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Finding the CP-violating Higgs bosons ate1e2 colliders
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We discuss a general two-Higgs-doublet model withCP violation in the Higgs sector. In general, the three
neutral Higgs fields of the model all mix and the resulting physical Higgs bosons have no definiteCP
properties. We derive a new sum rule relating Yukawa and Higgs-Z couplings which implies that a neutral
Higgs boson cannot escape detection at ane1e2 collider if it is kinematically accessible inZ1Higgs boson,
bb̄1Higgs boson andt t̄ 1Higgs boson production, irrespective of the mixing angles and the masses of the
other neutral Higgs bosons. We also discuss modifications of the sum rules and their phenomenological
consequences in the case when the two-doublet Higgs sector is extended by adding one or more singlets. A
brief discussion of the implications of the sum rules for Higgs boson discovery at the Fermilab Tevatron and
CERN LHC is given.@S0556-2821~99!05917-2#
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I. INTRODUCTION

Despite the spectacular successes of high-energy ph
~e.g. precision tests of the standard model!, the origins of
mass and ofCP violation still remain mysteries from both
the experimental and the theoretical points of view. Mod
of mass generation by electroweak symmetry break
driven by elementary scalar dynamics predict the existe
of one or more physical Higgs bosons. The minimal mode
a one-doublet Higgs sector as employed in the stand
model ~SM!, which gives rise to fermion masses and to
single physicalCP-even Higgs scalar boson,hSM. But, a
Higgs boson has yet to be observed. RegardingCP, there is
only one solid experimental signal ofCP violation, namely
KL

0→p1p2 decay@1#. The classical method for incorpora
ing CP violation into the SM is to make the Yukawa cou
plings of the Higgs boson to quarks explicitly complex,
built into the Kobayashi-Maskawa mixing matrix@2# pro-
posed more than two decades ago. However,CP violation
could equally well be partially or wholly due to other mech
nisms. The possibility thatCP violation derives largely from
the Higgs sector itself is particularly appealing. Even t
simple two-Higgs-doublet model~2HDM! extension of the
one-doublet SM Higgs sector provides a much richer fram
work for describingCP violation; in the 2HDM, spontane
ous and/or explicitCP violation is possible in the scala
sector@3#.

The CP-conserving~CPC! version of the 2HDM has re
ceived considerable attention, especially in the context of
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minimal supersymmetric model~MSSM! @4#. It predicts1 the
existence of two neutralCP-even Higgs bosons (h0 andH0,
with mh0<mH0), one neutralCP-odd Higgs boson (A0) and
a charged Higgs pair (H6). However, in a general 2HDM
with CP-violation ~CPV! in the scalar sector, the three ele
trically neutral Higgs fields mix and the physical mass eige
states,hi ( i 51,2,3), have undefinedCP properties.

The absence of anye1e2→ZhSM signal in CERNe1e2

collider LEP1 data~where theZ is virtual! and LEP2 data
~where theZ is real! translates into a lower limit onmhSM

which has been increasing as higher energy data beco
available. The latest analysis of four LEP experiments atAs
up to 189 GeV impliesmhSM

greater than 87.5 GeV
~ALEPH!, 94.1 GeV~DELPHI!, 95.5 GeV~L3!, 94.0 GeV
~OPAL! @6#. The negative results of Higgs boson searche
LEP can be formulated as restrictions on the parameter s
of the 2HDM and more general Higgs sector models. As
been shown in Refs.@7,8#, the sum rules for the Higgs
boson–Z-boson couplings derived in theCP-conserving
2HDM can be generalized to theCP-violating case to yield
a sum rule@see Eq.~14!# that requires at least one of th
ZZhi , ZZhj and Zhihj ~any iÞ j , i , j 51,2,3) couplings to
be substantial in size. Very roughly, this implies that if the
are two light Higgs bosons withmhi

1mhj
, mhi

1mZ and

mhj
1mZ all sufficiently belowAs, then at least one will be

observable. A recent analysis of LEP data shows that
95% confidence level exclusion region in the (mhi

,mhj
)

plane that results from the general sum rule is quite sign
cant @9#.

1However, with soft-supersymmetryCP-violating phases, theh0,
H0 andA0 will mix beyond the Born approximation@5#.
©1999 The American Physical Society11-1
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It is also appropriate to consider the implications of t
precision LEP and Tevatron electroweak data for the gen
2HDM. In the context of the SM,mhSM

<260 GeV is re-

quired for Dx2<(1.64)2 ~corresponding to 95% C.L. for a
one-sided distribution! @10#. In the 2HDM, any neutral Higgs
boson with significantZZh coupling (gWWh/gZZh is the
same as in the SM! contributes toDr an amount given by
gZZh

2 /gZZhSM

2 times the contribution of a SM Higgs boson

the same mass. In the absence of additional contribution
Dr, the SM limit roughly converts to the requirement that
least one of the neutralhi must have mass below 260 Ge
and have substantialZZhi coupling. However, if the Higgs
bosons of the 2HDM are not all degenerate, there can
additional positive contributions toDr which compensate an
enhanced negative contribution toDr ~by virtue of larger
mh) from the diagrams involving theZZh and WWh cou-
plings. Very roughly@4#, substantial extra contributions aris
when there is a~neutral! hi with umhi

2mH6u and ghiH
6W7

both large or when there is a neutralhi-hj pair with
umhi

2mhj
u andghihjZ

both large. In the MSSM, one is pro
tected against such situations by the natural ‘‘decouplin
limit of the model. In the general 2HDM, significant ext
positiveDr contributions are possible in a general scan o
model parameters. Thus, constraints from the precision
are complicated and will not be directly implemented her

In this paper, we consider the 2HDM in the context
higher energy e1e2 linear colliders (As;350
21600 GeV). The general question we wish to addres
whether we are guaranteed to see any neutral Higgs b
that is light. Two scenarios give cause for concern.

First, the precision electroweak suggestion of a lighthi
with significantZZhi coupling could prove correct, in which
case thehi will be seen ine1e2→Z* →Zhi Higgs-strahlung
production. However, it could happen that there are actu
two light Higgs bosons. We denote the second byhj . There
are then two possibilities allowed by the above-mention
sum rule@Eq. ~14!#. ~a! If the hi observed inZhi does not
have full strengthZZhi coupling then either theZhihj or
ZZhj coupling ~or both! must be substantial andhj will be
observable in thehihj or Zhj final state~or both! provided
mhi

1mhj
,As2D andmhj

1mZ,As2D8, whereD andD8

generically represent the subtractions from the absolute k
matic limits due to backgrounds, efficiencies and finite lum
nosity. ~b! If the hi has full strengthZZhi coupling, then the
sum rule guarantees that theZhihj andZhj couplings vanish
and, therefore, thehj will not be discovered via Higgs
strahlung (Zhj ) or pair (hihj ) production. ~Note that the
above conclusions hold regardless of the mixing structure
the neutral Higgs boson sector.! It is case~b! that causes
concern.

A second, and even worse scenario, is the following
could happen that there is only one lighthi but model pa-
rameters conspire so that it has aZZhi coupling that is too
weak for its detection in Higgs-strahlung production while
the same time precision electroweak constraints are satis

The primary result of the present paper is the derivation
new sum rules that relate the Yukawa and Higgs-Z couplings
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of the 2HDM @see Eq.~17!# in such a way as to guarante
that anyhi that is sufficiently light (mhi

12mt,As2D) will

be observable regardless of the mixing structure of the n
tral Higgs boson sector and independent of the masses o
other Higgs bosons. Very roughly, this new sum rule impl
that if the Higgs-strahlung cross section forhi is small be-
cause of smallZZhi coupling, then the cross section for e

ther bb̄hi or t t̄ hi ~dominated by Higgs radiation from th
final state fermions! will be large enough to be detected
the clean environment ofe1e2 collisions.

