoretic
calculations of the SM contributions to the muon magne
moment show a better agreement with the BNL data@9#.
Consequently, a lightA in the THDM can still be compatible
with data though the parameter space of such a THDM
tightly constrained.

In the next section we will examine all the relevant lo
energy data @including the (g22)m of muon, Br(Y
→Ag), r parameter,b→sg, Rb , and Ab# to determine
the allowed parameter space of the THDM with a very lig
A. In Sec. III we consider the decay widths and the de
branching ratios of every Higgs boson predicted in t
model. In Sec. IV we study the potential of the lightA boson
as a source of the distinctive photon signal at colliders. It
happen in either the decay mode of the neutral gauge bo
Z→AAA→ ‘ ‘ ggg, ’ ’ or the production processes of Higg
bosons, such asf f̄→ZAA→Z1 ‘ ‘ gg, ’ ’ f 8 f̄→W6AA

→W61 ‘ ‘ gg, ’ ’ and f f̄→H1H2→W1W2AA→W1W2

1 ‘ ‘ gg. ’ ’ Section V contains our conclusion.

II. CONSTRAINTS FROM LOW ENERGY DATA

In the THDM, the couplings of fermions to Higgs boso
are proportional to the fermion masses. In the type-I of
THDM, only one of the two Higgs doublets couple to ferm
ons via Yukawa couplings, and in the type-II of the THDM
one of the Higgs doublets couples to the up-type fermi
~with weak isospin equal to 1/2) and another couples to
down-type fermions~with weak isospin equal to21/2).
Hence the couplings of Higgs bosons to fermions gener
depend on the value of tanb. In case the coupling of the
Higgs bosons to fermions is large and the mass of the H
boson is small, the radiative correction to the low ene
data can be sensitive to the Yukawa interactions. Hence
low energy data can be used to impose important constra
on the masses and the couplings of the Higgs bosons
examine the allowed range ofMA and tanb in the THDM,
we shall consider the precision data on the anomalous m
netic moment of the muon, the decay branching ratio ofY
→Ag, b→sg, ther parameter, the decay branching ra
of Z→bb̄, i.e., Rb , and the bottom quark asymmetryAb
measured at theZ pole.

A. Constraint on tan b from the „gÀ2…µ of the muon

The magnetic moment of the muon is defined as

mm5~11am!
e\

2mm
with am[

~g22!m

2
, ~1!

wheream is the muon anomalous magnetic moment, which
induced from radiative corrections. The SM prediction
cludes the QED, weak and hadronic contributions. Amo
them, the hadronic contribution has the largest uncertai
and the bulk of the theoretical error is dominated by
hadronic vacuum polarization~hvp!. There are a number o
evaluations of the hvp corrections; four recent results w
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extensively discussed in Ref.@9#. After comparing various
theory model predictions with the precise experimental da
which is

10113am~experiment!5116 592 0236140660,

Ynduráin concluded that the discrepancies between
world averaged experiment data~expt! and the theory pre-
diction of the SM contribution~theor! are @9#

10113Dam~expt2theor!54226152~expt!677~ theor!
~DH!,

10113Dam~expt2theor!53586152~expt!6112~ theor!
~J!,
~2!

10113Dam~expt2theor!52336152~expt!6104~ theor!
~AY !,

10113Dam~expt2theor!51196152~expt!6115~ theor!
~CLY!.

In the above result, DH stands for the analysis of Davier a
Höcker @10#, J for that of Jegerlehner@7#, AY indicates the
result of Adel and Yndura´in @11#, and CLY is the ‘‘old’’ result
of Casas, Lo´pez, and Yndura´in @12# after being corrected for
the new favored value of higher order hadronic correctio
@9#.

In the general THDM, as well as in supersymmetric mo
els,am can receive radiative corrections at the one loop le
from the couplings ofA, h, andH to muons in triangle dia-
grams~see Appendix A! @3,13,14#. As expected, the size o
the radiative corrections is proportional to the coupling of t
muon to Higgs bosons. Moreover, the loop integral reac
its maximal value when the mass of the scalar boson in
loop becomes negligible, and diminishes as the scalar m
increases. It was concluded in Ref.@8# that a lightCP-even
Higgs boson~h! can be responsible for the apparent dev
tion of the BNL measurement ofam from the DH prediction
of the SM contribution, at the 90% confidence level~C.L.!,
in the framework of a type-II THDM, in which the othe
Higgs bosons are heavy~of the order of 100 GeV!. It was
found that the model parameters have to satisfy the follow
requirements:

mY&Mh&2mB ,

sin~b2a!.0, ~3!

30&tanb&35.

In the case that onlyA is light and the other Higgs boson
are heavy, the one-loop contribution toam is negative.1

Therefore this type of new physics is strongly disfavor
according to the theory prediction of the SM contributio
provided by DH; however, it can still be compatible with th

1In contrast, the one-loop contribution of a lighth to am is posi-
tive.
4-2
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VERY LIGHT CP-ODD SCALAR IN THE TWO-HIGGS- . . . PHYSICAL REVIEW D 64 055004
other SM theory calculations@cf. Eq. ~2!#. Furthermore, it
was found in Ref.@15# that a two-loop contribution toam can
be sizable whenA is light. As compared to the one-loo
graph, a two-loop graph can contain a heavy fermion lo
The Yukawa coupling of the heavy fermion~with massmf)
in the second loop together with the mass insertion of
heavy fermion will give rise to (mf /mm)2 enhancemen
which can overcome the extra loop suppression factor
1/16p2. Because the two-loop contribution can be ev
larger than the one-loop contribution, the contribution from
light A to am can become positive whenMA is not too small.
Hence, in general, a two-loop calculation of a lightA contri-
bution to the muon magnetic momentam yields a better
agreement with the experimental data than a one-loop ca
lation. For that reason, in the following numerical analys
we shall apply the two-loop calculation presented in R
@15# to test the compatibility of a lightA THDM to the ex-
perimental data@cf. Eq. ~2!#. For completeness we summ
rize the relevant formula in Appendix A to clarify the contr
butions included in our numerical analysis.

Although we are using a two-loop calculation for our n
merical analysis, it is useful to examine a few features p
dicted by the one-loop calculation. Since a one-loop con
bution toam from a lightA is always negative and the centr
value of am(expt2theor) is positive, the potentially larg
loop contribution toam has to be suppressed by a sm
Yukawa coupling in order for the model to be compatib
with data. For a type-II THDM, this implies a very stringe
bound on tanb because the coupling of the muon toA is
directly proportional to tanb. @The coupling strength o
A-m1-m2 in the type-II model is (mm /v)tanb, wherev is
the weak scale,;246 GeV.# In particular, assuming the
CLY prediction for the SM contribution and applying th
two-loop calculation to include the lightA contribution, we
find that there exists an upper bound on tanb at the 95%
C.L. For a 0.2 GeV pseudoscalar,

tanb,2.6. ~4!

This new bound is stronger by a factor of 2 than a pre
ous one@16#, which was obtained from the one loop cont
bution, together with the old experimental data with an er
of 84310210 in the measurement of (g22)m . In Fig. 1 we
show the regions in the tanb versusMA plane allowed by
the am data at the 95% C.L. Three different curves are d
played depending on whether the SM prediction is given
the CLY, AY, or J calculation. There is no allowed regio
according to the DH calculation. For the type-II THDM th
allowed regions are below the curves, for the type-I THD
they are above the curves.2 For completeness, we also sho
in Figs. 2 and 3 the allowed regions in the type-I and type
THDM, respectively, for a wide range ofMA and tanb. In
the above figures we did not show the constraints deri
from the CUSB Collaboration search forY→Ag at the Cor-

2At the one-loop level, the pseudoscalar contribution to (g22)m

in a type-I model can be obtained from that in a type-II model a
replacing tanb by cotb.
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nell Electron Storage Ring~CESR! @17#. For that we refer
the readers to Ref.@3# which has an extensive discussion o
this data to constrain a lightCP-even orCP-odd scalar in
the THDM. As noted there, various theory analyses indica
that the high order QCD corrections to this decay rate can
large. Because of that, we shall consider in this paper tab
around 1 to be consistent with the CUSB data for a 0.2 G
pseudoscalar. Specifically, we shall take tanb to be either 0.5
or 2 in our following discussions.

