
PHYSICAL REVIEW D VOLUME 42, NUMBER 11 1 DECEMBER 1990

Phenomenology and cosmology of second- and third-family Higgs bosons

Kim Griest
Center for Particle Astrophysics and Astronomy Department, Uniuersity of California, Berkeley, California 94720

Mare Sher
Physics Department, College of William and Mary, Williamsburg, Virginia 23185

(Received 16 April 1990)

We study the possibility that the Higgs sector of the minimal supersymmetric model consists of
three families in the same manner that the fermion sector does. Including only extra doublets and

assuming that tree-level flavor-changing neutural currents are naturally eliminated by some symme-

try, we find that the lightest of the new scalars is absolutely stable, and that the second lightest is

only about 1 GeV more massive. The coupling of these scalars to the Z is independent of any new

parameters and if light enough they could be easily discovered (or ruled out) if a search is made for
the somewhat unusual signature. The natural stability of the lightest scalar makes it an excellent
dark-rnatter candidate, although the near mass degeneracy of the lightest two of these scalars makes

the standard calculational method inadequate.

I. INTRODUCTION

In spite of the many recent phenomenological
successes of the standard model, our understanding of the
electroweak interactions is far from complete. Two of
the most important unsolved questions concern the un-

derlying reasons for the existence of the second and third
families of quarks and leptons and the nature of the sca-
lar sector. An electroweak model must contain one or
more doublets of Higgs bosons to give mass to the known
fermions, and it is quite possible that the Higgs sector is
replicated in the same manner as the fermion sector.
This is especially possible in supersymmetric models
where bosons and fermions are treated in the same frame-
work, and where the Higgs bosons and fermions may
even be placed in the same representation. For example,
in the popular "superstring-inspired" E6 models, ' the
Higgs bosons are placed in the same representation as the
fermions and the minimal Higgs sector is replicated
twice.

In this paper we will study the properties of a possible
second and third family of Higgs bosons in the context of
a general minimal supersymmetric model. We find, by
making the rather mild assumption that flavor-changing
neutral currents vanish naturally (i.e., they are retnoved
by some symmetry), that the properties of the additional
families of Higgs bosons are rather remarkable. We find
that the lightest of these particles is absolutely stable and
that the next lightest is probably only a GeV or so more
massive. If under 45 GeV in mass, both of these particles
are detectable at CERN LEP or the SLAC Linear Collid-
er (SLC), if a search is made for the somewhat unusual
signature. Since the lightest is stable, it is a candidate for
the dark matter known to exist in galactic halos. While
particle dark-matter candidates abound, most rely on ad
hoc assumptions for their stability. Because the stability
of the lightest of these additional Higgs bosons derives

from the requirement that there naturally be no flavor-
changing neutral currents, these particles join the lightest
supersymmetric particle, the axion, and the very light
neutrino in being "natural" dark-matter candidates.

The Higgs structure of the minimal supersymmetric
model consists of two doublets of opposite hypercharge.
If there are several pairs of doublets, we will show that,
under our assumptions, a basis can be chosen in which
only one pair of doublets couples to quarks and leptons,
and that this basis is the same basis in which only that
pair acquires a vacuum expectation value (VEV). The
other pairs do not acquire VEV's, and so do not, strictly
speaking, participate in spontaneous symmetry breaking
via the Higgs mechanism. For this reason we will refer to
these particles as "pseudo-Higgs" bosons. For previous
discussions of these particles see Ref. 3.

The plan of the paper is as follows. In Sec. II we de-
scribe the models under consideration. We show that
with extra Higgs doublets, the requirement that there
naturally be no flavor-changing neutral currents
(FCNC's) implies a symmetry which distinguishes the
Higgs bosons from the pseudo-Higgs bosons, and which
results in no quadratic mixing terms between the Higgs
bosons and pseudo-Higgs bosons. We also show that
only the Higgs bosons get VEVs, that the pseudo-Higgs
bosons decouple from all fermions, and that the lightest
pseudo-Higgs boson is stable. We then calculate the mass
spectrum of the pseudo-Higgs bosons and find a near de-
generacy between the lightest and second lightest, al-
though the precise value of the mass splitting depends
upon mixing parameters. We also discuss the pseudo-
Higgsinos, the supersymmetric partners of the pseudo-
Higgs bosons and find their mass spectrum.

In Sec. III we discuss the phenomenology of the
pseudo-Higgs bosons. We derive the Feynman rules and
discuss detection strategies at particle accelerators. We
show that their coupling to the Z is independent of any
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mixing angles, and if light enough, that they would be
copiously produced in Z decays. Because of the near
mass degeneracy between the lightest and the second
lightest pseudo-Higgs boson, the signature will be quite
unusual. We also discuss the limits recent LEP results al-
ready place upon the pseudo-Higgs-boson masses. We
discuss the possibility of detection at hadron colliders,
and finally, we consider briefly the phenomonology of the
charged pseudo-Higgs bosons, and the pseudo-Higgsinos.

In Sec. IV we turn to the possibility that the pseudo-
Higgs bosons make up the dark matter. We calculate the
relic abundance in the limit of complete mass degeneracy
and in the limit of a large mass splitting, and find widely
different results. For exact degeneracy, the relic abun-
dance calculation, together with the LEP measurements
of the Z width, imply an abundance which is too low to
make up the bulk of the dark matter, although the
pseudo-Higgs bosons may still exist and comprise a
minority component. However, with a reasonably large
mass splitting, relic abundances in the range to provide
the dark matter arise naturally for almost all values of the
pseudo-Higgs-boson mass, and we conclude, for this case,
that they make a natural dark-matter candidate. We also
discuss briefly the possibility of pseudo-Higgsino dark
matter and the possibility of detecting pseudo-Higgs-
boson dark matter directly in the laboratory. We find the
pseudo-Higgs bosons are more difficult to detect than
Dirac neutrinos, but may be easier than photinos or neu-
tralinos.

Section V sums up the paper and the appendixes con-
tain the Feynman rules and annihilation cross sections.

II. PSEUDO-HIGGS PARTICLES

The minimal supersymmetric model has two doublets
K and H of opposite hypercharge. We will extend this
model to include several families of such doublets K, and

K, . Inclusion of singlets causes more complications and
was discussed in Ref. 4. The most general gauge-
invariant superpotential is given by

W=p, )H(HJ+ fJ„Q(UJH„+g(&„Q,D,H„+h,,„L(E,H„,

where our phase convention will be chosen so that
H;Hj =e,b(H; ), (H~)b.—As usual, Q, U, D, L, and E are
the quark and lepton superfields.

A potential problem with extending the Higgs sector of
the standard model is the existence of FCNC's. As
shown by Glashow and Weinberg and by Paschos the
only way to naturally eliminate such FCNC's is to couple
all quarks of a given charge to a single Higgs multiplet.
To see this, consider the f, kQ, U Hk term"

fJ, Q, U~H, +f~2Q, U~H2+f J,Q(UJK3

The mass matrix for the quarks is then given by

M„=f;,, (H, )+f,,2(H2)+f;, 3(H3) .