We shall also discuss the extension of these sum rule
the two-doublet plus one-singletCP-violating model. We
find that there is no guarantee that a single light Higgs bo
will be observable. However, the extended sum rules do
ply that if there are three light~as defined above! Higgs
bosons, then at least one will be observable ine1e2 colli-

sions via production in association withbb̄ or t t̄ .
Before proceeding, it should be emphasized that our

sults make no assumption as to the nature of the mode
energies above the Higgs boson masses. As shown in
@11#, demanding perturbativity for all couplings up to a sca
of order the Planck mass places strong constraints on
spectrum of those Higgs bosons that have substantialZZ
coupling. These constraints are such that the next genera
of e1e2 collider would be able to seeZh production for at
least one Higgs boson or collection of Higgs bosons. O
focus here is on results that apply purely as a result of
structure of the low-energy Higgs sector model.

The paper is organized as follows. In Sec. II, we outli
how CP violation arises in the 2HDM and give the gener
forms of theZZ-Higgs, Z-Higgs-Higgs, and Higgs Yukawa
couplings in terms of the matrix specifying the mixing of th
neutral Higgs bosons. In Sec. III, we present the crucial s
rules for these couplings. In Sec. IV, we specify the exist
experimental constraints that we require be satisfied as
scan over Higgs masses and mixing parameters. Nume
results forZh1h2 , bb̄h1 and t t̄ h1 cross sections resulting
from the scan over 2HDM parameter space are presented
discussed in Sec. V. In Sec. VI, we extend the sum rule
the case of the two-doublet plus one-singlet Higgs sector
outline implications. In Sec. VII, we present an outline of t
impact of the sum rules for Higgs boson discovery at
Fermilab Tevatron and CERN Large Hadron Collid
~LHC!. Concluding remarks are given in Sec. VIII. The Ap
pendix presents the detailed cross section formula for
e1e2→ f f̄ hi process allowing for Higgs boson mixing an
CP violation.

II. THE TWO-HIGGS-DOUBLET MODEL
WITH CP VIOLATION

The 2HDM of electroweak interactions contains tw
SU~2! Higgs doublets denoted byF15(f1

1 ,f1
0) and F2

5(f2
1 ,f2

0) and is defined by Yukawa couplings and th
Higgs potential. The most general renormalizable scalar
tential for the model has the following form:
1-2
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V~F1 ,F2!5Vsymm~F1 ,F2!1Vso f t~F1 ,F2!

1Vhard~F1 ,F2! ~1!

Vsymm~F1 ,F2!52m1
2F1

†F12m2
2F2

†F21l1~F1
†F1!2

1l2~F2
†F2!21l3~F1

†F1!~F2
†F2!

1l4uF1
†F2u21

1

2
@l5~F1

†F2!21H.c.#

Vso f t~F1 ,F2!52m12
2 F1

†F21H.c.

Vhard~F1 ,F2!5
1

2
l6~F1

†F1!~F1
†F2!1

1

2
l7~F2

†F2!

3~F1
†F2!1H.c.

If both of the two Higgs boson doublets couple to up- or
down-type quarks~or to both types!, flavor changing neutra
currents~FCNC! are generated at tree level. To avoid FCN
it is customary to impose a discreteZ2 symmetry under
which

F2→2F2 , uiR→2uiR ~2!

and the other fields are unchanged. Then,F2 couples only to
up-type quarks andF1 couples only to down-type quark
and leptons. The resulting invariant fermion-Higgs Yuka
interactions can be written in the form

LY52~ ūi ,d̄i !LGu
i j F̃2ujR2~ ūi ,d̄i !LGd

i j F1djR

2~ n̄ i ,ēi !LGe
i j F1ejR1H.c., ~3!

where i , j are generation indices andF̃2 is defined as
is2F2* . Only the first termVsymm(F1 ,F2) in Eq. ~2! is
symmetric underZ2 . However, if theZ2 symmetry is broken
only softly ~that is by operators of dimension 3 and less! then
renormalizability is preserved@12# and FCNC effects remain
small. The unique soft-breaking term is that appearing
Vso f t(F1 ,F2). The dimension 4 terms contained
Vhard(F1 ,F2) break theZ2 symmetry in a hard way and
therefore cannot be accepted.2

The 2HDM Higgs sector can exhibit either explicit o
spontaneousCP violation.CP violation is explicit if there is
no choice of phases such that all the potential parameter
real. CP violation is said to be spontaneous if the potent
minimum is such that one of the two vacuum expectat
values is complex, even though all the potential parame
can be chosen to be real. If onlyVsymmis present then neithe
explicit nor spontaneousCP violation can be present in th
Higgs sector@13#. In fact, when FCNC are suppressed
imposing exact Z2 symmetry, one must introduce a thir
Higgs doublet in order to allow forCP violation in the Higgs
sector. However, both explicit and spontaneousCP violation

2If Vhard is present, there is no argument for dropping the FC
Yukawa terms which are also of dimension 4.
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in the 2HDM become possible even if theZ2 symmetry is
only broken softly. TheCP violation will be explicit in
Vsymm1Vso f t if Im(m12*

4l5)Þ0. When Im(m12*
4l5)50,

spontaneousCP violation can arise as follows. Without los
of generality, the phase ofF1 can be chosen such that i
vacuum expectation value is real and positive,^F1&
5v1 /& ~with v1.0), and the phase ofF2 such that thel5
coupling is real and positive. Then, the second Higgs dou
will have a complex vacuum expectation value,^F2&
5v2eiu/& (v2.0 by convention!,3 provided

U m12
2

l5v1v2
U,1, ~4!

since, then, the minimum of the potential occurs for@14#

cosu5
m12

2

l5v1v2
. ~5!

Therefore, the 2HDM with Higgs potential given byVso f t
1Vsymm is a very attractive and simple model in which
explore the implications ofCP violation in the Higgs sector.

After SU~2!3U~1! gauge symmetry breaking, one comb
nation of neutral Higgs fields,&(cb Im f1

01sb Im f2
0), be-

comes a would-be Goldstone boson which is absorbed
giving mass to theZ gauge boson.~Here, we use the notation
sb[sinb, cb[cosb, where tanb5v2 /v1.) The same mixing
angle,b, also diagonalizes the mass matrix in the charg
Higgs sector. If either explicit or spontaneousCP violation
is present, the remaining three neutral degrees of freedo

~w1 ,w2 ,w3![&~Ref1
0 ,Ref2

0 ,sb Im f1
02cb Im f2

0!
~6!

are not mass eigenstates. The physical neutral Higgs bo
hi ( i 51,2,3) are obtained by an orthogonal transformati
h5Rw, where the rotation matrix is given in terms of thre
Euler angles (a1 ,a2 ,a3) by

R5S c1 2s1c2 s1s2

s1c3 c1c2c32s2s3 2c1s2c32c2s3

s1s3 c1c2s31s2c3 2c1s2s31c2c3

D , ~7!

wheresi[sinai and ci[cosai . Without loss of generality,
we assumemh1

<mh2
<mh3

.
As a result of the mixing between real and imagina

parts of neutral Higgs fields, the Yukawa interactions of t
hi mass eigenstates are not invariant underCP. They are
given by

L5hi f̄ ~Si
f1 iPi

fg5! f ~8!

where the scalar (Si
f) and pseudoscalar (Pi

f) couplings are
functions of the mixing angles. For up-type quarks we ha

3In this normalizationv[Av1
21v2

252mW /g5246 GeV.
1-3
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Si
u52

mu

vsb
Ri2 , Pi

u52
mu

vsb
cbRi3 , ~9!

and for down-type quarks one finds

Si
d52

md

vcb
Ri1 , Pi

d52
md

vcb
sbRi3 , ~10!

and similarly for charged leptons. For large tanb, the cou-
plings to down-type fermions are typically enhanced over
couplings to up-type fermions.