Finally, we note that a similar constraint on tanb can be
obtained from examining the production ofe2e1→bb̄A at
LEP energies@5#. However, as shown in Ref.@16#, the (g
22)m data gives a more stringent constraint than that

r

FIG. 1. The regions~below the curves for type-II and above th
curves for type-I THDM! in the tanb vs MA plane allowed by the
am data at the 95% C.L. Three different curves are displayed
pending on whether the SM prediction is given by the CLY, AY,
J calculation. There is no allowed region in this range of parame
according to the DH calculation.~Here, a two-loop calculation for
the THDM contribution, cf. Appendix A, is used.!

FIG. 2. The regions~above the curves! in the tanb vs MA plane
of a type-I THDM allowed by theam data at the 95% C.L. There i
no allowed region in this range of parameters according to the
calculation.~Here, a two-loop calculation for the THDM contribu
tion, cf. Appendix A, is used.!
4-3
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F. LARIOS, G. TAVARES-VELASCO, AND C.-P. YUAN PHYSICAL REVIEW D64 055004
tained from direct searches of Higgs bosons via the ab
Yukawa process.

B. Constraint on M H¿ from the decay of b\sg

The previous (g22)m analysis is only sensitive to a ligh
pseudoscalarA when the masses of theCP-even scalarsh,
H, and the charged Higgs bosonH6 are all of the order of
100 GeV. To further constrain the parameter space of
THDM, we now turn our attention to a low energy obser
able that is sensitive to a charged Higgs boson in the c
that tanb is not large. That is the rare decay processb
→sg.

For the hadronic flavor changing neutral current dec
processb→sg, new physics effects at the weak scale can
parametrized by the couplings~Wilson coefficients! of an
effective Hamiltonian@18#. The only scalar contribution to
the Wilson coefficientC7 in a THDM comes from the stan
dard penguin diagram, where the charged Higgs scalarH6

couples to top and bottom, and then to top and stra
quarks.

The H6tb coupling in the type-II THDM is given by

L5A2VtbH mb

v
tanb t̄ LbR1

mt

v
cotb t̄ RbLJ H11H.c., ~5!

whereVtb is the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix element. TheH6ts coupling is defined similarly with the
appropriate substitutionb→s. In the type-I model, the facto
tanb is substituted by2cotb. For a type-II model, a value
of tanb,1 will induce a larget̄ RbLH1 coupling, which will
strongly modify the Wilson coefficientC7 and then increase
the predictedb→sg rate. This can be alleviated only if th
chargedH1 is massive enough.

Constraints on tanb versusMH1 have been obtained b
Borzumati and Greub in the first reference of@19# for a few

FIG. 3. The regions in the tanb vs MA plane of a type-II THDM
allowed by theam data at the 95% C.L. The allowed regions bas
on the calculations of CLY, AY, and J are below the curves. T
region allowed by the DH calculation is bounded by the dotted li
~Here, a two-loop calculation for the THDM contribution, cf. Ap
pendix A, is used.!
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possible experimental upper bounds on Br(B̄→Xsg), rang-
ing from 3.031024 to 4.531024. Currently, the reported
experimental measurements are

Br~B̄→Xsg!310453.1560.35stat60.32sys60.26model

by CLEO @20#, ~6!

Br~B̄→Xsg!310453.1160.80stat60.72sys

by ALEPH @21#, ~7!

Br~B̄→Xsg!310453.3660.53stat60.42sys~0.54
0.50!model

by BELLE @22#, ~8!

where stat, sys, and model stand for the statistical, system
and model dependent error, respectively. In this study
will quote the result given in Ref.@19# for an upper bound of
4.531024 on Br(B̄→Xsg). It was found that, for example
if tanb50.4, the mass ofH1 must be larger than about 30
GeV. On the other hand, we will not use the detailed inf
mation on the lower bounds ofMH1 for tanb,1, because in
that case we would rather use the stronger bounds obta
from examining thebb̄ decay rate of theZ boson, i.e.,Rb
~see next section!. When tanb is much greater than 1, th
small effect from thet̄ RbLH1 coupling is compensated b
the large effect from thet̄ LbRH1 coupling; in such a way
that the Br(b→sg) prediction tends to stay at a certain min
mal value. This minimum only requiresMH1.165 GeV for
tanb@1. In summary, for tanb.1, the Br(b→sg) data re-
quiresMH1.165–200 GeV at the 95% C.L.

The situation for type-I models is different. In this cas
both thet̄ RbLH1 and t̄ LbRH1 couplings decrease for value
of tanb greater than 1. This does not mean thatMH1 can
become arbitrarily small. There is an unstable behavior~due
to the large scale dependence! for the prediction of Br(b
→sg) when MH1 is less than about 100 GeV and tanb
;1 @19#. This problem of unstability gets worse whe
tanb,1.

C. Constraint on M HÀM H¿ from Dr

The effect of scalar fields (A, h, H, andH1) on Dr have
been reported for a general THDM in the literature@23–25#.
When MA becomes negligible, the contribution toDr can
grow quadratically with the masses of the other scalars~see
the Appendix of Ref.@25#!. The only way to keepDr small
is to have cancellations among potentially large loop con
butions from each Higgs boson. For example, as sin2(b2a)
51, this cancellation can take place between the contri
tions fromH6 andH, and requires a certain correlation b
tween their masses. (a is the mixing parameter between th
two CP-even Higgs bosonsh andH.! As shown in the Ap-
pendix of Ref.@25#, this correlation depends on the value
the coefficient sin2(b2a). In Fig. 4 we show the differen
allowed regions in theMH1 versusMH plane for three dif-
ferent values of sin2(b2a). These regions orbandscorre-
spond to the 95% C.L. limits forDr @25# with

e
.
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21.7,Dr3103,2.7. ~9!

For simplicity we shall assumeMH;MH1 and sin2(b
2a)51 for our detailed numerical analysis. It should
noted that the allowed band for sin2(b2a)51 only depends
on MH and MH1, whereas the allowed bands for sin2(b
2a),1 do depend onMh . In Fig. 4 we have used a low
value of Mh5110 GeV. If we use a higher value, for in
stance,Mh5130 GeV, the bands keep the same width b
slightly shift downwards~to a somewhat smaller slope!.

We have checked that within the allowed parameter sp
constrained by ther parameter, the new physics contributio
from the THDM with a lightA to theSparameter is typically
small as compared to the current data:DS520.0760.11
@26#. Using the analytical result in Ref.@27#, we find thatDS
approximately equals20.02 whenMH and MH1 are about
the same, and reaches20.05 whenMH andMH1 differ by a
few hundred GeV. AlthoughDS can reach20.1 whenMH
andMH1 differ by about a TeV, this choice of parameters
already excluded by ther-parameter measurement. Hen
we conclude that the currentS-parameter measurement do
not further constrain this model. Needless to say that
above conclusion holds for both the type-I and type
THDM at the one-loop order.

D. Constraint on M H¿ versus tanb from Rb and Ab

The contributions to theZ→bb̄ hadronic decay branchin
ratio (Rb) and the forward-backward asymmetry (Ab) of the
bottom quark inZ decays are given in terms of the effectiv
Zbb̄ couplings@25#:

L5
e

swcw
~gLb̄LgmbL1gRb̄RgmbR!Zm ,

gL52
1

2
1

1

3
sw

2 1dgL , ~10!

FIG. 4. Allowed regions forMH1 vs MH at different values of
sin2(b2a). Regions inside the solid, dot-dashed, and dashed l
are allowed for sin2(b2a)51, 0.8, and 0.5, respectively.
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Here dg’s contain the SM as well as thenew physics
~THDM! contributions at one loop order:

dgL5dgL
SM1dgL

new520.42081dgL
new, ~11!

dgR5dgR
SM1dgR

new50.07741dgR
new, ~12!

where the SM values are formt5174 GeV and Mh
5100 GeV3 @28#. Because of the left-handed nature of t
weak interaction, the value ofgL is higher ~by about five
times! thangR .