Clearly, if Kz and H3 did not exist, then diagonalization
of the mass matrix would be equivalent to diagonalization
of f;,, thus the Yukawa interactions would be ffavor di-

agonal. When they do exist, however, this is not, in gen-
eral, true. However if f; „f, 2, and f,» are all propor-
tional, then the Yukawa couplings are all flavor diagonal.
In this case, one can choose a basis in which only one
doublet couples to quarks.

We will explicitly assume that there are no tree-level
FCNC's (in either the quark or lepton sector), and that
the vanishing of FCNC's occurs due to some symmetry
(discrete, continuous, local, or global). A basis in which
only H3 and H3 couple to quarks and leptons can then be
chosen. In this case, H3 and H3 must have different
quantum numbers under the symmetry than the other K,
and H, , in order for f, ~

and f, 2 to vanish while f, 3do"
not. The detailed nature of that symmetry will not be
relevant. Note that we are now following the conven-
tional notation in which K3 and K3 are the ordinary
Higgs doublets and H, , H2, etc. , are the extra families.

The most general soft supersymmetry-breaking terms
are mass terms for the scalar fields plus terms proportion-
al to superpotential terms. Ignoring scalar quarks and
leptons, these terms are

(4)

Since H, (H, ) has diff'erent quantum numbers under the
symmetry which eliminates tree-level FCNC's than the
other H; (H; ), m~;, =m~„=m~, =mz&, . =0 for i%3;
i.e., the mass terms will not mix the third family of Higgs
fields with the other two. What about the p;3 and p3;
terms (for i&3)? Because of the above symmetry, if a p»
term exists then the p;3 and p3; terms do not, and vice
versa. It is not hard to see that if the p33 term is absent,
then (whether or not the p;3 and p„ terms are present)
the resulting potential will have a global U(1) symmetry
under which the third family transforms nontrivially.
Since the third-family fields must acquire VEV s to give
fermions mass, this global symmetry will be spontaneous-
ly broken, resulting in an unacceptable axion (this axion
cannot be made invisible, since we have no singlets in the
model). As a result, the p33 term must be present, i.e., H3
and K3 have opposite quantum numbers under the sym-
metry which eliminates tree-level FCNC's. [The
dangerous global symmetry is then simply the local U(1)
hypercharge symmetry. ] Thus, p, » =

p23
=p» =p, 32

=0,
and thus none of the terms in Eq. (4) will mix the third-
family fields with the others.

This last fact is a crucial feature of this analysis. It im-
plies that there are no quadratic terms mixing the third
family of Higgs fields with the other two. As a result,
when H, and H3 acquire VEV's (as they must to give
mass to fermions), there will be no terms which are linear
in the other families. Thus, these other families will not
be forced to acquire VEV's. We now argue that they will,
in general, not acquire VEV's at all.

In the minimal supersymmetric model derived from
minimal supergravity, the mass-squared parameters are
equal at the unification scale; as they evolve to lower en-
ergies the mass-squared parameters of the third-family
fields will decrease more rapidly than the others (since
only the third-family fields couple to fermions). When
one of these parameters (or, actually, a combination of
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the parameters) goes negative, the electroweak symmetry
is broken and the third-family fields will acquire VEV s.
Since there is no mixing with the other two families, they
will generally not acquire VEV's. To be more specific,
consider the potential with only the first family of Higgs
fields. In models which come from minimal supergravity,
all scalar mass-squared parameters are equal at some
grand-unified-theory (GUT) scale. Here, since neither Hi
nor H] couples to fermions, the beta functions for their
mass-squared parameters are equal, and thus the
equivalence of these parameters at the GUT scale forces
the equivalence at all scales. Thus, mK» =mK». Now
examine the potential in the direction H, =H], with all

other fields zero. In this direction, the requirement that
the potential be bounded gives mH» )BP». However,
this condition also forces all eigenvalues of the curvature
matrix at the origin to be positive, thus there is a

minimum at the origin and the first-family fields do not
acquire VEV's. This result is not changed by including
the second family. Thus, the first- and second-family
Higgs fields do not acquire VEV's. We refer to them as
"pseudo-Higgs bosons. " Although these fields come
from an extension of the Higgs sector, they have nothing
to do with symmetry breaking (since they do not get
VEV*s), thus they are "like Higgs bosons, but not the
same, " i.e., pseudo-Higgs bosons.

We thus see that the basis in which the third-family
fields decouple from the other two is the same as the basis
in which only one family couples to fermions, which in
turn is the same as the basis in which only one family ac-
quires VEV's. The only assumptions are that we have no
singlets (which could give cubic terms in the potential)
and that we have a natural elimination of tree-level
FCNC's. The resulting potential is given by

/H f+m /H /+m /H [+m /H [+m [H /+m /H [

+(P33H3H3+Pt iHiH~ +p22H2H2+p~zH~H2+p2~H2Hi +@ HiH2+p"H ~H2+H. c. )

2 I2

+ Q g(H;*r, H;+H;r, H; ) + — g(~H, . ~2 —H, ~2) ~,
a i 1

where p,'~ =p;,.B (here, B is the arbitrary soft

supersymmetry-breaking parameter), and where

2 2 2 2 2 2 2 2m
1 H» +P»+P12 m 2 mK22 +P22+P21

—2 2 2 2 —2 2 2 2
1 mK]] +P»+P21 ™2 mK22+P22+P]2

2 2 2 —2 2 ~ 2m 3 mK33 +P33 m 3 mK33 +P33

P P22P]2+P»P21+ H12

—II 2
P P»P]2+P22P21+ K]2

From this potential, it is easy to see that the Lagrang-
ian has a symmetry H, , H, , H2, H2 —H„—K],—H2, —H2. As a result, the lightest pseudo-Higgs boson
must be absolutely stable, since this symmetry is also not
spontaneously broken. [Actually, the symmetry is a glo-
bal U(1) symmetry. ] We will refer to this symmetry as
PH parity; the pseudo-Higgs bosons have negative PH

parity, while all other particles have positive PH parity.
We emphasize that the existence of this quantum number
is due entirely to our assumption that some symmetry
eliminates all tree-level FCNC's.