In the following analysis we will also need the couplin
of neutral Higgs andZ bosons; they are given by

gZZhi
[

gmZ

cW
Ci5

gmZ

cW
~sbRi21cbRi1! ~11!

gZhihj
[

g

2cW
Ci j 5

g

2cW
~wiRj 32wjRi3! ~12!

gZZhihj
[

g2

2cW
2 Xi j 5

g2

2cW
2 (

k51

3

RikRjk ~13!

wherewi5sbRi12cbRi2 , cW5cosuW, g is the SU~2! gauge
coupling constant andmZ denotes theZ-boson mass. In the
case of the 2HDM,Xi j 5d i j by virtue of the orthogonality of
R and its 333 dimensionality; in particular, theZZhihj cou-
pling is not suppressed by mixing angles.

The CP-conserving limit can be obtained as a spec
case:a25a350. Then, if we takea15p/22a, a is the
conventional mixing angle that diagonalizes the ma
squared matrix for&Ref1

0 and&Ref2
0. The resulting mass

eigenstates are h152h0, h25H0 and &(sb Im f1
0

2cb Im f2
0)52A0, where h0, H0 (A0) are theCP-even ~

CP-odd! Higgs bosons defined earlier for the CPC 2HDM

III. SUM RULES FOR THE HIGGS BOSON COUPLINGS

As discussed earlier, we wish to determine whether or
the additional freedom in Higgs boson couplings in the g
eral CP-violating 2HDM ~by tuning the mixing angles on
can suppress certain couplings! is sufficient to jeapordize ou
ability to find light neutral Higgs bosons. We will show th
the unitarity ofRi j implies a number of interesting sum rule
for the Higgs couplings which prevent the hiding of a
neutral Higgs boson that is sufficiently light to be kinema
cally accessible~a! in Higgs-strahlungand Higgs pair pro-
duction, or ~b! Higgs-strahlungand bb̄1Higgs bosonand

t t̄ 1Higgs boson.
~a! Let us first recall the sum rule for Higgs-Z couplings

that requires at least one of theZZhi , ZZhj andZhihj ~any
iÞ j , i , j 51, 2,3! couplings to be substantial in size@8#,
namely

Ci
21Cj

21Ci j
2 51 ~14!
07501
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where iÞ j are any two of the three possible indices.4 The
power of Eq. ~14! with i , j 51,2 for LEP physics derives
from two facts: it involves only two of the neutral Higg
bosons; and the experimental upper limit on any oneCi

2

derived frome1e2→Zhi data is very strong—Ci
2&0.1 for

mhi
&70 GeV. Thus, ifh1 andh2 are both below about 70

GeV in mass, then Eq.~14! requires thatC12
2 ;1, whereas for

such masses the limits one1e2→h1h2 from LEP2 data re-
quire C12

2 !1. As a result, there cannot be two light Higg
bosons even in the generalCP-violating case; the excluded
region in the (mh1

,mh2
) plane that results from a recen

analysis by the DELPHI Collaboration can be found in R
@9#.

At a higher energye1e2 collider, Eq. ~14! will have
many possible applications. If no Higgs boson is discove
in Higgs-strahlung or Higgs pair production, Eq.~14! will
imply that at least one ofmhi

1mhj
, mhi

1mZ andmhj
1mZ

must be.As2D for any choice ofi and j . However, as
noted earlier, this does not preclude the possibility that th
is a light hi with mhi

1mZ,As2D but with small ZZhi

coupling. More likely, the precision electroweak suggest
will turn out to be correct and at thee1e2 collider we will
find at least one Higgs boson ine1e2→Zhi production
~note thathi need not be the lightest neutral Higgs boso!
and measure itsCi with good accuracy. If the observedhi
hasCi;1, then Eq.~14! implies that any otherhj must have
small ZZhj andZhihj couplings and will not be observabl
in Higgs-strahlung or Higgs pair production~in association
with the observedhi). If the measuredCi is substantially
smaller than 1, then Eq.~14! implies that eithere1e2

→hihj or e1e2→Zhj would have a substantial rate for an
sufficiently light hj ( j Þ i ). If a secondhj has not been de
tected, we would then conclude thatmhj

.min@As2mhi

2D,As2mZ2D8# for the other two j Þ i neutral Higgs
bosons.

~b! If even one of the three processes,Zh1 , Zh2 ~Higgs-
strahlung! andh1h2 ~pair production!, is beyond the collid-
er’s kinematical reach, the sum rule in Eq.~14! is not suffi-
cient to guaranteeh1 or h2 discovery. For example, suppos
that h1h2 production is not kinematically allowed. Equatio
~14! can be satisfied by takingC12;1 andC1,2;0. For these
choices,Zh1 and Zh2 production would be suppressed an
unobservable~even if kinematically allowed! because of
small C1 and C2 , respectively. However, we find that th
Yukawa andZZ couplings of any one Higgs boson also ob
sum rules which require that at least one of these coupli
has to be sizable; i.e., ifCi;0 at least onehi Yukawa cou-
pling must be large. Thus, if anhi is sufficiently light, its
detection will be possible, irrespective of the neutral Hig
sector mixing.

To derive the relevant sum rules, it is convenient to int
duce rescaled couplings

4Another interesting sum rule readsCi j
2 5Ck

2 for ( i , j ,k) being any
permutation of~1,2,3!.
1-4
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Ŝi
f[

Si
fv

mf
, P̂i

f[
Pi

fv

mf
, ~15!

where f 5t,b.5 Using Eqs.~9! and ~10!, one finds

~Ŝi
t!21~ P̂i

t!25S cosb

sinb D 2

@Ri3
2 1Ri2

2 /cos2 b#; ~16!

~Ŝi
b!21~ P̂i

b!25S sinb

cosb D 2

@Ri3
2 1Ri1

2 /sin2 b#.

Using the unitarity ofRi j , these can be written as

~Ŝi
t!21~ P̂i

t!25S cosb

sinb D 2F11
Ci

cos2 b
~2Ŝi

b cos2 b1Ci !G ;
~17!

~Ŝi
b!21~ P̂i

b!25S sinb

cosb D 2F11
Ci

sin2 b
~2Ŝi

tsin2 b1Ci !G .
From Eq. ~17!, we see that if a light Higgs bosonhi has
suppressed coupling toZZ, Ci→0, then (Ŝi)

21( P̂i)
2 for the

top and bottom quark rescaled couplings behaves as c2 b
and tan2 b, respectively. IfCi561, i.e., full strengthZZhi

coupling, one finds that (Ŝi)
21( P̂i)

2→1, for both the top
and the bottom quark couplings, in the limit of either ve
large or very small tanb. More generally, combining the two
sum rules, as written in Eq.~16!, and using unitarity again
we find

sin2 b@~Ŝi
t!21~ P̂i

t!2#1cos2 b@~Ŝi
b!21~ P̂i

b!2#51 ~18!

independently ofCi . Equation~18! implies that the Yukawa
couplings to top and bottom quarks cannot be simultaneo
suppressed. As the earlier examples show, the rela
weighting is a sensitive function of both tanb and Ci . In
some sense, the most pessimistic case for measuring
Yukawa couplings isuCi u51 in that it forbids significant
enhancement for either the top or the bottom Yukawa c
plings — both are SM-like in the limit of large or sma
tanb. Still, Eq. ~18! guarantees that, with sufficient inte
grated luminosity, determination of at least one of the t
Yukawa couplings will be possible for anyhi kinematically
accessible int t̄ hi ~as well asbb̄hi) production.