As shown previously, the (g22)m data requires tanb to
be less than about 2.6 for a 0.2 GeVMA .4 In that case, the
contribution from the neutral Higgs boson loops toRb is
negligible and the dominant contribution comes from t
charged Higgs boson loop@25#. For a small tanb, the H1

loop contribution comes mostly from thet̄ RbLH1 coupling,
which is proportional to (mt /v) cotb, cf. Eq.~13!. Since the
type-I and type-II models coincide on this coupling, th
bounds from theRb measurement apply to both of the mo
els. TheH1 loop contributions todgL anddgR are given by

dgL
new5

1

16p2 ~mt /v cotb!2S R

R21
2

R logR

~R21!2D , ~13!

dgR
new52

1

16p2 S mb

v
tanb D 2S R

R21
2

R logR

~R21!2D , ~14!

with R[mt
2/MH1

2 . ExpandingRb and Ab to first order in
dgR

new anddgL
new, we obtain

Rb5Rb
SM20.7785dgL

new10.1409dgR
new, ~15!

Ab5Ab
SM20.2984dgL

new21.6234dgR
new, ~16!

with Rb
SM50.2158 andAb

SM50.935. As indicated in the
above equation,Ab depends more ongR than ongL ; the
opposite is true forRb . For this reason, and because t
experimental uncertainty ofRb is significantly smaller than
that of Ab , the asymmetryAb is not nearly as effective in
constraining the parameter region of the THDM thanRb
when tanb is of the order of 1. Hence, in this work, we wi
only consider the constraints imposed by theRb measure-
ment, for which the experimental limits are@29#

Rb
expt50.216 4860.000 75. ~17!

3In the heavy top quark mass expansion,Rb depends onMh

through log(Mh /mZ); therefore the dependence ofRb on Mh is
small.

4Unless specified otherwise, we shall assume the theory predic
by CLY in the following discussion.
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The allowed region, at the 95% C.L., in the tanb versus
MH1 plane is shown in Fig. 5, in which the constraints im
posed by the (g22)m and theb→sg data are also included
It is interesting to compare ourRb bound ~the lower solid
curve! with Fig. 6.1 of Ref.@25# ~same as Fig. 5 of Ref
@24#!. There, the experimental central value used forRb was
0.216 80, with a smaller (1s) error of 60.000 73. Since the
new Rb

expt is only 0.81s above the SM value that we us
here, the bounds onMH1 become less stringent.5

In summary, Fig. 5 shows the allowed region in the tanb
versusMH1 plane for the type-I and type-II models with
light ~0.2 GeV! CP-odd scalarA. The (g22)m data imposes
an upper bound on tanb for a type-II THDM, and the value
of this upper bound depends on the model of theory calc
tions. Note that there is no DH curve in the figure. This
because a THDM with a very lightA cannot be compatible
with data according to the DH calculation of the SM cont
bution to am . Similarly, the lower bound on tanb imposed
by the (g22)m data for a type-I THDM can be easily ob
tained from Fig. 1. The lower bound fromRb holds for either
type-I or type-II THDM, and is not sensitive to the actu
value of the mass of the lightA, because for tanb;1 the
charged Higgs boson loop dominates. A similar conclus
also holds for the constraint imposed by theb→sg data.
Furthermore, theb→sg data does not provide a useful co
straint for a type-I model when tanb.1. For clarity we
summarize the constraints from the relevant low energy d
in Table I for each type of THDM. Although in the type-I
THDM, the value of tanb is bounded from above to be les
than about 2.6, it can take on any value above the lo
bound imposed by theRb data. On the other hand, the valu

5For ourRb analysis we used the same input parameters as t
given in Appendix H of Ref.@25# but with an updated value fo
Rb

expt.

FIG. 5. Allowed parameter region for a THDM with a ligh
pseudoscalarA. The upper bounds on tanb derived from theam

data is for a type-II THDM withMA50.2 GeV. The lower bound
from Rb holds for either type-I or type-II THDM~when tanb
;1). Theb→sg data does not provide any useful constraint fo
type-I model when tanb.1.
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of tanb in the type-I model cannot be too large because
a very large value of tanb, the decay width of the lighter
CP-even Higgs boson~h! can become as large as its mas
and the model ceases to be a valid effective theory.

In the next section we shall discuss the decay and prod
tion of the Higgs bosons in the THDM with a lightA. For
simplicity we shall only discuss the event rates predicted
a type-II model, and the value of tanb is taken to be either
0.5 or 2 to be consistent with all the low energy data d
cussed in this section. As shown in Fig. 5, in a type
THDM with a light A, the masses of the Higgs bosons oth
than the lightCP-even Higgs bosonh have to be around 1
TeV when tanb50.5. Hence its phenomenology can be ve
different from the model with tanb52, in which a few hun-
dred GeV heavy Higgs bosonH and charged Higgs boso
H6 are allowed.

III. DECAY BRANCHING RATIOS OF HIGGS BOSONS

In this section we shall examine the decay branching
tios of the Higgs bosons predicted by the type-II THDM
with a very lightCP-odd scalarA. To be consistent with the
r-parameter analysis, the mixing anglea as well as the
Higgs boson massesMH1 and MH have to be correlatively
constrained, cf. Fig. 4. Without losing generality, in this se
tion we shall assume sin(b2a)51 to simplify our discus-
sion.

As noted in the previous sections, aCP-odd scalarA,
with its mass around 0.2 GeV, can only decay into ae2e1

pair or a photon pair. Though the decay processA→gg can
only occur at loop level, its partial decay width may compe
with the tree level processA→e2e1. This is because the
mass of the electron is very tiny as compared to the e
troweak scalev, and the partial decay width ofA→e2e1 is
suppressed by (me /v)2.

To clarify our point, we note that fora5b2p/2, the
couplings of Higgs bosons and fermions in the THDM a
given by

L f̄ f S52
mf

v
f̄ f h2X

md

v
d̄dH1Y

mu

v
ūuH1 iX

md

v
d̄g5dA

1 iY
mu

v
ūg5uA, ~18!

whereX5tanb and Y5cotb for the type-II model, andX
52cotb andY5cotb for the type-I model.~Here,f stands
for any fermion,u for an up-type fermion, andd for an
down-type fermion.! Therefore the partial decay widths o
Higgs bosons into fermion pairs are

GSi→ f f̄5
Nc

8p
Cf̄ f S

2
MSiS 124

mf
2

MSi

2 D 3/2

with Si5h or H, ~19!

GA→ f f̄5
Nc

8p
Cf̄ f A

2
MAS 124

mf
2

MA
2 D 1/2

, ~20!
se
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TABLE I. Constraints from the low energy data for type-I and type-II models, withMA50.2 GeV. Here
we use the CLY calculation for the SM prediction ofam . When sin(b2a) is fixed to be 1, there is noMh

dependence inr, otherwise we assumeMh5110 GeV.

Constraint Type-I THDM Type-II THDM

(g22)m tanb.0.4 tanb,2.6
(tanb.1)b→sg MH1.100 GeV MH1.200 GeV
(0.5,tanb,1)b→sg MH1.2002350 GeV
(0.6,tanb,1)Rb MH1.2002600 GeV MH1.2002600 GeV
@sin(b2a)51#Dr MH;MH1 MH;MH1

@sin(b2a)50.8#Dr MH;1.2MH1 MH;1.2MH1

@sin(b2a)50.5#Dr MH;1.7MH1 MH;1.7MH1
r

o

lly.

ri-
nd

ggs
alar

ve
son

he

s

whereCf̄ f Si
5(mf /v)3(1,X, or Y) is the coupling defined in

L f̄ f S , andNc is the color factor~which is 3 for quarks and 1
for leptons!.

The partial decay width ofA→gg at the one-loop orde
arises from fermion loop contributions, which yield@3#

G~A→gg!5
a2g2

256p3

MA
3

mW
2

uHu2, ~21!

H5(
f

Nc
f Qf

2Cft fF~t f !, ~22!

where t f5(2mf /MA)2, Nc
f 51(3) for leptons ~quarks!,

andQf andmf are the electric charge~in units ofe) and the
mass of fermion, respectively. Also,Cf5cotb(tanb) for up-
type quarks~charged leptons and down-type quarks! in a
type-II THDM. Furthermore,F(x) is given by

F~x!55 S arcsin
1

Ax
D 2

for x>1

2S arccosh
1

Ax
2

ip

2 D 2

for x,1,

~23!

