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We derive a sum rule which shows how to extend limits from LEP data on the masses of the lig
CP-even andCP-odd Higgs bosons of aCP-conserving two-Higgs doublet model to any two Higg
bosons of a generalCP-violating two-Higgs-doublet model. We generalize the analysis to a Hig
sector consisting of an arbitrary number of Higgs doublets and singlets, giving explicit limits for theCP-
conserving andCP-violating two-doublet plus one-singlet Higgs sectors. [S0031-9007(97)03786-1
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Models of electroweak symmetry breaking driven b
elementary scalar dynamics predict the existence of o
or more physical Higgs bosons. One can use LEP da
to place significant bounds on Higgs boson masses. T
minimal model consists of a one-doublet Higgs sector
employed in the standard model (SM), which gives rise
a singleCP-even scalar Higgs,hSM. The absence of any
e1e2 ! ZhSM signal in LEP1 data (where theZ is vir-
tual) and LEP2 data (where theZ is real) translates into a
lower limit on mhSM which has been increasing as highe
energy data become available. For example, the lat
(preliminary) ALEPH data implymhSM * 70.7 GeV [1];
similar preliminary results are available from L3, OPAL
and DELPHI [2]. (Currently published limits, which do
not include data from the

p
s ­ 172 GeV run, are weaker

[3].) Ultimately, the strongest limit will be obtained by
combining results from all four experiments. The sim
plest and most attractive generalization of the SM Higg
sector is a two-Higgs-doublet model (2HDM), theCP-
conserving version of which has received considerab
attention, especially in the context of the minimal supe
symmetric model (MSSM) [4]. ACP-conserving two-
Higgs-doublet model predicts the existence of two neutr
CP-even Higgs bosons (h0 andH0, with mh0 # mH0), one
neutralCP-odd HiggssA0d, and a charged Higgs pairsH6d.
The negative results of Higgs bosons searches at LEP
be formulated as restrictions on the parameter space of t
and more general Higgs sector models. For the most g
eralCP-conserving two-doublet model one can exclude th
smh0 , mA0 d andsmh0 , mH0 d regions shown in Fig. 1 on the
basis ofe1e2 ! Zh0, e1e2 ! ZH0, ande1e2 ! h0A0

event rate limits; see the Appendix (stronger limits are po
sible in models such as the MSSM where there are relatio
between the Higgs masses and their couplings). The a
ity to exclude the illustratedsmh0 , mA0 d region derives from
a coupling constant sum rule which implies that the tw
production processes,e1e2 ! Zh0 and e1e2 ! h0A0,
cannot both be simultaneously suppressed when kinem
cally allowed. Similarly, the illustratedsmh0 , mH0d region
is excluded by virtue of a second sum rule which im
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plies that the couplings responsible for thee1e2 ! Zh0

and e1e2 ! ZH0 processes cannot be simultaneous
suppressed.

However, there is no reason to assume that the Hig
sector isCP conserving;CP violation is still very much a
mystery from both an experimental and theoretical po
of view. The possibility thatCP violation derives largely
from the Higgs sector is especially intriguing [5]. In
general 2HDM,CP violation can arise either explicitly
or spontaneously and leads to three electrically neu
physical Higgs mass eigenstates,hi si ­ 1, 2, 3d, that have

FIG. 1. The LEP 95% confidence level boundaries (bas
on our use of the latest ALEPH results [1] and earlier LEP
results as contained in Refs. [3,8]) in thesm1, m2d plane for
three two-Higgs-doublet model cases: (i) TheCP-conserving
(CPC) model whereh1 ­ h0, h2 ­ H0 (dotted curve); (ii) the
CPC model whereh1 ­ h0, h2 ­ A0 (dashed curve); (iii) the
CP-violating (CPV) model whereh1 andh2 are the two lightest
neutral Higgs bosons (solid curve). This figure is based
including just two constraints: A particular choice of mass
is excluded (a) if someZZhi coupling must lie above the 95%
C.L. upper limit for the assumedmhi or (b) if one or more
events are expected ine1e2 ! hihj production at the 95%
C.L. for some choice ofi fi j. For details, see the Appendix.
© 1997 The American Physical Society
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undefinedCP properties. To date, only the obvious limit
on eachZZhi coupling as a function ofmhi

, deriving from
nonobservation ofe1e2 ! Zhi at LEP, has been noted.
In this Letter, we generalize the coupling constant su
rules appropriate in theCP-conserving model to a single
sum rule in theCP-violating case that requires at leas
one of theZZhi , ZZhj, and Zhihj (any i fi j, i, j ­
1, 2, 3) couplings to be substantial in size. The LEP 95%
confidence level exclusion region in thesmh1 , mh2 d plane
that results from the general sum rule is quite significan
as illustrated in Fig. 1.