The above makes it apparent that the complete Hi
hunting strategy ate1e2 colliders, and at hadron colliders a

5For obvious reasons we consider the third generation of qua
Similar expressions hold for for lighter generations.
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well, should include not only the Higgs-strahlung proce
and Higgs pair production but also the Yukawa process6

with Higgs radiation off top and bottom7 quarks. Details of
this strategy at a futuree1e2 collider are discussed in Sec
V.

For definiteness, in what follows we will consider th
high luminosity option that has been examined in the cont
of the DESY TeV Energy Superconducting Linear Accele
tor ~TESLA! design, for which one expectsL5500 fb21y21

at As5500 GeV @17#. We will consider Higgs discovery
possibilities after combiningZ1Higgs boson, Higgs pair
bb̄1Higgs boson and t t̄ 1Higgs boson production
Throughout this paper, we will employ the criterion of r
quiring 50 events~before cuts and various detection efficie
cies, such as those associated withb tagging! for observation
of any one of the above production processes. Clearly, th
an over simplification given that these four production p
cesses will have different overall efficiencies and differe
background levels. However, we believe that 50 raw eve
is a conservative requirement. Past experimental studies
e1e2 colliders have usually found techniques for uncoveri
a signal starting with a substantially smaller raw number
events. In particular, as regards the specific processes
sidered here, it seems likely that at t̄ 1Higgs event would be
very hard to miss and would have very small backgrou
We hope that experimentalists will refine the results we
tain in what follows based on the 50 event criterion.

IV. EXPERIMENTAL CONSTRAINTS

In the numerical analyses that follow we will include co
straints on the model parameters that result from the cur
experimental limits. Thus, in this section, we briefly discu
the experimental data that will be taken into account a
how they constrain the general CPV 2HDM model. F
given Higgs boson masses, we must consider all n
redundant values of the mixing anglesa i . Existing data al-
ready exclude certain configurations of masses and ang
see e.g.@8,9#. We will follow the method used in Ref.@8#,
with updated experimental input. The constraints that we
pose on the mixing angles are as follows:

The Ci
2 are restricted by non-observation of Higg

strahlung events at LEP1 and LEP2. We take the limits p
sented in Fig. 16 of Ref.@18# for the case when nob-tagging
has been used. By doing this, we avoid potential proble
concerning the dependence of the Higgs-bb̄ boson and
Higgs-t1t2 boson branching ratios on the mixing angles8

The contribution to the totalZ-width from Z→Z* hi

→ f f̄ hi ~summed overi 51,2,3) andZ→hihj ~summed over
i , j 51,2,3:i . j ) is required to be below 7.1 MeV; se
Ref. @19#.

s.

6The importance of the Yukawa processes in the context of aCP
conserving 2HDM for large tanb has been stressed in the pa
many times@15,16#.

7Looking for radiation off the tau leptons in the case of large tanb
may also help.

8We thank F. Richard for discussions on this point.
1-5
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For any given values of (m1 ,m2) and thea i , we calcu-
late the number of expected events in the processese1e2

→h1h2→bb̄bb̄1bb̄t1t2 at the LEP2 energiesAs5133,
161, 170, 172, 183 GeV using the corresponding integra
luminositiesL55.2, 10.0, 1.0, 9.4, 54 pb21, assuming effi-
ciencye5.52 in the individualbb̄bb̄ andbb̄t1t2 channels.
Our calculations take into account the mixing-angle dep
dence of the Higgs-boson branching ratios tobb̄ or t1t2.9

If the probability of observing zero events~after summing
the rates for all energies! is below 5%, the set of masses an
mixing angles is assumed to be excluded.

V. HIGGS BOSON PRODUCTION IN e1e2 COLLIDERS

As we argued above, ine1e2 collisions production of
light neutral Higgs boson~s! can proceed via three importan
mechanisms:~a! bremsstrahlung off theZ boson, e1e2

→Zh1 , ~b! Higgs pair production,e1e2→h1h2 , and~c! the
Yukawa processes with Higgs radiation off a heavy ferm
line in the final state,e1e2→ f f̄ h1 . The Yukawa processe
are particularly important if~a! is dynamically suppressed b
the mixing and~b! is kinematically forbidden.

In order to treat the three processes on the same foo
we will discuss the production ofh1 in association with
heavy fermions:
c

n-

ith

g

s
s f

07501
d

-

n

g,

e1e2→ f f̄ h1 . ~19!

Feynman diagrams for processes~a! and ~b! contribute to
this final state whenZ→ f f̄ andh2→ f f̄ , respectively. IfuC1u
is not too near 1, Eqs.~9!,~10! imply that radiation diagrams
~c! are enhanced when the Higgs boson is radiated off
quarks for small tanb and off bottom quarks ort leptons for
large values of tanb.

Since all fermion and Higgs boson masses in the fi
state must be kept nonzero, the formulas for the cross sec
are quite involved. For the CPC case, they can be read
from Ref. @16#. In the CPV case, they are more complicat
due to mixing of all neutral Higgs bosons. Therefore, f
completeness, we will present the formula for the cross s
tion. Let Qf denote the electric charge,Nc the number of
colors,af andv f the axial and vectorZ charges of the fer-
mion f normalized as

af5
2I L

f

4sWcW
, v f5

2I L
f 24QfsW

2

4sWcW
, ~20!

with I L
f 561/2 being the weak isospin of the left-hande

fermions. The total cross section for the process~19! can be
written as follows:
s5E dx1dx2Nc

s0

4p H Fqe
2qf

212
qeqfvev f~12z!

~12z!21zgz
1

~ve
21ae

2!~v f
21af

2!

~12z!21zgz
G~G11F1!

1
ae

21ve
2

~12z!21zgz
Faf

2~G21F21G31G41G51G6!1 v f
2~G41G6!1

1

16sW
2 cW

2 ~G71F3!1
af

4sWcW
~F41G8!G

1
qfqevev f~12z!

~12z!21zgz
G6J , ~21!
r the

gh

xing

for

r

n

wheres054pa2/3s is the standard normalization cross se
tion. Here,As is the total c.m. energy,x1,252Ef , f̄ /As are the
reduced energies of fermions in the final state andz
5mZ

2/s, gz5GZ
2/s are the reduced mass and width of theZ

boson, respectively. The functionsGi andFi are given in the
Appendix:G1,2 andF1,2 arise from squaring graphs whereh1
is radiated from the fermion;G3,4 arise from squaringZ
→Zh1 graphs;G5,6 arise from interference between fermio
radiation andZh1 graphs; the remainingG’s andF ’s involve
Higgs pair production graphs and their interference w
fermion-radiation andZh1 graphs.

If the coupling of theh1 to theZ boson is not dynamically
suppressed, i.e.C1 is substantial, then the Higgs-strahlun

9In the previous analysis@8# the SM branching ratios for the Higg
boson decays were used. We find, however, that our final result
cross sections are nearly insensitive to this modification.
-process,e1e2→Zh1 , will be sufficient to find it. In the
opposite case, our focus in this paper, one has to conside
other processes~b! and/or~c!, for which the sum rules~14!
and ~17! will imply that the neutral Higgs boson~s!, if kine-
matically accessible, will be produced at a comfortably hi
rate at a high luminosity future lineare1e2 collider. Below
we will consider two situations:~i! two light Higgs bosons,
and ~ii ! one light Higgs boson.