With four pseudo-Higgs doublets, we have four
charged fields and eight neutral fields. The neutral fields
can be divided into four "scalars" and four "pseudosca-
lars, " where the term corresponds to the nature of the
coupling that they would have to fermions, if such cou-
pling existed (the "pseudoscalars" come from the imagi-
nary part of the neutral fields). The mass matrices can be
calculated from the above potential. The mass matrix for
the third-family fields completely decouples from that of
the pseudo-Higgs fields and is given by the standard ma-
trices in minimal supersymmetry (see Ref. 2). We define
tanP = ( H3 ) I( H, ) . The neutral pseudo-Higgs-boson
mass matrix divides into two 4 X 4 matrices. The 4 X 4
matrix corresponding to the "scalars" is given by

m, —
—,'Mzcos2P2 l 2

P]1

P

P]2

P»
m ', + —,'Mzcos2P

P2]
—II
P

P21

m z —.Mzcos2P2 1 2

P22

P]2

P

P22

m 2+ —,'Mzcos2P

The 4 X4 matrix corresponding to the "pseudoscalars" is given by
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2 l 2m, —
—,'Mzcos2P

P»

P

P&2

I
P»

m ', +-,'Mzcos2P
t

P2i

P

P
I

P2i

m 2
—'Mzcos2P2 j 2

I
P22

I
P&2

—II
P

I

P22

m 2+ —,'Mzcos2P

I

P»

Note that these mass matrices are identical except for the sign of the even-odd elements. This is not surprising, since
the terms in the potential which depend on ~H~ will give identical contributions to the real and imaginary parts of the
neutral field in H, as long as 0 does not get a VEV, whereas the e; H;H +H. c. term will give opposite contributions.
It is easy to see that the matrix in Eq. (8) can be converted into the matrix in Eq. (7) by changing the sign of every even-

numbered rom and column. Since this does not change the determinant, the secular equation is unchanged and thus the
eigenvalues are identical Bec. ause of the sign difference, one expects this degeneracy to be broken by radiative correc-
tions. We thus see that the lightest pseudo-Higgs boson (which must be neutral due to the stringent bounds on stable
charged particles) is only very slightly lighter than the second lightest.

We will estimate the mass splitting shortly. First, the charged pseudo-Higgs-boson mass matrix must be considered.
This matrix is given by

m, + —,'Mzcos2P2 l 2
P P&2

I
P»

P
I

P&2

m ', —,'Mzco—s2P

I

P2i

P

I
Pzi

m2+ —,'Mzcos2P

Pz2

lt
P

I

P22

m 2
—

—,'Mzcos2P

where cos2P—:cos2Pcos20~. This matrix is identical to
Eq. (8) with Mz~ —Mzcos20~. It is essential that the
smallest eigenvalue of this matrix (the lightest charged
pseudo-Higgs boson) be larger than the smallest eigenval-
ue of Eq. (8) or Eq. (7), so that the stable pseudo-Higgs
boson is neutral. To show that there is a large region of
parameter space in which this is true, consider the case in

which the off-diagonal terms are zero and where rn, =m,
(the latter will be approximately true in most models). In
this limit, the lightest neutral pseudo-Higgs boson has a
mass m &+ —,'Mzcos2P and the lightest charged pseudo-

Higgs boson has a mass m, + —,'Mzcos2P. Since cos2P is

negative in most models, the lightest charged pseudo-
Higgs boson is heavier. Since mixing will lower both
eigenvalues, this is generally the case even with mixing
included. The only way to have the lightest charged
pseudo-Higgs boson be lighter than the neutral pseudo-
Higgs boson is to have m, ((m, . While possible, this
occurs only in a small region of parameter space. Note,
however, that the matrices are identical in the limit of
Mz~0; thus the lightest charged pseudo-Higgs boson is
not too much heavier than the lightest neutral pseudo-
Higgs boson; we find that it is seldom more than 30 GeV
heavier, and never more than 60 GeV heavier. It will
thus only be able to decay into a neutral pseudo-Higgs
boson and a virtual 8'.

The spectrum of the lightest pseudo-Higgs bosons thus
consists of a pair of neutral pseudo-Higgs bosons with
masses degenerate at the tree level, which we call Ps and

Pp, and a charged pseudo-Higgs boson P+ which is on
the order of 30 GeV heavier. Since the heavier of Ps and

Pp can only decay into the lighter (plus a virtual Z), it is
important to estimate the mass splitting, in order to esti-
mate the lifetime. Also, in considering the pseudo-Higgs

boson as a dark-matter candidate, the mass splitting will

p1ay a crucial role. It is easy to see the origin of the tree-
level mass degeneracy. If the sign of the imaginary parts
of the H, fields are reversed, then the entire Higgs poten-
tial is invariant under the exchange of the real and imagi-
nary parts of the neutral components of the pseudo-Higgs
fields. Thus the mass matrices must be identical. This
symmetry is clearly not satisfied by gauge interactions,
and thus diagrams with gauge bosons and gauge fermions
will split the degeneracy. Unfortunately, there are many
pseudo-Higgs fields, with many different mixing angles
and masses, and thus a meaningful calculation of the
mass splitting is not possible. %'e can, however, estimate
the mass splitting. One expects the splitting to be given

by

2

o
16m

where M is a typical mass of either a gauge boson or a
pseudo-Higgs boson. For M-200 GeV, this gives a
splitting of a 1 GeV. Mixing angles could suppress this,
of course. We will take the range of mass splitting to be
between 200 MeV and 4 GeV (although one should keep
in mind that it could be a bit larger if some of the
pseudo-Higgs bosons are quite heavy). This splitting will

give a typical lifetime for the second lightest neutral
pseudo-Higgs boson of between 10 ' and 10 sec. This
result will have interesting phenomenological implica-
tions, as will be discussed in the next section.

Finally, we comment on the masses of the supersym-
metric partners of the pseudo-Higgs bosons, the pseudo-
Higgsinos. There are two charged pseudo-Higgsinos and
two neutral pseudo-Higgsinos. Since the pseudo-Higgs
bosons do not get VEV's, there wi11 be no mixing in the
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mass matrix with the gauginos, as happens to Higgsinos
in the standard minimal model. For one pseudo-Higgs
family, there is only one parameter in the superpotential,
and thus the mass matrices for the pseudo-Higgsinos are
very simple:

(10)

The matrix is the same for the charged and for the neu-
tral fields. Since the absolute value of the eigenvalues of
this matrix are identical, we find that (in the case of a sin-
gle family of pseudo-Higgs fields) the pseudo-Higgsinos
are all degenerate in mass at the tree level. As above, we
expect this degeneracy to be split by of order 1 GeV by
radiative corrections. In the more realistic case in which
there are two families of pseudo-Higgs bosons, the degen-
eracy remains: the four pseudo-Higgsinos of each family
(two neutral and one charged pair) are all degenerate in
mass at the tree level, and the masses are split by radia-
tive corrections.

The pseudo-Higgsinos also have negative PH parity.
There are two ways in which the lightest pseudo-
Higgsino could be stable since it carries two conserved
quantum numbers. It could be the lightest supersym-
metric particle (LSP), in which case it is stable due to R
parity, or its mass could be less than the sum of the Ps
and LSP masses. It is also possible that both the lightest
pseudo-Higgsino and pseudo-Higgs boson are stable. For
simplicity, we will concentrate on the phenomenology of
pseudo-Higgs bosons, assuming that the pseudo-Higgsino
can decay. However, the possibility of a light pseudo-
Higgsino should be kept in mind; we will also discuss this
possibility when relevant.