FIG. 6. Lifetime ofA for MA50.05, 0.1, and 0.2 GeV. The unit
have been converted from GeV21 to meters. The decay length ofA

can be obtained after multiplying 1/GA by upW u/MA , wherepW is the
momentum ofA.
05500
In Figs. 6 and 7 we show the lifetime~multiplied by the
speed of light! of A and its partial decay branching rati
Br(A→gg) as a function of tanb for variousMA values. As
indicated, the typical lifetime of a lightCP-odd scalarA
~with mass around 0.2 GeV and tanb around 1! is about
1023 m, so the decay length of a 50 GeVA boson is about
0.25 m. This unique feature of a light scalarA boson can be
used to improve identifying such an event experimenta
For tanb;1, about half of the time, the lightA can decay
into a photon pair, other than ae2e1 pair. BecauseA is
usually produced with a large velocity in collider expe
ments, the two decay photons will be largely boosted a
seen by the detector~the electromagnetic calorimeter! as if it
were a single-photon signal.

To discuss the decay branching ratios of the other Hi
bosons, we need to specify all the parameters in the sc
sector of the THDM Lagrangian. In aCP-conserving THDM
Lagrangian with natural flavor conservation~ensured by the
discrete symmetry off1→f1 and f2→2f2), there are
eight parameters in its Higgs sector@25#. They arem1 , m2 ,
l1,2,3,4,5, andm12, or equivalently,Mh , MH , MH1, MA , a,
tanb, v, andm12. Of these eight free parameters, seven ha
been addressed in the previous section: four Higgs bo
masses, two mixing angles (a andb), and the vacuum ex-
pectation valuev. There is yet another free parameter: t

FIG. 7. Branching ratio ofA→gg for MA50.05, 0.1, and 0.2
GeV.
4-7
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soft breakingm12 term that so far has not been constraine6

This is because up to the one loop order,m12 does not con-
tribute to the low energy data discussed above. With
assumptiona5b2p/2 we can write thehAA, HAA, HAZ,
andH1AW couplings as follows:

L5 1
2 lhhAA1 1

2 lHHAA1lHAZZm~H]mA2A]mH !

1lH1AW@Wm
2~H1]mA2A]mH1!1H.c.#, ~24!

where the coupling constants are given by

lh5
~2M22Mh

2!

v
,

lH52
MH

2 2M2

v tan 2b
,

lHAZ5
2e

2sWcW
,

lH1AW5
2e

2sW
,

with M25m12
2 /(sinb cosb). For a very lightA, both the total

width and the decay branching ratios of the other Hig
bosons in the model can be strongly modified to differ fro
the usual predictions of the THDM~with MA at the weak
scalev).

At tree level, the partial decay width ofh→AA ~or H
→AA) is given by

G (H)h→AA5
l (H)h

2

32pM (H)h
. ~25!

It turns out thath→AA is always the dominant~more than
90%! decay channel ofh except when 2M2.Mh

2 , in which
case thehAA coupling is diminishing. When the paramet
m12 increases, the decay width of the light Higgs boson c
become large. For instance, forMh5110 GeV andm12
5200 GeV, Gh→AA534 and 54 GeV for tanb51 and 2,
respectively. Hence, in order for the considered model to
a valid effective theory we shall restrict the range of t
parameterm12 so that the decay width of any Higgs boso
should not be as large as its mass. For that reason, in the
of this study, we shall consider the range ofm12 to be 0
,m12,200 GeV.7 In Fig. 8 we show the total decay widt
(Gh) of h as a function ofm12 for a few values ofMh . Here
we take the value of tanb to be 0.5. The similar figure fo
tanb52 is identical to that for tanb50.5. This is because
we are consideringa5b2p/2 and the partial decay width
of h→AA is unchanged after replacing tanb by cotb.

6The parameterm12 is defined through the interaction term
2m12

2 R$f1
†f2%, which softly breaks the discrete symmetry off1

and f2. It is given by 2l5v1v2 cosj in Ref. @3#; it is sometimes
written asm3, see Ref.@30# for example.

7For simplicity we assumem12 to be a positive value, though th
same conclusion also holds for a negative value ofm12.
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For Mh,2mW , wheremW is the mass of theW6 gauge
boson,h→bb̄ is the subleading decay mode except wh
M2 is in the vicinity of Mh

2/2. For Mh.2mW , the other

decay modes~e.g.,h→W1W2,ZZ,t t̄ ! can open, and in tha
case, theAA mode is usually not the dominant decay mod
Since we are interested in theA→gg signal we shall restrict
our attention to values ofMh for which the decay branching
ratio of h→AA can be sizable. To give a few examples w
show in Fig. 9 the branching ratios ofh→AA,bb̄ for Mh
5100,115, and 130 GeV with tanb50.5. ~Again, the simi-
lar figure for tanb52 is identical to that for tanb50.5.!

In addition to theAA channel, a heavyCP-even Higgs
bosonH can also decay into theAZ mode with a sizable
branching ratio. The partial decay width forH→AZ is

GH→AZ5
lHAZ

2 MH

16p

~12RZH!3

RZH
, ~26!

with RZH5mZ
2/MH

2 . ~We note thatGH→AZ does not depend
on m12.) In Fig. 10, we show the total decay width ofH as

FIG. 9. Branching ratio ofh→AA andh→bb̄ as a function of
m12 for different Mh values. From left to right:Mh5100, 115, and
130 GeV. This result holds for tanb50.5 or 2.

FIG. 8. Total width of the lightCP-even Higgs bosonh for
Mh5100, 115, 130, and 250 GeV. This result holds for tanb
50.5 or 2.
4-8
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a function ofm12 for a few values ofMH . Its decay branch-
ing ratios into theAA and AZ modes are shown in Fig. 1
for various MH values with tanb52. To study the tanb
dependence we also show in Fig. 12 the branching ratio
H→AA,ZA for m125100 GeV. In this case, the subleadin
decay modes areH→bb̄,t t̄ , etc. ForMH less than twice of
the top quark mass, the curves in Fig. 12 are almost symm
ric with respect to tanb51. This is again because we hav
seta5b2p/2 and tanb is of order 1.

The decay branching ratios ofH1 are also largely altered
in the THDM with a very lightA because theH1→AW1

channel becomes available. At the Born level, the par
decay widthGH1→AW1 can be calculated using the formu
given in Eq.~26! after substitutingH→H1 andZ→W1.8 In

FIG. 10. Total width ofH as a function ofm12 with tanb
50.5 or 2 forMH5 180, 350, and 700 GeV.

FIG. 11. Branching ratios ofH→AA andAZ with tanb52, for
MH5 180, 350, and 700 GeV.

8The one loop corrections toGH1→AW1 have been calculated in
Ref. @31#; they can modify the tree level width up to a few perce
for the very low values ofMA considered here.
05500
of
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Fig. 13 we show the dominant branching ratios ofH1 for the
type-II model, in which theb→sg data requiresMH1

.165 GeV.

IV. PROBING A LIGHT A AT HIGH ENERGY COLLIDERS

In this section we discuss the potential of the present
future high energy colliders for detecting a lightCP-odd
scalar A to test our scenario of the THDM. The excitin
feature of a lightCP-odd scalarA is that the lightCP-even
Higgs bosonh in the THDM can have a large decay branc
ing ratio into theAA mode, and eachA subsequently decay
into a photon pair. Forh with mass around 100 GeV, th
decay particleA with mass around 0.2 GeV will be signifi
cantly boosted, so that the two decay photons fromA are
produced almost collinearly in the detector. When these
almost collinear photons cannot be resolved in the elec
magnetic calorimeter, they will be reconstructed as a sin
photon.~The angular resolution for discriminating two pho
tons in a typical detector will requireMh /MA,40.! As a

t

FIG. 12. Branching ratios forH→AA, andH→ZA as a func-
tion of tanb, for MH5180, 350, and 700 GeV withm12

5100 GeV.

FIG. 13. TheH1→AW1 andH1→tb̄ branching ratios for two
values of tanb in the type-II THDM.
4-9
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result, the decay processh→AA will appear in the detecto
as a diphoton signature, andZ→AAA as a triphoton signa
ture, etc. Similarly, the final state of the production proce
e2e1→ZAA will appear as aZ12g signature.