In this Letter, we also present an analysis of both th
CP-conserving and theCP-violating versions of the two-
doublet plus one-singlet (2D1S) extension of the 2HDM
A 2D1S model yields five neutral Higgs bosons. W
derive sum rules that can be used to demonstrate t
LEP data exclude the possibility that three of these neut
Higgs bosons can be light. (There is no sum rule whic
allows exclusion of the possibility that only two of the
neutral Higgs bosons of the 2D1S model are light.) Th
95% confidence level boundaries in three-Higgs-bos
mass space for theCP-conserving andCP-violating cases,
based on the procedures described in the Appendix,
presented in Figs. 2 and 3, respectively.

We now turn to a derivation of the sum rules require
and a discussion of how they lead to the experimental co
straints outlined above. In the 2HDM, the two comple
neutral Higgs fields contain four neutral degrees of fre
dom. One is eaten by theZ gauge boson; the others mix to
yield three physical neutral Higgs bosons,hi si ­ 1, 2, 3d.
We shall denote their couplings to theZ boson by

gZZhi
;

gmZ

cW
Ci , gZhi hj

;
g

2cW
Cij ,

gZZhihj
­

g2

2c2
W

dij ,
(1)

whereCi and Cij ­ Cji si fi jd (for i ­ j, Cij ­ 0 by
Bose symmetry) are model-dependent coupling streng
andcW ; cosuW .

In the CP-conserving 2HDM, theh0 and H0 are mix-
tures of the real parts of the neutral Higgs fields (th
diagonalizing mixing angle is denoted bya) while the
CP-odd stateA0 derives from the imaginary components
not eaten by theZ. One findsCh0 ­ CH0A0 ­ sinsb 2

ad, CH0 ­ Ch0A0 ­ cossb 2 ad, andCA0 ­ Ch0H0 ­ 0;
tanb ­ y2yy1 is the ratio of the vacuum expectation val
ues for the neutral components of the two Higgs doubl
fields. For any two Higgs bosons, we wish to obtain a
excluded mass region that does not depend upon kno
edge of the third Higgs boson. There are two pairs of i
terest: (a)h0H0 and (b)h0A0. In case (a) the excluded
region in smh0 , mH0 d parameter space is illustrated by th
dotted curve in Fig. 1. Inside the excluded region (plo
ted symmetrically, even though by definitionmH0 $ mh0),
nonobservation ofe1e2 ! Zh0, ZH0 at LEP implies 95%
C.L. limits on C2

h0 and C2
H0 such thatC2

h0 1 C2
H0 , 1,

whereas the relevant couplings obey the sum rule
m
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FIG. 2. The LEP 95% confidence level boundaries for th
two-doublet plus one-singletCP-conserving Higgs sector in the
sm1, m2, m3d, sm1, m2, m4d, and sm4, m5, m1d spaces for three
CP-even, twoCP-even plus oneCP-odd, and twoCP-odd plus
oneCP-even Higgs bosons, respectively. Mass axes are in Ge
units. Constraints are as in Fig. 1.

C2
h0 1 C2

H0 ­ sin2sb 2 ad 1 cos2sb 2 ad ­ 1 . (2)

In case (b) the excluded region insmh0 , mA0d parameter
space is indicated by the dashed line in Fig. 1. Insid
the excluded region, failure to observee1e2 ! Zh0 and
e1e2 ! h0A0 events implies 95% C.L. upper limits on
C2

h0 and C2
h0A0 , respectively, such thatC2

h0 1 C2
h0A0 , 1,

whereas these couplings obey the sum rule

C2
h0 1 C2

h0A0 ­ sin2sb 2 ad 1 cos2sb 2 ad ­ 1 . (3)

Thus, LEP data exclude the possibility that both the scal
and pseudoscalar Higgs bosons of aCP-conserving 2HDM
are light. The asymmetry of thesmh0 , mA0d excluded re-
gion arises as follows. Ifmh0 is small, then nonobservation
of Zh0 events implies thatC2

h0 ø 1, implying via Eq. (3)
that C2

h0A0 , 1. Large mA0 is then required for the pre-
dicted number ofh0A0 events to be consistent with 0. In
983
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FIG. 3. The LEP 95% confidence level boundary for th
two-doublet plus one-singletCP-violating Higgs sector in the
sm1, m2, m3d parameter space. Mass axes are in GeV unit
Constraints are as in Fig. 1.