We now turn to consideration of the phenomenological
aspects of pseudo-Higgs bosons, and discuss the possibili-
ty of detecting them in the very near future.

a regular Higgs boson, and, most importantly, a three-
point pseudo-Higgs —pseudo-Higgs —vector-boson cou-
pling. This latter coupling offers the best hope of detec-
tion. Appendix A contains the Feynman rules for a set of
relevant interactions.

Since the lightest pseudo-Higgs boson is stable and
weakly interacting, Ps will always disappear from a
detector. The relevant three-point couplings are the
Z Ps P-z -and the W Ps P--and W Pr -P-+ couplings.
One must produce a 8'or Z, which then decays into two
pseudo-Higgs bosons. The Ps will disappear, giving miss-
ing transverse momentum; the Pz and P+ will decay into
the Ps (which disappears) and a virtual W or Z, which
can be detected.

The simplest and most dramatic signal would occur if
the Ps has a mass below 40 GeV. In this case, the Z can
decay into a Ps and a Pz (which will also have a mass
below 40 GeV). The Ps disappears, while the P~ will de-
cay into a bs and a virtual Z. Since the mass splitting be-
tween the Ps and P~ is so small, the decay products of
the virtual Z will have very little energy. A typical event
would thus have a 1ow-energy muon pair and missing en-
ergy. More remarkable would be the fact that, because
the lifetime of the P~ is fairly long, the muon pair might
not point back to the vertex. If the size of the signal were
small, it might be difficult to extract, but as we will now
show, the size of the signal is enormous —as much as 3%
of all Z decays.

When new particles are introduced, as in minimal su-
persymmetry, their couplings to Z bosons generally in-
volve various mixing angles —experiments can generally
thus constrain the mixing angles, but cannot rule out the
existence of the particles (in the appropriate mass range).
A remarkable fact about the pseudo-Higgs bosons is that
the coupling between the Z, Ps, and P~ is completely in-

dependent of any mixing angles. To see this, consider the
coupling between the neutral scalars and the Z:

III. PHENOMENOLOGY OF PSEUDO-HIGGS
PARTICLES g ic 1 I I IZ Jr*0~a -a *8~a

cos

We have seen that the spectrum of the lightest pseudo-
Higgs bosons consists of two neutral scalars whose mass
splitting is of order 1 GeV, and a charged scalar P+ with
a mass of order 30 GeV higher. In this section, the phe-
nomenological implications of these particles are dis-
cussed. For the moment, we will ignore the supersym-
metric partners of the pseudo-Higgs bosons. The lighter
of the neutral scalars will be denoted Ps and the heavier

In general, mixing with the other, heavier pseudo-
Higgs bosons cannot be ignored.

Before discussing how the pseudo-Higgs bosons in-
teract, it is important to emphasize how they do not in-
teract. They do not have any Yukawa couplings to
quarks and leptons. They also have no vacuum expecta-
tion values, and thus no scalar-vector-vector couplings;
and as a result could not be bremsstrahlung scattered off
a Z (which is the simplest method of detecting a regular
Higgs boson). They have only four-point couplings to
vector bosons and other scalars (which will generally be
phenomenologically irrelevant), a three-point coupling to

+H; r) "H2 Hz 0 "H~ . . —

where the H fields are the neutral parts of the doublets.
In terms of the neutral fields, if we call S, (P;) the real
(imaginary) part of H, , then the coupling is

z„s,a~a, —s, a~~, +s,a~~, —s,a~~,
cos

Now, let U be the unitary matrix which diagonalizes the
S mass matrix, and let U be the matrix which diagonal-
izes the P mass matrix. In terms of Ps and Pz, we have

S& = Ui&ks+

S~=U»ks+ ' .
, S2=U4&ks+ ' ' '

with an identical expression for Pz. Putting these togeth-
er, we find the Ps (b~ Zcoupling--
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Z„y,a ~((, ( U*„'U'„—U,*,'U,',
2 cos0g

+ UesUP UesUP ) (14)

r(z 4s+4p) 1—
I (Z~vv)

X 1—

3/2
(m, +mp)

Mz
3/2

(m, —mp)

Mz

—'(1 —4m /M )' (15)

where in the last step we approximated ms = m p. If Ps is
fairly light, this decay would occur in roughly 1 in 30 Z
decays. The signature is missing transverse momentum
and a low-energy fermion pair. The energy of the fer-
mion pair in the (t p rest frame is the mass splitting, i.e.,

0.2 to 4 GeV, which could be boosted as high as 20 GeV
in the laboratory frame. Since the lifetime of the (t p is
between 10 ' and 10 sec (corresponding to roughly
0. 1 mm to 10 m), the fermion pair might not point back
to the original beam-beam interaction point. The back-
grounds to such a low-energy fermion pair (muons would
be the easiest to see) might be large, but the signal is also
quite large.

Of course, it is not necessary to be on resonance in or-
der to detect Z~gs+Pp. In general, the cross section is

given by'

192~

Ssin 0~ —4sin 0~+1
cos 0~4

&s [(s —M,')'+r', M,'] ' (16)

Given that the S and P mass matrices are so similar, it
is not surprising that the unitary matrices which diago-
nalize them are related. Note that one can write
D, =U, Mk"U„, (no sum on i) for each mass matrix,
where D, is the ith eigenvalue. Since the M & are identi-
cal if j +k is even, and differ by a sign if j +k is odd, it is
easy to see that (since the D, are the same for each ma-
trix) the unitary matrix U can be obtained from U by
changing the sign of U; when i +j is odd. Plugging that
into Eq. (14), we see that the expression in parentheses
simply becomes the sum of the squares of the elements in
the first column, which is unity. The resulting coupling is
thus (g/2cos0+ )Z„(tsar "Pp, independent of any mixing
angles.

This result can be understood by considering the single
family case. If one examines the general coupling to the
Z in, say, minimal supersymmetry, one finds that the ver-
tex is typically multiplied by cos(a+p), where a and p
are angles which rotate each field coupling to the Z into
their mass eigenstate. Since the one difference in the ma-
trices in the one family case is in the sign of the off-
diagonal term, it is obvious that the angles will be equal
and opposite, and will thus cancel in the vertex.

The branching ratio can now be calculated. The only
dependence on masses will be in the phase-space factor.
The branching ratio is

where a= A,
' (s, ms)/(2&s ) and A.(a, b)=a —4ab .At

KEK TRISTAN, where &s -60 GeV, this cross section
can exceed 0.01 units of R (where R corresponds to the
cross section for p-pair production through a virtual pho-
ton), provided the phase-space suppression is not great.