In the following we shall discuss in detail the predictio
of our scenario of the THDM on the decay branching ratio
Z→AAA and the production rate ofZAA at the CERN LEP,
Fermilab Tevatron, CERN Large Hadron Collider~LHC! and
the future Linear Collider~LC!. Other relevant production
processes at the Tevatron and the LHC will also be d
cussed. Without losing generality, we again assumea5b
2p/2, motivated by ther-parameter constraint. Furthe
more, we again takeMA to be 0.2 GeV such that the deca
branching ration ofA→gg is large and the lifetime ofA is
short enough to be detected inside detectors of high en
collider experiments.

A. The decay branching ratio of Z\AAA

In the THDM, theZ boson can decay into theAAA mode
via the two tree-level Feynman diagrams shown in Fig.
Since in the case of sin(b2a)51, the coupling ofZ-A-h
vanishes, only the diagram with the coupling ofZ-A-H sur-
vives. ForMH.mZ , due to the suppression factor from th
three-body phase space, the partial decay width ofZ
→AAA, denoted asG(Z→AAA), at the tree level, is small
For example, for MH5180 GeV, m125100 GeV, and
tanb50.5 or 2,G(Z→AAA)51.3231028 GeV, which im-
plies the decay branching ratio of theZ boson into three
isolated photons~as identified by detectors! is of the order of
1028 and 10211 for tanb50.5 and 2, respectively.@When
MA50.2 GeV the decay branching ratio Br(A→gg) is 0.87
and 0.2 for tanb50.5 and 2, respectively.# For a much
heavierH this tree level decay rate becomes negligible.
that case, a loop induced decay process might be more
portant. In Appendix B we show the fermionic loop corre
tions to the decay width ofZ→AAA, assuming that the othe
heavy Higgs bosons are so heavy that they decouple from
low energy data. We find that in general, this decay width
small unless the value of tanb is very large.

B. The production rate of ZAA at LEP and LC

A light A could have been produced copiously at LEP
and LEP-2 experiments via the Yukawa processe2e1

→bb̄A @5#. By searching for a lightCP-odd Higgs boson in
the associate production of the bottom quark pair, LEP
periments were able to exclude a range ofMA as a function
of tanb, when A decays into a fermion~lepton or quark!
pair. On the contrary, the decay mode we are considerin

FIG. 14. Tree level diagrams forZ→AAA.
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this paper isA→gg which will likely register into detectors
as a single-photon signal. Given the information on the
cay branching ratio Br(A→gg), it is possible to further con-
strain this model by examining thebb̄g events. However, as
discussed in the previous sections, the (g22)m data has al-
ready constrained tanb to be small~less than about 2.6!, so
the production rate ofe2e1→bb̄A is not expected to be
large at LEP. Here we would like to consider another p
sible signal of a lightA at LEP experiments, i.e., via th
production processe2e1→ZAA.

The Feynman diagrams that contribute to the scatte
processe2e1→ZAA at the Born level are shown in Fig. 15
With a5b2p/2, the tree level couplingsZ-Z-H andZ-A-h
vanish. Since by its definition, the mass ofH is larger than
that of h, the production cross section is dominated by t
diagram ~a! with h produced at resonance whenMh,AS
2mZ , whereAS is the center-of-mass energy of thee2e1

collider. Though the above observation is generally true, i
possible to have the value ofm12 such that the coupling o
h-A-A @i.e., lh in Eq. ~24!# becomes so small that the pro
duction rate is instead dominated by the diagram with aH
boson resonance. In that case, the event signature is to
a resonance structure in the invariant mass distribution of
Z boson and one of theA particles ~i.e., one of the two
photons observed by the detector!, provided MH,AS
2MA . Obviously, whenMH.AS2MA , we do not expect
any enhancement from the resonance structure, and the
section becomes small. However, for a large value ofm12,
the width ofh can become so large~cf. Fig. 8! that even for
Mh.AS2mZ , the production rate ofZAA can still be siz-
able. The same effect also holds when the width ofH be-
comes large. In Figs. 16 and 17 we show the product
cross section fore2e1→ZAA as a function ofm12 at the
LEP and the LC for a few values ofMh and MH with
tanb52 and tanb50.5, respectively.~For completeness, we
also give its squared amplitude in Appendix C.!

It is interesting to note that generally the whole comple
set of diagrams for the scattering amplitudee2e1→ZAA
should be included in a calculation. For example, as sho
in Fig. 9, whenm12 is about 58 GeV, the couplinglh van-
ishes forMh5130 GeV, and the bulk of the cross sectio
comes from the diagrams~b! and~c! of Fig. 15. Furthermore,
the effect of interference among the complete set of diagra
can be so large that the distribution of the production cr

FIG. 15. Diagrams forf f̄→ZAA.
4-10
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section as a function ofm12 does not have a similar dip
located at the same value ofm12. For example, as shown i
Fig. 17, a broad dip in the distribution ofs(e1e2→ZAA),
predicted for LEP-2 withMh5130 GeV~the dashed curve!,
is located atm12;42 GeV, not 58 GeV.

As noted previously, the experimental signature of
e2e1→ZAA event is the associated production of aZ boson
with two energetic photons. Based on this class of d
sample, the LEP-2 ‘‘fermiophobic Higgs’’ search has im
posed an upper limit on the decay branching ratio Bh
→gg) for a givenMh @32#. In that analysis, it was assume
that the production rate ofe1e2→Zh is the same as the SM
and the decay width ofh is identical to that of the SM. One
can express the experimental result on the photonic H
search in terms of the upper limit on the products(e1e2

→Zh)3Br(h→AA→ ‘‘ gg ’’ ! as a function ofMh . This up-
per limit can then constrain the allowed range of the para
eterm12 for a givenMh , which is shown in Fig. 18. It turns
out that the LEP-2 ‘‘fermiophobic Higgs’’ search data is n

FIG. 16. ZAA production cross section at LEP-2 and LC wi
AS5210 and 500 GeV, respectively, for a few values ofMh and
MH with MA50.2 GeV and tanb52.

FIG. 17. ZAA production cross section at LEP-2 and LC wi
AS5210 and 500 GeV, respectively, for a few values ofMh with
MA50.2 GeV, MH51 TeV, and tanb50.5.
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useful for constraining this model with tanb52. This is be-
cause in that case the decay branching ratio ofA→gg is
about 0.1~cf. Fig. 7! for MA50.2 GeV, which largely re-
duces theZ1 ‘ ‘ gg ’ ’ event rate. Nevertheless, for tanb
50.5, only a small region ofm12 is allowed forMh less than
about 103 GeV.9

There is another important piece of data from LEP-2, t
is the LEP SM Higgs boson search based one1e2→Z

→Zh with h decaying into abb̄ pair. It was reported@33#
that a handful of events have been found to be compat
with the SM Higgs cross section forMh about 115 GeV. Can
a THDM with a lightA be compatible with such an interpre
tation of the data? One trivial answer is to haveMh
5115 GeV with a choice of the free parameterm12 such that
the decay branching ratio Br(h→bb̄) is about the same a
that in the SM. This would obviously require the range
m12 to be near the dip in Fig. 9. Fora5b2p/2, m12 is about
53 GeV for a 115 GeV lightCP-even Higgs bosonh. This
result implies a very specific production rate of the diphot
pair produced viagg→h→AA at the Tevatron and the LHC
We shall come back to this production process in the follo
ing sections.

Another solution to this question is to realize that t
observede1e2→Zh(→bb̄) event rate at LEP-2 is deter
mined by the products(e1e2→Zh)3Br(h→bb̄). It can be
the case thatMh is less than 115 GeV so thats(e1e2

→Zh) is larger than that for the 115 GeV case. Because
light A THDM the additional decay channelh→AA is avail-
able, the decay branching ratio Br(h→bb̄) decreases. This
reduction can compensate the increase in the production
of Zh to describe the same experimental data.

In Fig. 18 we show the corresponding range of the para
etersm12 andMh , assuming that the kinematic acceptanc

9Based on the data presented in Ref.@32#, this is the highest value
of Mh for which we can obtain a useful bound on the value ofm12.