~i! mh1
1mh2

, mh1
1mZ ,mh2

1mZ,As:
If the Higgs-strahlung processes are suppressed by mi

angles,C1 ,C2!1, then from Eq.~14! it follows that Higgs
pair production is at full strength,C12;1. In particular, we
will retain only those configurations of angles and masses
which, at a given value ofAs, the total numbers ofe1e2

→Zh1 and~separately! Zh2 events are both less than 50 fo
an integrated luminosity of 500 fb21. In Fig. 1 we show
contour plots for the minimum value of the pair productio
cross section,s(e1e2→h1h2), as a function of Higgs boson

or
1-6
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masses atAs5350, 500, 800 and 1600 GeV. With integrate
luminosity of 500 fb21, a large number of events~large
enough to allow for selection cuts and experimental effici
cies! is predicted for all the above energies over a bro
range of Higgs boson masses. If 50 events before cuts
efficiencies prove adequate, one can probe reasonably c
to the kinematic boundary defined by requiring thatmh1

1mZ , mh2
1mZ andmh1

1mh2
all be less thanAs.

~ii ! mh1
1mZ,As, mh1

1mh2
, mh2

1mZ.As:

In this case, ifC1 is small the sum rules~17! imply that
Yukawa couplings may still allow detection of theh1 . We
illustrate this in Fig. 2 by plotting the minimum and max
mum values ofs(e1e2→ f f̄ h1) for f 5t,b as a function of
the Higgs boson mass, where the scan over the mixing an
a1 , a2 and a3 at a given tanb is constrained by presen
experimental constraints and by the requirement that fe
than 50 Zh1 events are predicted forAs5500 GeV andL
5500 fb21. @The results are essentially independent ofmh2

~andmh3
) for mh1

1mh2
.As.# Overall, Fig. 2 shows that if

mh1
is not large there will be sufficient events in either t

bb̄h1 or the t t̄ h1 channel~and perhaps both! to allow h1
discovery. The smallest reach inmh1

arises if 1& tanb&10

FIG. 1. Contour lines for min@s(e1e2→h1h2)# as functions of
Higgs boson masses for the indicatedAs values. The number nex
to each contour is the minimum cross section in units of fb.
scanning over mixing anglesa i , we respect the experimental con
straints listed in Sec. IV, and we require that at the givenAs the
number ofe1e2→Zh1 or Zh2 events is less than 50 for total lu
minosity L5500 fb21. The contour lines are plotted for tanb
50.5; the plots are virtually unchanged for larger values of tanb.
The contour lines overlap in the inner corner of each plot as a re
of excluding mass choices inconsistent with experimental c
straints from LEP2 data.
07501
-
d
nd
se
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and thea i ’s are such that thet t̄ h1 cross section is minimal
For example, let us assumeL5500 fb21 at As5500 GeV
and take 50 events~before cuts and efficiencies! as the cri-
teria ~i.e. we require s.0.1 fb). If tanb51, s(bb̄h1)
!0.1 fb for all mh1

while smin(tt̄h1) falls below 0.1 fb for

mh1
.70 GeV. At tanb510, smin(tt̄h1)!0.1 fb and

smin(bb̄h1).smax(bb̄h1) falls below 0.1 fb for mh1

.80 GeV. A As51 TeV machine would considerably ex
tend this mass reach.

For a given tanb value, especially interesting features
theC1;0 cross sections of Fig. 2 are the following.~a! The
minimal and maximalbb̄h1 cross sections are almost equa
Further, for any given values of tanb and mh1

, by explicit

computation one findss(bb̄A0).s(bb̄h1), wheres(bb̄A0)
is the cross section computed in theCP-conserving two-
doublet model. ~b! Similarly, one finds s(t t̄ A0)
.smin(tt̄h1). These features can be understood as follow

That theC1;0 cross sections should be related to theA0

cross sections is not altogether surprising given that in
limit of C1→0 the h1 behaves like theA0 in that it de-
couples fromZZ. However, to understand why~for C1
;0) the minimal and maximalh1 cross sections and theA0

lt
-

FIG. 2. The minimal and maximal values~after requiring fewer
than 50 Zh1 events forL5500 fb21) of the cross sections fo

e1e2→bb̄h1 ~a! and e1e2→t t̄ h1 ~b! are plotted for As
5500 GeV. For a given value of tanb, the same type of line~dots

for tanb50.1 andt t̄ h1 , solid for tanb51, dashes for tanb510,

dots for tanb550 andbb̄h1) is used for the minimal and maxima

values of the cross sections. In the case ofbb̄h1 , the minimal and
maximal values of the cross sections are almost the same. Mass
the remaining Higgs bosons are assumed to be 1000 GeV.
1-7
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GRZADKOWSKI, GUNION, AND KALINOWSKI PHYSICAL REVIEW D 60 075011
cross section are all numerically essentially the same in
bb̄ final state, despite the fact that theh1 possesses non-zer
S and P Yukawa couplings~and therefore is not a genuin
pseudoscalar! requires more discussion. First, we note th
for C1→0, Eq. ~17! implies

~Ŝ1
t !21~ P̂1

t !2→~ P̂A0
t

!2, ~Ŝ1
b!21~ P̂1

b!2→~ P̂A0
b

!2,
~22!

where PA0
t,b are the t and b couplings of theA0 in the

CP-conserving version of the 2HDM. Second, we note t
in Eq. ~21! only G1,25(Si

f)2g1,2 andF1,25(Pi
f)2f 1,2 @where

g1,2 and f 1,2 are functions of kinematic variables only, d
fined by Eqs.~A1! and ~A2! in the Appendix# remain non-
zero asC1→0 ~see Appendix!, implying in rough notation.

ds~e1e2→ f f̄ h1!

df
;~S1

f !2~Ag11Bg2!1~P1
f !2~A f11B f2!,

~23!

whereA, B, f 1,2 and g1,2 are all positive andf denotes a
point in phase space. Thirdly, it is easily verified thatg1

2 f 1 andg22 f 2 are both of ordermf
2/s and thus these dif-

ferences are very small in the case of thebb̄ final state. As a
result, inserting theC1→0 limit of Eq. ~22! into Eq.~21! @or
Eq. ~23!# implies that the minimal and maximal values
s(e1e2→bb̄h1) are essentially the same and that both
very nearly equal tos(e1e2→bb̄A0).

Next, we would like to understand why the minimu
t t̄ h1 cross section is obtained by takingS1

t ;0, equivalent to
@see Eq.~22!# (P1

t )2;(PA0
t )2. Referring to Eq.~23!, we see

that this will be the case if*(Ag11Bg2)df.*(A f1
1B f2)df, as is easily verified.