Very recently a bound on possible missing decays of
the Z has been announced. A model-independent fit

gives the missing width of the Z, in units of neutrino gen-
erations, as" %,, =3.02+0. 12. Taking two standard de-
viations for an approximate 95% C.L., the contribution
to the width from pseudo-Higgs bosons is constrained to
be less than 0.26 neutrino species. Using Eq. (15), one
finds that m& ~ 27 GeV at a rough 95% C.L. To explore
the mass region between this limit and Mz/2, a search
for the above signature should be made. (It is likely that
searches for very light Higgs bosons or for neutralinos
would be sensitive to this signature. )

If Ps is heavier than 45 GeV, it cannot be found at
TRISTAN, SLC, or LEP I. It can still be found at higher
energy e+e machines, such as LEP II. The cross sec-
tion, given in Eq. (16), is typically one-tenth of a unit of
R. In short, the pseudo-Higgs boson can probably be
found in an e e collider, up to the kinematic limit of
the machine, if a search is made for the signature dis-
cussed above.

It will be much more difficult to detect the neutral
pseudo-Higgs bosons at a hadron collider. The conven-
tional mechanisms of gluon fusion or 8'fusion do not ap-
ply; the lack of fermion couplings eliminates gluon
fusion, the lack of a VEV eliminates 8'fusion. One could
still produce pseudo-Higgs bosons via qq~z*~gsfp,
W+ W ~Z *~ ([IsPp or through the four-point
W-W Pp-Pp coupling. However, the signature for the Pp
(a low-energy p pair and missing transverse momentum)
would probably be impossible to pick out, since the
amount of missing energy is very small. It thus appears
that electron-positron colliders offer the best hope of
detection of the neutral pseudo-Higgs bosons.

In fact, the only way in which hadron colliders could
detect the neutral pseudo-Higgs boson would probably be
through the decay of a charged pseudo-Higgs boson.
One could pair-produce charged pseudo-Higgs bosons;
the rate through a virtual photon is smaller than that of a
heavy lepton by a factor of 4, the rate through a virtual Z
has a cross section given by half the cross section for pro-
duction of a neutrino. Since each is heavier than the neu-
tral pseudo-Higgs fields, but never more than about 50
GeV heavier, they will decay exclusively into a neutral
pseudo-Higgs field (which then disappears, possibly emit-
ting a very-low-energy fermion pair, depending on which
neutral field it is) plus a virtual W. The signature is simi-
lar to the signature of a heavy lepton (one or two jets, or
a single lepton, and missing energy), where the lepton has
an associated neutrino which is heavy (about 30 GeV
lighter than the lepton). The signature could be dis-
tinguished from that of a heavy lepton by considering the
angular distribution of the W's, which would be a sin 0
distribution in the pseudo-Higgs-boson case. If the neu-
tral pseudo-Higgs boson is a Pp, it will appear as if the
"neutrino" emits a very-low-energy fermion pair, as well.
In addition to pair production of the charged pseudo-
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Higgs boson, one could produce, through a virtual 8' a
and a Ps or a Pp (this corresponds to production of

the lepton and its neutrino through a virtual W}. Should
the pseudo-Higgs boson have a mass above about 80
GeV, then one of these processes would probably be the
only method of detection, short of building a higher-
energy electron-positron collider. There is little reason to
be optimistic about this signature, however. The conven-
tional difficulty with detecting heavy leptons at the Su-
perconducting Super Collider (SSC) is caused by the fact
that the leptons decay into real 8 s, and thus the
8'+ W background is formidable. In this case, the 8 s
must be virtual. It is not clear whether one could distin-
guish real and virtual 8"s. A full analysis of the
discovery possibilities at the SSC for a heavy lepton
which cannot decay into a real 8' has not yet {to our
knowledge) been done; such an analysis would also give
the discovery possibilities of the pseudo-Higgs bosons at
the SSC. Note that one could also produce pseudo-Higgs
bosons through the four-point VVPP couplings, where
V=( W, Z), although the cross section is probably quite
small, and the signature may be difficult to detect.

Pseudo-Higgs bosons could also have dramatic impli-
cations in the decay of Higgs bosons, which can decay
into two (identical) pseudo-Higgs bosons. The rate for
decay of a Higgs boson into two pseudo-Higgs bosons,
relative to the decay into bb, is

1/2
I (h2~4sds) 4ms1—
l(h bb) m

cos 28ssin (a+P)MzM~cos P
X

2Mb b S1n

Here 0& is the mixing angle which diagonalizes the neu-

tral pseudo-Higgs-boson mass matrix and u is the angle
which diagonalizes the neutral-Higgs-boson mass matrix.
The lightest and heaviest of the neutral Higgs bosons
which appear in minimal supersymmetry are denoted hz
and h, respectively. The decay into (tp(tp is identical,
and the decay into P P is obtained by replacing Hs with

0+. The decay of h, (assuming h, is too light to decay
into tQt can be obtained by replacing sin (a+p)/sin a
with cos (a+p) Icos a. Unless there are very small mix-
ing angles, this ratio is very large, indicating that most
Higgs boson decays will be into two pseudo-Higgs bo-
sons, if kinematically allowed. Since the lightest pseudo-
Higgs bosons are virtually undetectable, this means that
most Higgs boson decays could be invisible.

How does this affect Higgs phenomenology? %'ithin a
few months, measurements at LEP should place a lower
bound of around Mz/2 on the pseudo-Higgs-boson mass
(or discover it). This means that hz must have a mass
near its maximum allowed value (mz ) for the decay to be
kinematically allowed. In this case, the h2 may not be
discovered at LEP, and might have to await the SSC or
LHC. By then LEP II will have probed pseudo-Higgs-
boson masses up beyond 50 GeV, and thus if h, decays

primarily into pseudo-Higgs bosons, the pseudo-Higgs
bosons will be discovered before the Higgs bosons.

What about the h&? In minimal supersymmetry the
decay h, -~8'+W is always suppressed by a factor of
mh /m&, and thus the invisible decays will dominate

1 2

(unless h, is heavier than twice the top-quark mass). If it
is within reach of LEP II, one could look for Z+h

&
pro-

duction, with the Z decaying into a charged fermion
pair —the Higgs boson would appear as missing energy.
If it is not within reach of LEP II, the discovery will have
to be made at a hadron collider. In this case, if the Higgs
boson is produced in association with a gauge boson, the
invisible signature would be a better signature than the
usual hadronic Higgs-boson decay, since QCD back-
grounds would be absent.

Finally, the charged Higgs boson wou11 decay into
(t+Ps, which would look as if the charged Higgs boson
has decayed into a fourth-family lepton and an associated
heavy neutrino. Since this possibility exists in the four-
family standard model, it mill presumably be looked for.