FIG. 18. The allowed range ofm12 derived from the LEP-2 SM
Higgs and photonic Higgs search results as a function ofMh , with
MA50.2 GeV and tanb50.5. For Mh,120 GeV, this range is
not sensitive to the actual value ofMH .
4-11
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of the signal and the background events do not cha
largely asMh varies.10 Hence if we follow the LEP-2 con-
clusion on the SM Higgs boson search, i.e., at the 95% C
the current lower bound onMh is about 113.5 GeV, then th

product of s(e1e2→Zh)3Br(h→bb̄) cannot be larger
than the SM prediction forMh5113.5 GeV. For a given

Mh , Br(h→bb̄) cannot be too large. Therefore this da
could exclude the values ofm12 near the dips shown in Fig
9. As expected, this set of data and that for photonic Hi
search provide a complementary information on constrain
the model. Combining these two sets of data, a lighth with
mass less than 103 GeV in the type-II THDM is exclud
when tanb50.5. For Mh.103 GeV, some constraints o
the range ofm12 can be obtained. The combined constrain
shown in Fig. 18 for tanb50.5. For tanb51, a similar con-
straint can be obtained, and the region withMh,95 GeV is
excluded.

In the following analysis we shall focus on the region
the parameter space that is consistent with the LEP H
boson search result, i.e., at the 95% C.L. the current lo
mass bound on a SM Higgs boson is about 113.5 GeV
discussed above.

C. The production rate of ZAA and WAA at Tevatron and
LHC

At the Run-2 of the Fermilab Tevatron, a 2 TeV proton
antiproton collider, the production rate ofpp̄→ZAA is about
0.1 pb for Mh5110 GeV, m125100 GeV, MH51 TeV,
and tanb50.5 or 2. Being a hadron collider, Tevatron ca
also produce a lightA pair via the constituent processq8q̄
→W6AA. The Feynman diagrams for this scattering proc
are the same as those depicted in Fig. 15 after replacingZ by
W6 everywhere andH by H6 in diagram~b!. For the same
parameters given above, theW6AA production rate is abou
0.2 pb. For completeness we show in Figs. 19 and 20
cross section forZAA andW6AA productions, respectively
at the Run-2 of the Tevatron and the LHC~a 14 TeV proton–
proton collider!. It is interesting to note that when the ma
of the charged Higgs boson is not too large~consistent with
the case of tanb52), and the coupling ofh-A-A vanishes,
the production rate ofW6AA is dominated by the associa
production ofA and H6 which subsequently decays into
W6 boson andA. Since the experimental signal ofA is an
‘‘isolated photon,’’ this signal event appears as an event w
a W6 and two photons, hence its SM background rate
expected to be small. For completeness the squared am
tude for this partonic process is also presented in Appen
C.

D. Other production mechanisms of a lightA at colliders

In addition to the above production processes, a lighA
can also be copiously produced at hadron colliders, s

10While this assumption is valid whenMh is around 115 GeV, it is
likely to fail when Mh is close to theZ-boson mass (mZ).
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as Tevatron and LHC, viaqq̄,gg→bb̄A or t t̄ A, gg

→h→AA, gg→H→AA, and qq̄→H1H2→W1W2AA.
Because of the potentially large background, thebb̄A mode
is not likely to be observable. However, thet t̄ A mode can be
easily identified by requiring an isolated photon with a lar
transverse momentum. At the Tevatron Run-2, the inclus
rate of t t̄ A with a 175 GeV top quark is 9.8~0.6! fb for
tanb50.5(2), and at the LHC it is 1.6~0.1! pb. The produc-
tion rates for the last two processes can be easily calcul
by multiplying the known cross sections for the producti
of gg→h or H @34# and qq̄→H1H2 @35# by the rel-
evant decay branching ratios~given in the previous sections!.
For example, at the Tevatron Run-2, the production cr
section ofgg→h→AA is 0.8 and 0.5 pb forMh5110 and
130 GeV, respectively, withm125100 GeV and tanb50.5
or 2. Since we have seta5b2p/2 ~motivated by the
r-parameter constraint! in all our calculations, the produc
tion rate of gg→h is independent of tanb. Furthermore,

FIG. 19. ZAA production cross section at the Run-2 of the Tev
tron and the LHC, for a few values ofMh , with MH51 TeV, MA

50.2 GeV, and tanb50.5.

FIG. 20. W6AA production cross section at the Run-2 of th
Tevatron and the LHC, for a few values ofMh , with MH651 TeV,
MA50.2 GeV, and tanb50.5.
4-12
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when m125100 GeV, the decay branching ratio forh
→AA is about 1, cf. Fig. 9. Therefore the above rates
tanb50.5 or 2 are about the same. At the LHC the rates
35 pb and 27 pb forMh5110 and 130 GeV, respectively
Hence this mode is important for further testing the THD
with a very lightA. In Fig. 21 we show the production rate o
gg→h→AA at the Tevatron Run-2 and the LHC as a fun
tion of m12 for variousMh .11

The signal rate ofgg→H→AA is different from that of
gg→h→AA because the decay branching ratio ofH→AA is
not the same as that ofh→AA and the coupling ofH to t in
the loop has a factor of cotb, cf. Eq. ~18!. For instance, the
branching ratio ofH→AA is about 0.12~0.47! for MH
5180 GeV (350 GeV) withm125100 GeV, so that the
cross section ofgg→H→AA is about 6 fb~2.6 fb! at the
Tevatron, and 0.48 pb~0.89 pb! at the LHC when tanb52.
For tanb50.5, the low energy data requiresMH to be
around 1 TeV, so that its rate is negligible. In Fig. 22 w
show thepp̄,pp(gg)→H→AA production cross section a
a function ofm12 at the Tevatron Run-2 and the LHC for
few values ofMH , with MA50.2 GeV and tanb52. Note
that when the rate ofgg→H→AA is small ~for certain val-
ues ofm12), the rate ofgg→H→AZ becomes large becaus
the sum of the decay branching ratios of these two mode
about 1, cf. Fig. 11. Hence their roles to the discovery o
heavy Higgs boson in this model are complementary to e
other.

Usually, a charged Higgs bosonH1 in the THDM is as-
sumed to decay via the heavy fermion pairs, either thetb̄,
cb̄, or t1n modes. However, as shown in Fig. 13, whenA is
light, the decay mode ofW1A can become dominant. In tha

11To compare with the experimental data, one should also incl
the decay branching ratio Br(A→gg), cf. Fig. 7, for eachCP-odd
scalarA decaying into its photon mode.

FIG. 21. Thepp̄,pp(gg)→h→AA production cross section a
a function ofm12 at the Tevatron Run-2 withAS52 TeV and the
LHC with AS514 TeV, for a few values ofMh with MA

50.2 GeV and tanb50.5 or 2.
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case, the scattering processqq̄→H1H2→W1W2AA will
be seen by the detector as aW-boson pair with two isolated
photons. With a proper kinematic cut, this event can be se
rated from its SM backgrounds.~Although we have limited
ourselves to the discussion on the decay mode ofA→gg, the
other decay mode into ane1e2 pair can also prove to be
useful for testing such a model.! For MH15180 GeV~350
GeV!, the decay branching ratio ofH2→W2A is about 1
~0.8!, so that the cross section ofqq̄→H1H2→W1W2AA
is about 1.7 fb~0.01 fb! at the Tevatron, and 31 fb~1.5 fb! at
the LHC when tanb52. Again, when tanb50.5, the low
energy data requiresMH1 to be around 1 TeV, so that its rat
is negligible.

In the THDM there is no tree level couplingZ-W6-H7,
therefore the cross section for the scattering processqq̄
→W6H7→W1W2A at the tree level is dominated by th
bottom quark fusionbb̄→W6H7→W1W2A. At the Teva-
tron its rate is negligible~about 0.1 fb! and at the LHC its
rate is about 0.1 pb forMH15200 GeV and tanb52.