contrast, ifmh0 is close to (or above)
p

s 2 mZ , thenZh0

events would not be observed even ifC2
h0 ­ 1: At the

same time,C2
h0 ­ 1 implies via Eq. (3) thatC2

h0A0 ­ 0 so
that there is no constraint from nonobservation ofh0A0

events.
Below, we shall demonstrate that ifCP is not conserved

the sum rules of Eqs. (2) and (3) can be generalized in t
2HDM case to [6]:

C2
i 1 C2

j 1 C2
ij ­ 1 , (4)

where i fi j are any two of the three possible indices
[Note that Eq. (4) reduces to Eq. (3) in theCP-conserving
limit when we identify hi ­ h0 and hj ­ A0 and use
CA0 ­ 0. Similarly, Eq. (4) reduces to Eq. (2) in theCP-
conserving limit when we identifyhi ­ h0 andhj ­ H0

and useCh0H0 ­ 0.] The power of the Eq. (4) sum rule
derives from the facts that it involves only two of the
neutral Higgs bosons and that the experimental upper lim
on any oneC2

i derived frome1e2 ! Zhi data is very
strong: C2

i # 0.1 for mhi # 50 GeV . Thus, if hi and
hj are both below about 50 GeV in mass then Eq. (4
requires thatC2

ij , 1, whereas for such masses limits on
e1e2 ! hihj from

p
s ­ 161 and 172 GeV data require

C2
ij ø 1. The excluded region in thesmhi , mhj d plane that

results is illustrated in Fig. 1—there cannot be two ligh
Higgs bosons even in the generalCP-violating case.

The sum rule of Eq. (4) is required in order to have un
tary high energy behavior at tree level for theW1W2 !

W1W2, ZZ ! W1W2, and ZZ ! hihi scattering am-
plitudes; see Eqs. (4.1), (4.2), and (A.18) of Ref. [7], re
spectively. In the context of a Higgs sector containin
only doublet and singlet fields, the cited equations o
Ref. [7] reduce to the requirements
984
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C2
i ­ 1 , (5)

C2
i 1

X
kfii

C2
ik ­ 1 , (6)

where the 1 on the right hand side of Eq. (6) arises from
the ZZhihi four-point interaction of Eq. (1) contributing
to ZZ ! hihi scattering. To derive Eq. (4) in the 2HDM
[for which i, k ­ 1, 2, 3 in Eqs. (5) and (6)], we sum the
i ­ 1, 2 and thei ­ 1, 2, 3 cases of Eq. (6), respectively,
to obtain

C2
1 1 C2

2 1 C2
12 ­ 2 2 sC2

12 1 C2
13 1 C2

23d , (7)

C2
1 1 C2

2 1 C2
3 ­ 3 2 2sC2

12 1 C2
13 1 C2

23d , (8)

respectively. We then employ the relationC2
1 1 C2

2 1

C2
3 ­ 1 from Eq. (5) in Eq. (8) to show thatC2

12 1

C2
13 1 C2

23 ­ 1 and substitute this result into Eq. (7) to
obtain C2

1 1 C2
2 1 C2

12 ­ 1. Cyclic permutation gives
the other cases of Eq. (4). Eq. (4) is much more useful fo
obtaining experimental limits than either Eqs. (5) or (6
since the latter two sum rules involve three Higgs boson
(in the 2HDM), whereas the former refers to just two
This distinction arises only in theCP-violating case. In
the CP-conserving limit, Eqs. (5) and (6) can be used t
derive Eqs. (2) and (3), respectively, while Eq. (4) implie
both (as described earlier).

These considerations can be generalized to extensio
of the 2HDM. The simplest extension is to add one
complex singlet (neutral) Higgs field. In this case, it is no
longer possible to place restrictions on two Higgs boson
The best that one can do is to write the sum rules
such a way as to demonstrate that there cannot be th
light neutral Higgs bosons. Consider first the case whe
CP is conserved. In the 2D1S model, there will then b
three CP-even Higgs bosons (labeled 1, 2, 3 in order o
increasing mass) and twoCP-odd Higgs bosons (labeled
4, 5 in order of increasing mass). Using the sum rules
Eqs. (5) and (6), withC4 ­ C5 ­ C12 ­ C13 ­ C23 ­
C45 ­ 0, we easily derive the three crucial sum rules:

C2
1 1 C2

2 1 C2
3 ­ 1 , (9)

C2
1 1 C2

2 1 C2
14 1 C2

24 ­ 1 1 C2
35 , (10)

C2
1 1 C2

14 1 C2
15 ­ 1 . (11)

Equations (9)–(11) can be used to show that the
cannot be threeCP-even, two CP-even plus oneCP-
odd, and oneCP-even plus twoCP-odd Higgs bosons,
respectively, that are all light. (In the second sum rule
sinceC2