We now turn to the possibility that the supersymmetric
partners of the pseudo-Higgs bosons are lighter. In this
case, each pseudo-Higgsino family consists of a charged-
fermion pair and two neutral Majorana fermions. As dis-
cussed above, the lightest family is completely degenerate
in mass at the tree level; this degeneracy will be split by
radiative corrections. Since new stable charged particles
are cosmological1y unacceptable, the lightest must be one
of the neutral pseudo-Higgsinos. Let us call the lightest
(ts, the other neutral fermion Pp, and the charged fer-
mion P+.

The couplings of the pseudo-Higgsinos are easily
found. They do not couple to matter fields; they also do
not couple to regular Higgs bosons. They only have
gauge couplings to vector bosons (and their partners).
The couplings to the 8'are given by

i Psy"P—+ W„and i Ppy
"—y,P W„

and the coupling of the neutral fermions to the Z is given
by &'(g/&cos8ii )Psy"y&gpZ„. We still have the same
signal as in the pseudo-Higgs-boson case in Z decays, ex-
cept that the cross section is larger, roughly twice that of
neutrino production and four times that of pseudo-
Higgs-boson production. Current data thus excludes
pseudo-Higgsinos below about 40 GeV. One can also
produce charged P +$ pairs. The main difference be-
tween this case and the pseudo-Higgs-boson case is that
the charged fields are also only slightly heavier than the
neutral fields, and thus will decay into them (via a virtual~ with a long lifetime {—10 ' — sec). The lifetime
might even be long enough to leave a visible track in the
detectors.

The pseudo-Higgsinos thus look very similar to heavy
leptons, in which the charged lepton is only slightly
heavier than its neutrino. Detection in a electron-
positron collider is straightforward (even Z width mea-
surements can suffice to rule them out) up to the kinemat-
ic limit of the rnachine. In a hadron collider, detection is
more dificult; most analyses of heavy lepton production



42 PHENOMENOLOGY AND COSMOLOGY OF SECOND- AND. . . 3841

at hadron colliders assume that the neutrino is massless.
If it is close enough in mass to the charged lepton to give
a long lifetime for the lepton, the phenomenology will be
quite different and has yet to be investigated. If
discovered, the pseudo-Higgsinos can be distinguished
from a standard heavy lepton by the angular distribution
in the decay (which is either all Var all A).

We now turn to a discussion of the cosmology of the
lightest pseudo-Higgs boson.

IV. PSEUDO-HIGGS PARTICLES AS DARK MATTER

It is widely recognized that somewhere between 90%
and 99% of the mass of the Universe is in the form of
"dark matter" (DM), material which has not been detect-
ed in either emission or absorption of electromagnetic ra-
diation. From studies of the local solar neighborhood
and the light emitted from nearby galaxies it has been es-
timated that the total density of luminous matter (stars,
dust, gas, etc. ) is Q,„=0.005 —0.01, where 0 is the ratio
of matter density to the critical density. Studies of the
rotation curves of spiral galaxies, as well as the gravita-
tional dynamics of groups and clusters of galaxies, among
other evidence, imply a matter density of at least
Qz, M =.OS —.2. Theoretical predilection has Qg t 1, but
so far there is no strong observational evidence for a criti-
cal Universe. The observed age of the Universe places an
upper limit on 0„, of Q,„,h 1, where, 0.5 h 1,
parametrizes our ignorance of the Hubble parameter.

The nature of the dark matter is still unknown, but
some evidence suggests that a new, as yet undiscovered,
elementary particle comprises the bulk of it. As a result,
dozens of elementary-particle dark-mat ter candidates
have been and are still being proposed. The requirements
for a candidate particle are that it is stable (lifetime
greater than the age of the Universe), that it interacts
at most weakly with ordinary rnatter, and that it has a
relic abundance in the range discussed above
(0.01 QoMh 1). In one sense it is easy to invent par-
ticles which meet these requirements. Requiring that the
particle not be charged or colored ensures at most weak-
interaction strength. The candidate particle can be made
stable by removing any couplings which allow it to decay
into lighter particles, either by hand or by imposing some
symmetry. Additional couplings and its mass can be
carefully adjusted to give a relic density in the proper
range. However, this ad hoc procedure is not very satis-
fying or enlightening from either a theoretical or experi-
mental point of view. One would like to have a particle
physics reason for stability and one would like the ap-
propriate relic abundance to appear without fine-tuning.
For this reason, certain particle candidates, such as the
lightest supersymmetric particle (LSP), the axion, and a
very light neutrino have become "best bets, " while other
candidates have, for the most part, been ignored. We will
now argue that in some limits the pseudo-Higgs boson is
among the "best bet" candidates.

As we showed in Sec. II, the lightest pseudo-Higgs par-
ticle is stable because of the requirement that there be no
flavor-changing neutral currents and the general nature
of superpotentials involving extra Higgs doublets. It is

also at most weakly interacting. Thus, if its relic abun-
dance is in the proper range, the pseudo-Higgs boson
satisfies the three criteria above and joins the ranks of
"best bet" particle dark-matter candidates.

We previously showed, using standard techniques,
that pseudo-Higgs bosons do indeed naturally fall in the
proper range of relic abundances and claimed that they
therefore belonged in the most favored class of dark-
matter candidates. However, the calculation and inter-
pretation of pseudo-Higgs-boson relic abundance has
been complicated by two recent developments, both of
which have occurred since the completion of Ref. 4. On
the experimental side, LEP data on the Z width restricts
the mass of the pseudo-Higgs boson, and the LEP Higgs-
boson searches constrain the masses of the Higgs bosons
which figure prominently in the relevant cross sections.
On the theoretical side, it has been sho~n' that the cal-
culation of relic abundances can be drastically affected
when additional particles exist near in mass to the DM
candidate. As shown in Sec. II, the second lightest
pseudo-Higgs boson, P~ may be nearly degenerate in
mass with Ps. In this section we calculate the relic abun-
dance both in the degenerate limit where the new
methods must be used and in the limit of "moderate"
mass splitting, where the results of Ref. 4 are valid. We
also show the areas of parameter space which have been
eliminated by the LEP experimental results. In the de-
generate limit we find that the effective annihilation cross
section is very nearly that of a Majorana neutrino (in-
dependent of the mixing angle Hs) and so in analogy with
the Majorana neutrino (see Ref. 13), the LEP results
make it unlikely that a pseudo-Higgs boson contributes
the bulk of the DM —though it still may exist as a minor-
ity component. However, for a moderate mass splitting
b, =(mp —ms)/ms of 10% or more, the effective cross
section changes drastically and an appropriate pseudo-
Higgs-boson relic density arises naturally for a wide
range of masses and mixing angles. Thus, in one of the
two limits we consider, pseudo-Higgs bosons are a "best
bet" DM candidate, and in the other they are probably
ruled out as DM. We also consider the possibility of
pseudo-Higgsino DM and find a result very similar to the
pseudo-Higgs-boson case.