At the future Linear Collider~a 500 GeVe1e2 collider!,
the ZAA production rate is shown in Figs. 16 and 17 for
few choices of parameters. Besides this production mod
light A can also be copiously produced viae1e2→H1H2

→W1W2AA provided that the cross sectione1e2

→H1H2 is not small. ForMH15180 GeV~200 GeV!, we
expect the rate ofW1W2AA to be about 41 fb~22 fb! for
tanb52. @The Br(H1→AW1) is about 1 and 0.9 for
MH15180 and 200 GeV, respectively.#

V. DISCUSSION AND CONCLUSION

In this paper we examined the possibility of having a ve
light CP-odd scalarA ~with a mass about 0.2 GeV! in a
general THDM. After examining the relevant low energ
data we found that this model is either excluded already@ac-
cording to the DH prediction of the SM contribution to th
muon (g22)m# or its parameter space has been largely c

e

FIG. 22. Thepp̄,pp(gg)→H→AA production cross section a
a function ofm12 at the Tevatron Run-2 withAS52 TeV and the
LHC with AS514 TeV, for a few values ofMH , with MA

50.2 GeV and tanb52.
4-13
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strained. Assuming the CLY prediction of the SM contrib
tion, the muon (g22)m data requires tanb,2.6, regardless
of the other parameters of the type-II THDM.@For the type-I
THDM, the muon (g22)m data requires tanb.0.4.# For
such a lightA, the CUSB data on Br(Y→Ag) requires tanb
to be around 1. For a type-II THDM, theb→sg data requires
MH1 to be larger than about 165–200 GeV when tanb is
larger than 1. For a type-I THDM, the constraint onMH1 is
much looser. Ther-parameter data also imposed a string
constraint on the difference betweenMH and MH1 for a
given value of sin(b2a). For sin(b2a)51, MH , andMH1

have to be almost equal. TheRb data also provides a strin
gent bound on the model. For example, when tanb50.5, the
Rb data requiresMH1 to be around 1 TeV in the THDM
Consequently, due to ther-parameter constraint,MH should
also be around 1 TeV. A summary of the low energy co
straints on this model is given in Figs. 1–5 as well as Ta
I.

After finding the allowed parameter space of the mod
we examine the impact on the decay branching ratios
total decay width of the Higgs bosons due to the presenc
a light A. Depending on the value of the soft-breaking p
rameterm12, present in the Higgs potential of a gener
THDM, the total decay width ofh, H, or H1 can become
large because of the large phase space volume for the d
channels (h→AA,AZ), (H→AA,AZ), or (H1→AW1). To
have a valid perturbative calculation, we only consider
values ofm12 such that the total decay width of the Higg
bosons is small as compared to its mass. Due to the s
mass ofA, the decay branching ratios for the decay mod
AA, AZ, or AW6 can be sizable, which can result in a ve
different detection mode for the THDM. In Figs. 9–11 w
showed a few of such examples.

The exciting feature of such a lightA is that when it
decays into a photon pair, because of the typical large en
of A produced from the decay of other heavy Higgs boso
its decay photon pair will register in the detectors as a sin
photon signature. Hence the SM background rate for det
ing such a signal event is expected to be generally sm
Therefore the Tevatron Run-2, the LHC, and the future
have a great potential to either detect a lightA in the THDM
or to exclude such a theoretical model. A few potential d
covery modes at various colliders were given in Sec. IV,
Figs. 16–22.

Note added: During the preparation of this manuscrip
two similar papers@36# were posted to the hep-ph archiv
very recently. For the part we overlap, our results agr
Furthermore, after the submission of this paper, a new ar
@37# concluded a tighter bound onMH1 from b→sg data
than the one@19# adopted in our analysis. Nevertheless, t
general conclusion about the phenomenology of a lighA
discussed in this paper remains unchanged.
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APPENDIX A: ANOMALOUS MAGNETIC MOMENT OF
MUON IN THE THDM

Given the THDM interaction Lagrangian

L5
2gmm

2mW
S (

S5H,h
CSm̄mS1 iCAm̄g5mA

1~A2 CH6m̄nLH21H.c.! D , ~A1!

the contribution from the diagrams depicted in Figs. 23~a!
and 23~b! reads@13#

am
one loop5

amm
2

8sw
2 mW

2 p
(

j
E

0

1

dxCj
2gj~x!, ~A2!

where j is summed overh, H, A, and H6. The respective
gj (x) are

gH,h~x!5
x2~22x!

x21LH,h~12x!
, ~A3!

gA~x!5
2x3

x21LA~12x!
, ~A4!

gH6
~x!5

x~x21!

x1LH621
, ~A5!

with L j5(M j /mm)2. The respectiveCj are given in Table II
for a type-I or type-II THDM.

As for the contribution from the Barr-Zee diagram d
picted in Fig. 23~c!, the dominant two-loop contribution
comes from aCP-odd scalar in the loop. There is anoth
diagram with the virtual photon replaced by aZ gauge boson.

FIG. 23. Contribution from the THDM to the anomalous ma
netic moment of muon: neutral Higgs bosons~a!, charged Higgs
boson~b!, and the leading two-loop contribution from theCP-odd
scalar~c!.
4-14



c

u-
n

ig

the
hey
e-
-
e-
s

e
ta.

-
p
m

y in

th

this

-

VERY LIGHT CP-ODD SCALAR IN THE TWO-HIGGS- . . . PHYSICAL REVIEW D 64 055004
Because it is highly suppressed we will not take it into a
count. According to@15#, the dominant two-loop contribution
to am is given by

am
two loop5

a2

8p2sw
2

mm
2 Cm

MW
2 (

f 5t,b,t
Nc

f Qf
2Cfx f f ~x f !, ~A6!

with x f5(mf /MA)2, Nc
f 51(3) for leptons ~quarks!, mf

andQf are the mass and charge of fermion, andCf is given
by the interaction Lagrangian of theCP-odd scalar to fermi-
ons:

L5 i
gCfmf

2mW
f̄ g5f A, ~A7!

where Ct5cotb for either a type-I or type-II THDM,
whereasCf52cotb and tanb for a type-I and type-II
THDM, respectively, forf 5b, m, and t. Finally, f (x) is
given by

f ~x!5E
0

1

dz

logS x

z~12z! D
x2z~12x!

. ~A8!

For comparison we note that if only one-loop contrib
tions are included in our analysis, we will derive a differe
constraint on the parameters of tanb andMA . In that case,
the figures corresponding to Figs. 2 and 3 are shown as F
24 and 25.

TABLE II. Higgs scalars-muon couplings in the THDM.

THDM CH Ch CA CH6

I sin a /sinb cosa /sinb cotb cotb
II cosa /cosb 2sina /cosb 2tanb 2tanb

FIG. 24. The regions~above the curves! in the tanb vs MA

plane of a type-I THDM allowed by theam data at the 95% C.L.,
based on a one-loop calculation. There is no allowed region in
range of parameters according to the DH calculation.
05500
-

t
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APPENDIX B: THE FERMION-LOOP CONTRIBUTION TO
THE Z\AAA DECAY

Under the scenario that the branching ratio ofA→gg is
close to unity, it is possible that theCP-odd scalarA has a
large coupling to fermions only. This can happen when
other scalars do not exist at all or are so heavy that t
would decouple from the low energy effective theory b
cause of their small couplings toA. We consider this assump
tion to examine the contribution of fermion loops to the d
cay Z→AAA.12 One of the fermion loop diagram
contributing to the Z(p)→A(k1)A(k2)A(k3) process is
shown in Fig. 26.~There are five other diagrams with th
obvious permutations of the pseudoscalar boson momen!

The fermion loop contribution to the decay ofZ→AAA
was first roughly estimated in Ref.@38#, and then was reex
amined in Ref.@39# by considering only the top quark loo
contribution. A complete calculation, including also botto
quark contribution with a largebb̄A coupling, was never
presented in the literature. We consider an effective theor

is

FIG. 25. The regions~below the curves! in the tanb vs MA

plane of a type-II THDM allowed by theam data at the 95% C.L.,
based on a one-loop calculation. There is no allowed region in
range of parameters according to the DH calculation.

FIG. 26. Representative fermion loop diagram to theZ→AAA
decay.

12The decay modeZ→AA is forbidden by the Yang-Landau theo
rem.
4-15
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which the coupling of theCP-odd scalar to quarks is
Cqmq /v, where v(52mW /g) is the vacuum expectatio
value, mq is the mass of the quark, and the coefficientCq
depends on the choice of models. For a SM-like coupli
assuming the existence ofA, Cq51 for both up- and
down-type quarks. For a type-I or type-II THDM,Cq
5cotb for up-type quarks. For down-type quarks,Cq5
2cotb and tanb for a type-I and type-II THDM, respec
tively, Since the coupling ofZ to up- and down-type quark
is fixed by the SU(2)L 3 U(1)Y gauge interaction, the effec
tive Lagrangian can be written as

L5(
q

F g

2cw
ūqga~gV

q2gA
qg5!uqZa1

igmqCq

2mW
ūqg5uqAG .