35 $ 0 the region within which exclusion is certain
is obtained by settingC2

35 ­ 0.) The boundaries in the
three-dimensional mass spaces that follow from these su
rules [withC2

35 ­ 0 in Eq. (10)] are shown in Fig. 2.
In the case thatCP is violated, the required sum rule

for the 2D1S is obtained by generalizing the procedur



VOLUME 79, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 11 AUGUST 1997

-

t
to

s
e
t

e
l

-

ty

:

r

.

t
-

rt
sketched for the derivation of Eq. (4) in the 2HDM case
Focusing on Higgs bosons numbers 1, 2, and 3, one fin
C2

1 1 C2
2 1 C2

3 1 C2
12 1 C2

13 1 C2
23 ­ 1 1 C2

45 . (12)

This sum rule implies a lower bound (obtained withC2
45 ­

0) for the sum of all the couplings squared responsible fo
production ofZh1, Zh2, Zh3, h1h2, h1h3, andh2h3 in e1e2

collisions. The portion of thesm1, m2, m3d mass space
excluded by LEP data in theCP-violating case, as implied
by the sum rule of Eq. (12), is shown in Fig. 3.

The above considerations can be further generalized
a Higgs sector that contains, doublets andm neutral
complex singlets; the number of physical neutral Higg
mass eigenstates is2s, 1 md 2 1. The general sum rule
will apply to any subset containingn ­ s, 1 md of these
Higgs bosons. Let us label the members of the subset w
indicesi ­ 1, . . . , n. Following the techniques illustrated
in the 2D1S case, and assuming thatCP violation is
present, we derive the coupling constant sum rule

nX
i­1

C2
i 1

nX
i,j­1
i,j

C2
ij ­ 1 1

2n21X
i,j­n11

i,j

C2
ij , (13)

where the most conservative bounds on the subset wou
be obtained by setting all theC2

ij ­ 0 on the right hand
side. If CP violation is not present in the Higgs sector,
then the above sum rule will reduce to a simpler form tha
depends upon theCP nature of the Higgs bosons included
in the subset.

In this Letter, we have derived a new coupling constan
sum rule which makes it possible to use LEP data t
exclude a portion ofsmh1 , mh2d mass space for the lightest
two neutral Higgs bosons of the most generalCP-violating
two-Higgs-doublet model. Although this region is not as
large as that excluded in thesmh0 , mA0d mass parameter
space in theCP-conserving case, it is still very substantial
Thus, LEP data imply that it is not possible for two of
the three neutral Higgs bosons of a general two-Higg
doublet model to be light. We have further shown how
to extend this type of analysis to bothCP-conserving and
CP-violating Higgs sectors with an arbitrary number o
doublets and singlets. In the two-doublet plus one-singl
Higgs model, LEP data already exclude the possibility tha
three of the five neutral Higgs bosons are light.
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Appendix.—The limits presented in Figs. 1–3 have
been obtained from LEP1 and LEP2 data one1e2 ! Zhi

ande1e2 ! hihj production using the following proce-
dures. Consider first any givenZhi channel. Formhi ,

50 GeV , the 95% C.L. upper limit onC2
i [defined in
.
ds

r

to

s

ith

ld

t

t
o

.

s-

f
et
t

-
4
r
-
by
-

Eq. (1)] is obtained by using the smaller of the val
ues shown in theLS region, Ref. [3], and Fig. 29 from
Ref. [8]. For mhi $ 50 GeV , the 95% C.L. upper limit
on C2

i is obtained as the ratio of the 95% C.L. upper limi
on the number of events as observed by ALEPH, taken
be ,3 events from the graph in Ref. [1] (which includes
data at

p
s ­ mZ,

p
s ­ 161 GeV , and

p
s , 172 GeV ),

to the number of events expected at the given Higg
mass in the SM, as plotted in the same graph. If th
assumedC2

i exceeds the 95% C.L. as defined above a
the input mhi

, then the parameter choice is taken to b
excluded at the 95% C.L. For a two-Higgs channe
hihj, we approximate the ALEPH 95% C.L. limits im-
plicit in Ref. [1] by employing integrated luminosities of
L ­ 11.08 pb21 at

p
s ­ 161 GeV andL ­ 10.5 pb21

at
p

s ­ 172 GeV and the quoted efficiencies and branch
ing ratios ofe ­ 0.55, BR ­ 0.83 for the 4b channel and
e ­ 0.45, BR ­ 0.16 for the 2b2t channel. We com-
pute the expected number of events (combining the 4b
and2b2t channels) for the input value of theZhihj cou-
pling strength and then evaluate the Poisson probabili
that no events are observed. If this probability is below
5% then the chosen parameter set for thehi andhj is said
to be excluded at 95% C.L.
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