We note that the minimum cross section values would
altered if the scan over thea i is not restricted by requiring
smallC1 . In particular, if one observesZh1 events and finds
uC1u;1, then, as outlined earlier, both (Ŝ1

t )21( P̂1
t )2 and

(Ŝ1
b)21( P̂1

b)2 will be of order unity, approaching 1 exactly
tanb is either very large or very small. This implies min
mum cross sections values similar to the tanb51 f f̄A0 cross
sections. Thus, at aAs5500 GeV machine with integrate
luminosity of orderL5500 fb21, it would almost certainly
not be possible to usebb̄h1 production to measure theh1’s
bb̄ coupling and, ifmh1

is significantly above 70 GeV, i

would also be difficult to measure itst t̄ Yukawa coupling.
Of course, increasing theAs will extend the range ofmh1

for

which thet t̄ h1 process will have a useful rate.
As a final aside, we emphasize that even ifL5500 fb21

cannot be achieved in a single year of operation atAs
;500 GeV, one can envision accumulating such an in
grated luminosity over a period of several years. Of cou
for As;1 TeV and above, our results may be conservat
given that thee1e2 collider will very probably be designed
to have a yearly integrated luminosity that scales with ene
like s.
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VI. THE TWO-DOUBLET 1ONE-SINGLET „2D1S… HIGGS
SECTOR MODEL

We do not go into the details of the most general Hig
potential for the 2D1S model, but simply state the we
known fact that explicit or spontaneousCP violation is en-
tirely possible for a 2D1S Higgs sector. The primary chan
relative to the formalism given for the two-doublet model
that theR matrix is extended to a 535 matrix. The formulas
for the couplings of a given physical eigenstatehi to ZZ and
to the quarks remain unchanged relative to the two-dou
case, being entirely determined byRi1 , Ri2 and Ri3 in the
basis where

~w1 ,w2 ,w3 ,w4 ,w5![&~Ref1
0 , Ref2

0 , sb Im f1
0

2cb Im f2
0 ,ReN, Im N!, ~24!

with N being the singlet Higgs field. In general, the on
constraints on the parameters of the model are thatR must,
as before, be an orthogonal matrix and the masses-squar
the physical Higgs eigenstates must be non-negative. Ph
cally, this means that we can have two light Higgs boso
that reside entirely within the singlet sector and therefore
not couple to either quarks or gauge bosons. As a result,
can only guarantee discovery of a neutral Higgs boson i
least three of the five physical states are light. Further,
shall show that this guarantee is possible only by employ
the Yukawa radiation processes. No statement will be p
sible for just one or two light Higgs bosons.

We begin by focusing on the generalization of t
Yukawa sum rules to the 2D1S case. Starting from Eq.~16!
~which still applies!, one finds

sin2 b@~Ŝi
t!21~ P̂i

t!2#1cos2 b@~Ŝi
b!21~ P̂i

b!2#

5Ri1
2 1Ri2

2 1Ri3
2 [Ri

2 , ~25!

whereRi
2 is a measure of the extent to whichhi resides in the

two-doublet portion of the Higgs sector. We will refer toRi
2

as the two-doublet content ofhi . In the 2HDM modelRi
2

51 (i 51,2,3) was automatic by virtue of the orthogonali
of R and its 333 dimensionality. However, in the prese
caseRi

25Ri1
2 1Ri2

2 1Ri3
2 512Ri4

2 2Ri5
2 could be zero if the

hi Higgs boson resides entirely in the singlet sector (Ri4
2

1Ri5
2 51). We only know that after summing over all th

physical Higgs bosons we must get the full two-doublet co
tent: ( i 51

5 Ri
253. Results analogous to theCi50 limits of

Eqs.~17! can also be obtained. ForCi50,

~Ŝi
t!21~ P̂i

t!25S cosb

sinb D 2

Ri
2 , ~Ŝi

b!21~ P̂i
b!25S sinb

cosb D 2

Ri
2 .

~26!

Note that both could be zero for a pure singlethi . Summing
over two Higgs bosons does not help, since both Higgs
son could reside entirely in the singlet sector. However, if
sum over three Higgs bosons~we usei 51,2,3 in what fol-
lows!, one finds
1-8
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FINDING THE CP-VIOLATING HIGGS BOSONS AT . . . PHYSICAL REVIEW D 60 075011
(
i 51,2,3

Ri
2511~R44

2 1R45
2 1R54

2 1R55
2 !>1. ~27!

In the worst case,R44
2 5R45

2 5R54
2 5R55

2 50, i.e. the singlet
Higgs field N is entirely contained in the three light Higg
bosons. The two most important implications of these res
are the following.

~1! Equation ~25! implies that our ability to observe
Yukawa radiation process and measure either thebb̄ or the
t t̄ Yukawa coupling of a Higgs bosonhi is determined by its
two-doublet content,Ri

2 . For substantial two-doublet con
tent, andmhi

12mt,As2D, we are guaranteed that at lea
one of these two Yukawa couplings will be measurable.

~2! If there are three light Higgs bosons~light being de-
fined by mhi

12mt,As2D), and two have small Yukawa
couplings, then Eq.~27! implies that at least one of th
Yukawa couplings of the third will be large enough to dete
the Higgs boson in association withbb̄ or t t̄ .

Of course, the Yukawa couplings~squared! could be ap-
portioned more or less equally among the three light Hig
bosons, in which case observation of a Yukawa radiat
process of any one of the three would require substanti
more luminosity than if the two-doublet content resides p
marily in just one of the three.

The generalization to more singlets is clear. Each sin
field introduces two more physical neutral Higgs bosons.
least 112Nsingletof the neutral Higgs bosons must be light
order to guarantee that( i 51

112NsingletRi
2>1, implying definite

opportunity for observing at least one int t̄ hi or bb̄hi asso-
ciated production.

Let us now consider theZhi andhihj processes. We wish
to determine how many of the 2D1S neutral Higgs bos
must be light in order that we are guaranteed to find at le
one in either Higgs-strahlung or Higgs pair production. T
crucial ingredient for obtaining the necessary sum rule is
unitarity sum rule forZZ→hihj as given in the Appendix o
Ref. @20#. In applying this sum rule it is crucial to note tha
the ZZ-Higgs-Higgs boson coupling only receives contrib
tions from the fields in the doublet sector. Thus, in the ba
defined by Eq. ~24!, these interactions have the for
ZZ(w1

21w2
21w3

2) times the standardg2/(2cW
2 ) factor. There

are noZZw4
2 or ZZw5

2 interactions. After diagonalizing, th
ZZhihj coupling coefficient is given@see Eq.~13!# by Xi j

[Ri1Rj 11Ri2Rj 21Ri3Rj 3 . In particular,Xii 5Ri
2 , the two-

doublet content ofhi defined earlier. Using our present n
tation, Eq.~A18! of Ref. @20# becomes

CiCj1(
kÞ i

CikCjk5Xi j , ~28!

which for i 5 j yields

Ci
21(

kÞ i
Cik

2 5Ri
2 . ~29!

Let us define
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W1234[C1
21C2

21C3
21C4

21C12
2 1C13

2 1C14
2

1C23
2 1C24

2 1C34
2 . ~30!

Using Eq. ~29! and summing overi 51,2,3,4 and overi
51,2,3,4,5, one obtains

W12341 (
i , j 51,...,5:i . j

Ci j
2 5(

i 51

4

Ri
2532R5

2 , ~31!

(
i 51

5

Ci
212 (

i , j 51,...,5:i . j
Ci j

2 5(
i 51

5

Ri
253, ~32!

respectively, where we also usedCik
2 5Cki

2 . Unitarity for
ZZ→ZZ scattering and for other vector bosonVV→VV pro-
cesses requires that( i 51,5Ci

251. Inserting this into Eq.~32!
implies that( i , j 51,...,5:i . jCi j

2 51. Inserting this latter resul
into Eq. ~31! yields W1234522R5

2 which must be>1 by
virtue of the fact thatR5

2<1 is required by orthogonality o
R. In words,W1234>1 implies that if there are four Higgs
bosons that are sufficiently light that all theZhi and hihj
production processes are kinematically allowed~and not sig-
nificantly phase-space suppressed!, then at least one of thes
Higgs bosons must be seen in Higgs-strahlung or a pai
Higgs bosons must be seen in pair production. Three li
Higgs bosons are not enough. In particular, analogous
cedures to those sketched above yield the result

W123[C1
21C2

21C3
21C12

2 1C13
2 1C23

2 5(
i 51

3

Ri
2211C45

2 .