In discussing the pseudo-Higgs-boson model in Sec. II,
several free parameters were found. These included the
pseudo-Higgs-boson mass mz, the pseudo-Higgs-boson
mixing angle Oz and the mass splitting b.= ( m p—ms )/mz. In addition, the Higgs sector of the minimal
supersymmetric model has two free parameters which
can be taken as the ratio of Higgs vacuum expectation
values tan/3= (H, ) /(H, ) and the mass of the lightest
neutral scalar m„2. From these parameters the couplings
and other masses can be found. For example, the masses
of the other two neutral Higgs bosons are given by

mz =(mi, —mz)/(mz sec 2/3/mz2 —1),

m =m +m —m
h3 h~ h) Z

Likewise, the Higgs mixing angle a can be found from
formulas in Ref. 2. Since mi, (mzicos2Pi, we see that

2

mh mz, mh mz, and mh mh mh .
2 I 2 3 I
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= —3Hn —(cru ),ff(n n, q ),— (19)

where n is the actual number density, n, is the equilibri-

um number density, 0 is the Hubble parameter, and
(o U ),ff is the thermally averaged effective annihilation

cross section. This equation can be solved in an approxi-
mate, but accurate way using a method developed by
many workers in the field. ' For the most part, we use

the method described in Ref. 16, but for some estimates
we use the method of Ref. 15. In these approximations,
the number density is set equal to the equilibrium number

density when the temperature T is above the particle

hz
1&h2

(b)
h3

h3

, , h2

(c)

h3

h,

FIG. I. Feynman diagrams for a(psps~all). (a) shows the
h, h, final state, (b) the h3h, final state, (c) the ff final state,
where f is a quark or lepton, (d) shows the Zh, final state, and
(e) shows the h, h, final state.

These three neutral Higgs bosons are important be-
cause they are involved in the pseudo-Higgs-boson an-
nihilation reactions which govern the pseudo-Higgs-
boson relic abundance. Recent results from LEP restrict
the masses of these Higgs bosons and so must be taken
into consideration. The ALEPH Collaboration' reports
that for tanp= 1, mz~) 15 GeV at 95%%uo C.L. For values
of tanp of 1.2, 2, 5, and 10 they find mh2) 14, 21, 35, and
38 GeV, respectively (reading from their Fig. 1). These
results will also be important when we discuss direct
detection of pseudo-Higgs-boson dark matter at the end
of this section.

The relic abundance of an elementary particle which
was once in thermal equilibrium in the early Universe can
be found by solving the Boltzmann equation

mass m. As the Universe cools below the mass, the num-
ber density drops exponentially due to the Boltzmann
factor n, „~exp( —m /T) until it is so low that the in-
teractions which maintain equilibrium freeze-out. Below
this temperature (denoted Tf ), n, =0, and the resulting
equation can be easily integrated. For the typical case,
(cru ),ff is just the thermal average of the total annihila-
tion cross section cr($$$$~all)v, where U is the relative
velocity. However, when other particles (such as Pp ) ex-
ist which are near in mass to the candidate $$, and when
this additional particle shares a conserved quantum num-
ber with the candidate (such as PH parity), the effective
cross section is modified

+ ff g ff [gs+$$+2g$gpcr$p(1+~)

+gpcrpp(1+6, ) e "a], (20)

0.038g, ffm p) m$ ( o,~ )
xf =ln

1/2 1/2 (21)

where mp] =1.22 X 10' GeV and g, is the total relativis-
tic degrees of freedom. Because of the logarithm, xf =25

where g,ff=g$+gp(1+6, ) exp( —xb, ), b, =(mp —m$)/
mz is the mass splitting, x=mz/T is the scaled inverse
temperature, gz =gp =1 are the internal degrees of free-
dom of the $$ and Pp, o$$ is the total (()$+$$ annihila-
tion cross section, 0 pp is the total Pp+Pp annihilation
cross section, and O.gp is the total "coannihilation" cross
section cr($$+Pp all). In the limit of degenerate $$
and Pp (b, =0) the formulas simplify: rc,Qdeg)

g ff (c7$$+2cJ$p+crpp), with g,tr=g$+gp 2 Us'ng
Eq. (20), the total abundance of negative PH parity parti-
cles n =n$+ n p can be found by solving Eq. (19), where n

has been tacitly redefined to mean nz+np. As discussed
in Ref. 12, this formula was found by adding the equa-
tions for n~ and np, and takes into account reactions
which create or destroy $$ and Pp particles, or which
convert one into the other.

Physically, the erat'ective cross section is a weighted
average of the $$$$, $$$p, and PpPp annihilation cross
sections. The reason Pp annihilation must be considered
is that any Pp particles left over from the early Universe
eventually decay into the (slightly) lighted $$ particles
due to conservation of the charge mentioned in Sec. II.
[Thus the present-day density n$ is given by n as calculat-
ed from Eq. (19).] Since the rate for transforming a $$
into a Pp is proportional to n$nx o- T exp( —m$/T),
where nz is the number density of some relativistic
standard-model particle, it is much larger than any an-
nihilation cross section [which is proportional to
n$-exp( —2m$/T)]. This means that $$ and Pp stay in
"relative equilibrium" during and even after freeze-out.
So, as shown in Ref. 12, the freeze-out temperature and
final relic abundance are determined by both $$ and Pp
annihilation. If, however, the mass difference between P$
and (t p is fairly large, the exponential weighting factors in

Eq. (20) remove the contributions of $$(t p and PpPp an-
nihilation.

The freeze-out temperature is given by'
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almost independent of the cross section. (Variations in

xf of 1 O%%uo to 20% are possible for large variations in the
cross section. ) Using the approximations of Ref. 15 the
present-day relic abundance is given by'

1.07X10 xI
Or& 7

m pi(GeV )(I, + 3Ib /x&)

where

(22)

I, =x/ f "x a,irdx, Ib =2x/ J x b,ttdx (23)
Xg XI

and where we have Taylor expanded the effective cross
section o.,~=a,ff +b ff v

2

Since in the model of Sec. II, the mass splitting is not
precisely known, we must explore both the degenerate
and nondegenerate limits. So we must calculate the cross
sections o.z~, 0.&p, and Opp ~ Some Feynman diagrams
contributing to ops (and crpp) are shown in Fig. 1. For
ms (mz/2 the possible final states include hzhz [Fig.
l(a)], h3h3 [Fig. 1(b)], and ff [Fig. 1(c)], where h2 is the
lightest Higgs scalar, h3 is the neutral Higgs pseudosca-
lar, and f is any quark or lepton with m&(ms. The
cross sections for the processes of Fig. 1 can be derived
using the Feynman rules given in Appendix A and these
are displayed in Appendix B. For simplicity we have tak-
en only the lowest-order term in v . For rough estimates
this is valid since we do not have any s-wave suppression
and one expects the next-order term to be smaller by a
factor of v /4=. 05. For ms )mz/2, the channels

Psgs~Zh3 and Psgz~h, h2 can open via the processes
shown in Figs. 1(d) and 1(e). These cross sections are also
given in Appendix B. Note that while the formulas are
complicated, nearly all terms are proportional to cos 20',
where 0& was defined in Sec. II.