~B1!

Given the above interaction, theZ→AAA amplitude can be
expressed, in terms of Mandelstam variabless5(k11k2)2,
t5(k21k3)2, andu5(k11k3)2, as

M5
3a2mZ

16sw
4 cw

4 @F~ t,u!k1
a1F~u,t !k2

a#ea~p!, ~B2!

where

F~ t,u!5(
q

Cq
3S mq

mZ
D 4

@~4MA
22s2t !„D0~s,u!2D0~ t,u!…

1~ t2s!D0~s,t !14„C0~ t !2C0~s!…#, ~B3!

with the scalar three- and four-point integrals given by

C~s!5
1

ip2E d4k

@k#@k2k3#@k2p#
, ~B4!

D0~s,t !5
1

ip2E d4k

@k#@k2k1#@k2k12k2#@k2p#
, ~B5!

where we use the shorthand notation@ l #5 l 22mq
21 i e. The

remaining scalar integrals can be obtained by permuting
pseudoscalar bosons momenta. The squared amplitude,
averaging over theZ boson polarizations, is

1

3 (
spins

uMu253S a2

16sw
4 cw

4 D 2

@„~mZ2MA!22t…

3„~mZ1MA!22t…

3uF~ t,u!u21„~mZ
22MA

2 !~ t1u!1MA
41tu…

3Re„F~ t,u!F†~u,t !…1~ t↔u!#. ~B6!

Given this result, the decay width can be computed by
usual methods. Although our result is quite general, we o
expect important contributions from bothb and t quark
loops: contributions from lighter quarks are suppressed
the factor (mq /mZ)4 and can be ignored unlessCq is ex-
tremely large, which, however, is unlikely to be true becau
of the tree-level unitarity constraint on the couplings. As
05500
,

e
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e
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e

are primarily interested in examining the case of a very lig
pseudoscalar Higgs boson, we can safely neglectMA in our
calculation. In theMA→0 limit the scalar integrals becom
@40#

C0~s!5
22

s2mZ
2 FFS 4mq

2

s D 2FS 4mq
2

mZ
2 D G , ~B7!

D0~s,t !5
2

st
@G~s,t,s!1G~s,t,t !2G~s,t,mZ

2!#, ~B8!

whereF is given in Eq.~23!, andG can be written in terms
of Spence functions

G~s,t,y!5
1

f H SpS a2

a22bD2SpS a1

a12bD1SpS a2

b2a1
D

2SpS a1

b2a2
D1 logS 2a2

a1
D

3 logS 12 i e2
y

mf
2

a2a1D J , ~B9!

with f5A114mq
2(mZ

22s2t)/(st), a65 1
2 (16f)/2, and

b5 1
2 (11A124(mq

22 i e)/y).
It is easy to estimate the order of the scalar integrals a

ing from a heavy quark: ifmq.2mZ and MA→0, we can
use the heavy mass expansion approximation. The lea
term of the three-point scalar integral isC(s,t);
21/(2mq

2), which can be differentiated with respect tomq
2 to

give D(s,t);1/(6mq
4). We then have C(s);21.62

31025 GeV22 and D(s,t);1.78310210 GeV24 for mq
5175 GeV, the top quark case. On the other hand, for thb
quark loop, numerical evaluation givesuC(s)u;1024

21023 GeV22 and uD(s,t)u;102621025 GeV24, which
indicates that bottom quark contributions may compete w
that of the top quark, even if we consider the factor
(mq /mZ)4 in Eq. ~B3!. In conclusion, the decay branchin
ratio due to the top and bottom quark loop contributions

Br~Z→AAA!51.3310218Ct
612.47310217Cb

617.63

310218Ct
3Cb

3 ~B10!

which is many orders below the estimate given before. Ho
ever, there is no contradiction because the authors of
@39# used a rough estimate to show that top quark loo
cannot enhance the branching fraction ofZ→AAA beyond
10210 in the case ofCt51. From Eq.~B10! we can see tha
top quark contribution is smaller unlessCt@1, while bottom
quark contribution is larger forCb.Ct . A large Cb in a
type-II THDM-like model implies large tanb; however, be-
cause of the unitarity bound, the couplingCb cannot be ar-
bitrary large. By requiring the validity of a perturbation ca
culation we can derive the upper bound onCb to be about
120 which yields Br(Z→AAA);1025.
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APPENDIX C: THE PROCESSES f̄ f\ZAA AND q̄q8
\W¿AA

1. Squared amplitude of f̄ f\ZAA

The Feynman diagrams contributing to the scattering
f̄ f→ZAA are shown in Fig. 15. The scattering amplitude
f̄ (p1) f (p2)→Z(k)A(k1)A(k2) can be written as

M5ūfgm~gL
f PL1gR

f PR!uf@F0gmn1F1k2
mk1

n

1F2k1
mk2

n#en* ~k!, ~C1!

wheregL
f 5I 32efsw

2 andgR
f 52efsw

2 , with I 3 the weak isos-
pin of the fermion andef its electric charge in units of that o
the positron. After averaging over the spins and colors of
initial state and summing over the polarizations of the fi
state particles we obtain

1

4 (
spins

uMu25
Ncg

6x2

4mZ
2~s2mZ

2!2 F(
i 50

2

z i uj i u2

1 (
i , j 50,j . i

2

z i j Re~j ij j !G , ~C2!

whereNc51 or 1/3 for leptons or quarks, respectively. Fu
thermore
rt

te
g
e

e

05500
f
r

e
l

x25
I 3

222efI 3sw
2 12ef

2sw
4

cw
6

, ~C3!

whereas thez i are

z054~k•p1!~k•p2!1mZ
2s, ~C4a!

z15~MA
2s24~k2•p1!~k2•p2!!„MA

2mZ
22~k•k1!2

…,
~C4b!

z25z1~k1↔k2!, ~C4c!

z0152~mZ
2h~k1!2~k•k1!h~k!!, ~C4d!

z025z01~k1↔k2!, ~C4e!

z1252~mZ
2~k1•k2!2~k•k1!~k•k2!!h~k1!, ~C4f!

h~ l !5s~ l •k2!22„~ l •p1!~k2•p2!1~ l •p2!~k2•p1!…,
~C4g!

ands5(p11p2)2. The form factorsj i are given by

j i[j i
Z5j i

h1j i
H . ~C5!

Diagrams with theZZAAandZZH(h) vertices contribute to
the j0 form factor, whereas those with theZAH(h) vertex
contribute toj1,2
j0
f5

1

2
2

1

~s22Mf
2 ! 5

sd2

s2b
2 @2cd1

m12
2 2s2b

2 sd2
MA

22s2b~cacb
32sasb

3 !Mh
2#, f5h

cd2

s2b
2 @2sd1

m12
2 2s2b

2 cd2
MA

22s2b~casb
31sacb

3 !MH
2 #, f5H,

~C6a!

j1,2
f 5

1

~k1k1,2!
22Mf

2 H cd2

2 , f5h,

sd2

2 , f5H,
~C6b!
.

son
whered65b6a ands25(k11k2)2. In addition it is under-
stood that the Higgs propagators acquire an imaginary pa
the resonance region, i.e.,p22Mf

2 →p22Mf
2 1 iGfMf ,

whereGf is the total width off.

2. Squared amplitude ofq̄q8\W¿AA

The partonic processq̄q8→W1AA receives contributions
from just five diagrams if the quark masses are neglec
These diagrams can be obtained from those contributin
the processf̄ f→ZAA, cf. Fig. 15. After a few changes, th
above results can also be easily translated to obtain the
spective squared amplitude. First of all, in Eq.~C1! we have
gL5Vqq8/2 andgR50, together with the appropriate chang
of notation regarding the Dirac spinors.Vqq8 is the CKM
in

d.
to

re-

mixing matrix element. Secondly in Eq.~C2! x2 is now
given by

x25
uVqq8u

2

2
, ~C7!

whereas the substitutionmZ→mW must be done everywhere
Finally, thej i form factors are defined now as

j i[j i
W5j i

h1j i
H1j i

H1
, ~C8!

wherej0
f are the same as those in Eq.~C6a!, and

j1,2
H1

5
1

~k1k1,2!
22MH1

2 . ~C9!

Again, in the resonance region, the charged Higgs bo
propagator acquires an imaginary part.
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