~33!

Since we are only guaranteed that( i 51
3 Ri

2>1 and sinceC45

could be quite small even when( i 51
3 Ri

251, there is no
lower bound toW123 and we cannot be certain of finding a
least one Higgs boson in Higgs-strahlung or Higgs pair p
duction in the case that only three are light.10 Thus, if only
three neutral Higgs bosons of the 2D1S model are lig
searching for the Yukawa radiation processes is require
order to guarantee that we will find at least one.

Once again, the generalization of the above considerat
to a CP-violating Higgs sector with one-doublet and mo
than one singlet is obvious. At least 212Nsinglet of the neu-
tral Higgs bosons must be light in order to be certain tha
least one of them will be produced at a significant rate
either Higgs-strahlung or Higgs pair production.

VII. IMPLICATIONS FOR THE FERMILAB TEVATRON
AND THE CERN LHC

Determining the implications of our sum rules for futu
experiments at the Tevatron and the LHC is much more
volved than thee1e2 collider study we have focused on i
previous sections. As above, consider a subset of

10Note: these results correct the erroneous result for this c
given in Ref.@8#.
1-9
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GRZADKOWSKI, GUNION, AND KALINOWSKI PHYSICAL REVIEW D 60 075011
12Nsinglet Higgs bosons coming from a Higgs sector cons
ing of 2 doublets plusNsinglet singlets. Further, consider pa
rameters such that none of the Higgs in this subset has
stantial WW/ZZ coupling, but assume that all have ma
!Aŝ22mt ~whereAŝ is the typically available sub-proces
energy!. Then, the Yukawa coupling sum rules guaran
that at least 1 of the 112Nsinglet Higgs bosons will have a

substantialbb̄1Higgs ort t̄ 1Higgs cross section. The grea
est difficulty at a hadron collider arises if parameters

chosen so that thet t̄ 1Higgs channel~s! are crucial.11 At the

Tevatron, the energy is marginal for at t̄ 1Higgs channel and
evenL530 fb21 leads to an insufficient number of events f
Higgs discovery in this channel. At the LHC, one typica

finds a large number oft t̄ 1Higgs events, but it is easy t
find parameter regions such that the large backgrounds
not be overcome even ifL5300 fb21 is accumulated by the
ATLAS and CMS detectors~each!. Still, because of the sum
rules, the obviously problematical parameter regions
fairly limited.

To be more specific, let us consider the general 2HD
To make discovery difficult, one chooses parameters so
only theh1 is light and yet theZZh1 andWWh1 couplings
are suppressed~something that is not possible for example
the more constrained MSSM two-Higgs-doublet secto!.
Then, it will be necessary to rely onbb̄h1 and t t̄ h1 produc-
tion for h1 discovery. As fore1e2 collisions, the genera
2HDM model parameters can be chosen so that these c
sections are essentially the same as their respectivebb̄A0

andt t̄ A0 production counterparts in aCP-conserving model.
Detection of these latter processes has been examined i
context of the MSSM, most recently as part of the Ru
Higgs/SUSY workshop@21# for the Tevatron and by the
ATLAS @22# and CMS@23# Collaborations for the LHC. In
these studies one finds the following. Detection ofbb̄A0 pro-
duction will not be possible at either the Tevatron or t
LHC if tanb is such that thebb̄A0 coupling is not signifi-
cantly enhanced. For example, even forL5300 fb21 accu-
mulated by ATLAS and CMS~each! at the LHC,bb̄A0 de-
tection requires tanb*2 for mA0,100 GeV rising to tanb
*4.5 for mA0;200 GeV. Turning tot t̄ A0 production, we
have already noted that it is kinematically suppressed at
Tevatron. Even at the LHC, if tanb*1 the current ATLAS
and CMS analyses indicate that thet t̄ A0 cross section will
not be large enough for detection of the dominantt t̄ bb̄ and
t t̄ t1t2 final states above backgrounds unless further
provements in vertex tagging and top-identification efficie
cies are possible. In combination, we are left with a clear

11Large Yukawa couplings will also imply a largegg→Higgs
cross section. But, the absence ofWW/ZZ coupling implies that the

Higgs boson decays primarily tobb̄ and t1t2, for which back-
grounds are overwhelming:gg, WW!→2l 2n and ZZ!→4l de-
cays ~the usual light Higgs boson signals fromgg fusion at the
Tevatron and LHC! are negligible.
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of at least 1&tanb&2 for which A0 ~and, hence,h1) detec-
tion is not possible.

Of course, purely to avoid difficulty with unitarity limits
for WW and ZZ production, there must be one or seve
neutral Higgs in the 2HDM with masses below;800 GeV
and with substantialWW andZZ coupling. The LHC would
search for a signal in the usual channels employed for
SM Higgs boson search~e.g., thegg, WW→2l 2n or ZZ
→4l final states!. The concern regarding such signals is th
the WW and ZZ couplings could be shared among seve
Higgs bosons so that the branching ratios to these final st
would be reduced and the resulting signal for any one Hi
boson would be too weak to be detectable. That this is p
sible is illustrated in the 2D1S supersymmetric model stu
of @24#, where it was found that several moderately lig
Higgs bosons could share the SMWW/ZZ coupling strength
in such a way that the signal for any one was not visi
above background. A dedicated study is needed to determ
whether this is also possible in the context of the gene
2HDM without giving rise to an observable Higgs-pair pr
duction,bb̄1Higgs or t t̄ 1Higgs signal.

If one goes beyond the 2HDM to include one addition
singlet, the study of the 2D1S supersymmetric model of R
@24# becomes directly relevant. Despite the strong constra
on the 2D1S model in@24# from supersymmetry and th
assumption of noCP violation, it was found that all three o
the CP-even and one~at least! of the two CP-odd Higgs
bosons could be quite light (,200 GeV) without there be-
ing any observable signal at the LHC withL5300 fb21 ac-
cumulated by CMS and ATLAS each.

The reason for our focus one1e2 collisions should now
be apparent. Because backgrounds are smaller, the si
analyses of earlier sections were sufficient to show that
sum rules guarantee discovery of at least 1 of 112Nsinglet
‘‘light’’ Higgs bosons at ane1e2 collider for anticipated
integrated luminosities.

VIII. DISCUSSION AND CONCLUSIONS

We have derived a crucial new sum rule, Eq.~17!, relat-
ing the Yukawa and Higgs-ZZ couplings of a genera
CP-violating two-Higgs-doublet model. This sum rule ha
two important implications. First, it says that if theZZh

coupling of a neutral Higgs boson is small, then itst t̄ h or
bb̄h Yukawa coupling must be substantial. This means t
any one of the three neutral Higgs bosons that is light eno
to be produced ine1e2→t t̄ h ~implying thate1e2→Zh and
e1e2→bb̄h are also kinematically allowed! will be found at
ane1e2 linear collider of sufficient luminosity. In particular
if mixing angles and Higgs masses are such that a li
Higgs boson cannot be observed via theZh Higgs-strahlung
process, then it is guaranteed to be found via Yukaw
coupling-induced radiation from top or bottom quarks. Se
ond, for anh that is observed in theZh final state but also
light enough to be seen int t̄ h and, by implication,bb̄h, this
same sum rule can be used to show that measurement
least one of its third-family Yukawa couplings will be po
1-10
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FINDING THE CP-VIOLATING HIGGS BOSONS AT . . . PHYSICAL REVIEW D 60 075011
sible ~the required luminosity depending on the amount

phase space suppression in thet t̄ h channel!. Of course, in
the experimental analysis one must be careful to not exc
the Yukawa radiation processes by placing restrictive inv

ant mass constraints on thef f̄ system, e.g.,M f f̄;mZ .
We have also extended to high energies the quantita

analysis of a previously derived sum rule, Eq.~14!. This
latter sum rule implies that if any two of the three neut
Higgs bosons of theCP-violating 2HDM are light enough
that Zh1 , Zh2 andh1h2 production are all kinematically al
lowed ~and not phase space suppressed!, then at least one o
these processes will be observable, regardless of the mi
structure of the neutral Higgs sector. For planned lumino
ties, the predicted cross sections are such that discover
one or both of the Higgs bosons will be possible even rat
close to the relevant kinematic boundary in themh1

-mh2

mass plane.
We have also considered the generalCP violating

two-doublet1one-singlet Higgs sector model. In this cas
we find that if only one or two of the neutral Higgs boso
are light then both could be primarily singlet and, therefo
undetectable in Higgs-strahlung, Higgs pair production a
Yukawa radiation processes. However, there are two imp
tant guarantees.~a! If there are three light neutral Higg
bosons, then we are guaranteed to detect at least on
Yukawa radiation processes.~b! If there are four light neutra
Higgs bosons we are guaranteed to detect one or tw
Higgs-strahlung or Higgs pair production; but, there is
such guarantee for just three light Higgs bosons. Guara
~a! requires that allt t̄ hi ( i 51,2,3) ~and by implication all
bb̄hi) processes have substantial phase space. Guarante~b!
requires that all fourhi be light enough that theZhi and
hihj ( i , j 51,2,3,4,iÞ j ) processes all have substantial pha
space. Thus, for extensions of the two-doublet Higgs se
that include one or more singlet Higgs fields, it could happ
that observation of a Higgs boson at ane1e2 collider of
limited energy will only be possible by looking for Higg
production in association with bottom and top quarks.

Finally, we noted that these same guarantees for
2HDM and 2D1S models do not apply to the Tevatron a
LHC hadron colliders. In the case of the Tevatron, the sm
rate fort t̄ 1Higgs production is a clear problem. In the ca
of the LHC, a detailed study would be appropriate. Howev
existing studies in the context of supersymmetric models
be used to point to parameter regions that are problema
because of large backgrounds and/or signal dilution du
sharing of available coupling strength. Still, it is clear th
the sum rules are sufficiently powerful to imply that su
parameter regions are of fairly limited extent.
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APPENDIX

Consider production of the Higgs bosonhi in association

with a fermion pair f f̄ in e1e2 collisions, i.e., e1e2

→ f f̄ hi . Note that the diagram with Higgs pair productio
requires summation over virtual Higgs bosonshj and hk ,
wherei , j ,k are permutations of 1,2,3. The differential cro
section is given by Eq.~21! with Fi andGi as given below.

For a short hand notation, we introducehj5mhj

2 /s, g j

5Ghj

2 /s, ( j 51,2,3) andf 5mf
2/s. The reduced energy of th

observed Higgs bosonhi is denoted byx52Ehi
/As52

2x12x2 ; we also definex125(12x1)(12x2). In the for-
mulas below,Z and hj widths are included in terms corre

sponding toZ andhj decay to thef f̄ pair.
The functionsG1 and G2 describe thehi Higgs boson

radiation off the fermions due to the scalar couplings,

G15
~Si

f !2

4px12
Fx22hi S x2

x12
12~x212hi ! D

12 f S 4~x2hi !1
x2

x12
~4 f 2hi12! D G ,

G252
2~Si

f !2

4px12
Fx12~11x!2hi~x1218 f 12x22hi !

13 f xS x

3
141

x

x12
~4 f 2hi ! D G ~A1!

whereas theF1 and F2 terms arise from the pseudoscal
couplings,

F15
~Pi

f !2

4px12
Fx22hi S x2

x12
~112 f !12x2222hi D G ,

F25
2~Pi

f !2

4px12
F ~2hi2x12!~11x2hi !22hi~112 f !

2
f x2

x12
~x1223hi !G . ~A2!

The termsG3 and G4 account for the emission of th
Higgs boson~only its CP51 component! from theZ-boson
line:
1-11



th

f the

ve

ng

GRZADKOWSKI, GUNION, AND KALINOWSKI PHYSICAL REVIEW D 60 075011
G35
2gZZhi

2

4p~p21zgz!
F f ~4hi2x2212z!

1
f

z
~4hi2x2!~x212hi1z!G ,

G45
2zgZZhi

2

4p~p21zgz!
@hi1x121222x14 f #, ~A3!

where the reduced propagator of the off-shellZ-boson has
been denoted byp5x212hi1z.

The interference between the radiation amplitudes off
fermion and theZ-boson lines is included in theG5 andG6
terms:12

G55
Si

fgZZhi

4p

4xmf

x12mZ

p

p21zgz
@~x122hi !~x212hi !

1 f ~12z24hi1x2!23zhi16zx12/x#,

G65
Si

fgZZhi

4p

4zmf

x12mZ

p

p21zgz
@x~hi24 f 22!

22x121x2#. ~A4!

Finally, the contributions from the Higgs pairhihj and
hihk production diagrams~with subsequenthj andhk decays
to fermion pairs! and from their interference with thehi ra-

12Due to a different convention regarding the sign of thegZZH

coupling, ourG5 andG6 have opposite signs to those in Eq.~9! of
@16#.
r,

07501
e

diation off the fermion and theZ-boson lines are collected in
G7 , G8 , F3 andF4 as follows:13

F35
1

2p
~x212hi14 f !~4hi2x2!

~Pk
f Cikuj1Pj

fCi j uk!
2

~uj
21hjg j !~uk

21hkgk!
,

F452
Pi

f

p F Sj
fCi j uj

uj
21hjg j

1
Sk

f Cikuk

uk
21hkgk

G
3

x

x12
@~x122hi !~12x1hi !1 f ~4hi2x2!#, ~A5!

G75
4hi2x2

2p F ~x212hi !
~Pk

f Cikuj1Pj
fCi j uk!

2

~uj
21hjg j !~uk

21hkgk!

14sWcW

2mf

mZ
afgZZhiS Pj

fCi j uj

uj
21hjg j

1
Pk

f Cikuk

uk
21hkgk

D G ,
G85

Si
f

p F Pj
fCi j uj

uj
21hjg j

1
Pk

f Cikuk

uk
21hkgk

G
3

x

x12
@~x122hi !~x212hi !2 f ~4hi2x2!#. ~A6!

In the above expressions, terms of orderg i ,(i 51,2,3) in the
numerator have been neglected. The scaled propagator o
virtual Higgs bosonhj has been abbreviated by~for the vir-
tual hk boson, replacej→k)

uj5x212hi1hj . ~A7!

If the Higgs andZ boson widths are neglected then the abo
expressions reduce to those given in Ref.@16# with the ex-
ception that ourG714sWcWafG8 becomesG7 of @16#.

13We correct some typos in@16#. The last term forG7 in Eq. ~16!
of @16# should have the opposite sign, i.e.22afgf f Hi should read
12afgf f Hi. In Eq. ~18!, an overall factor of 4 multiplyingF3 is
missing andgf f A should readgf f Hi, and for F4 a factor of 2 is
missing. We thank S. Dawson and M. Spira for help in clarifyi
this point.
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