For o.
pp we examine the Lagrangian and find that the

Feynman rules and therefore the cross sections are the
same as for the i))s case. Since ms =m p, we set
cT pp 0 gg ignoring the terms which depend upon the
small mass difference. The coannihilation cross section
0'sp occurs only through the diagrams of Fig. 2 (when the
pseudo-Higgs boson is lighter than the W). This formula
is also given in Appendix B. In contrast with the O. zz and
0 pp formulas, this formula is much simpler, does not in-

volve cos20&, and is proportional to v (s-wave
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suppressed).
We are now in a position to find the relic abundances.

Using the method of Ref. 16 we first consider the extreme
nondegenerate limit where the effects of 0 pp and o.

&p can
be ignored. The pseudo-Higgs-boson relic abundance
A+It is shown as a function of ms in Fig. 3(a) for
tang=2, cos28&=0.25, and several values of mi, z. As
discussed previously, when 10 ~ O&h «10, pseudo-
Higgs bosons can make up the bulk of the dark matter.
The structure which is evident in the figure is a result of
kinematic thresholds as well as poles in the cross section
at ms =m„, /2 and ms =m„, /2. Recall that
Ah —1/( o U ), so increases in cross section result in de-
creases in relic abundance. Since ozz depends almost
linearly on cos 20&, and this angle is unknown, values of
Qzh greater or less than those shown in Fig. 3 are al-
lowed. Figure 3(b) is the same as Fig. 4 for tanP=10. It
is clear from these plots that abundances in the range

10

h3

10

10

nt„a=25, 50,75 Gev

t~nP = 10, cos20=0.25
I ~i . i: I I I~i I i

10 20 30 40 50
ms (Gev)

(b)
)

60 70 80

h2 h3

FIG. 2. Feynman diagrams for coannihilation cross section,
~(ysyp all).

FIG. 3. Relic abundance (A&h ) of pseudo-Higgs bosons as a
function of mass for the nondegenerate limit (ignoring contribu-
tions from d p annihilation). Parameter values tanl3=2,
cos20& =0.25 are used in (a) for the indicated values of m&, 2. Pa-
rameter values tanP= 10, cos20s =0.25 for several values of mh~

are used in (b) ~ To provide the bulk of the dark matter requires
(roughly) 0.01 ~ A~h' ~ 1 (see text). The pole at mz = mI, z/2 can
be used to match the values of mz& to the curves.
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necessary to supply the bulk of dark matter occur natu-
rally for most values of ms and mi, (in the nondegen-

2

crate limit).
As a way of showing this, we give in Fig. 4 a contour

plot of Ash in the mi, , mz plane for tanp=2 and2'

cos20&=0.25. Contours of Qzh =0.01, 0.1, and 1 are
shown. Note that parameter values for which Ozh & 1

are ruled out as inconsistent with the observed age of the
Universe, and those for which A~h ' & 0.01 are incon-
sistent with pseudo-Higgs bosons contributing the bulk of
the dark matter. Of course, changing cos20& would shift
these contours considerably. We see that pseudo-Higgs
bosons make very good dark matter candidates in the
nondegenerate limit.

We now turn to the opposite limit of complete degen-
eracy of the two lightest pseudo-Higgs-boson masses. Us-

ing the effective cross section defined in Eq. (20), the relic
abundance for 6=0 is shown in Fig. 5(a), for the same
parameter values as in Fig. 3(a). Note that many of the
same pole and threshold features appear, but that the en-
tire relic abundance is shifted downward, especially near
the Z pole. This is due to PsPp annihilation via s-

channel Z exchange (see Appendix B). For this case, a
relic abundance consistent with galactic DM occurs only
at a few values of the parameters and only at low values
of Q&h . Including the LEP experimental results which
constrain m~ & 27 GeV, we see that most of the interest-
ing regions are eliminated. However, since cos20& is un-

known, we can reduce the cross section by lowering
cos20&. This however, only reduces 0&~ and O.

pp and
leaves 0'gp dominating the effective cross section. To
show this effect we take cos28s =0 in Fig. 5(b), where we

again plot Q&h vs m&. The relic abundance shown in

Fig. 5(b) is an upper limit to the abundance in the b, =0
case. This is because the P~Pp cross section is dominated

by ff final state [Eq. (B9)] which is independent of both
tanP and m„2. Again we see many values of ms where

10—
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the abundance is too small to make up the bulk of the
DM, though Ps could make up an important minority
component. Note that for 5=0 and cos2L9&=0, o.,z is

very close to being one-half the total annihilation cross
section for a massive Majorana neutrino. As shown in
Ref. 13, a Majorana neutrino in the CxeV mass range can-
not be the major constituent of the dark matter, when the
constraint coming from the measurement of the Z width
is imposed. The constraint here is not quite as strong
since a pseudo-Higgs boson contributes only one-half a
"neutrino" species to the Z width. More precise mea-
surements of the Z width, may in the near future rule out
the pseudo-Higgs boson as the major component of the
DM (for b =0).

What about the case of intermediate degeneracy where
b is small but not zero? As b, increases we move ex-
ponentially toward the nondegenerate limit discussed ear-
lier (Figs. 3 and 4). To quantify this movement, we show

50—

.01 =
40—
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30— .0001
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10—

0 I
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c os 28=.25—
t.anP =2
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FICz. 4. Contours of pseudo-Higgs-boson relic abundance in
the mz, mz plane for the nondegenerate limit. Parameter

2

values tanP=2 and cos20s =0.25 were chosen. The heavy solid
lines indicate Q~h =1, the light solid lines indicate A~h =0.1,
and the dashed lines indicate Qzh =0.01.

10 = m» ——25,50 GeV

tanP=2, cos28=0, b,=0 (b) =

«« I » i i I »» I « i i I i I i i I I » i I i i « I i « i

0 10 20 30 40 50 60 70 80
ms (GeV)

FIG. 5. Relic abundance (Ozh') of pseudo-Higgs bosons in
the degenerate (m& = m& ) limit. Parameter values 6 =0,
tanP=2, and eos20s = 1 were chosen in (a) for the two values of
mq indicated. The pole at mz=mz /2 can be used to match

2 2

the values of m& to the curves. In (b) cos20& was set to zero,

making the result almost independent of tanp and m„. This'2
makes (b) a rough upper limit to the pseudo-Higgs-boson relic
abundance in the 5=0 limit.
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FIG. 6. Increase in O~h' as a function of the mass splitting
that is, 0/0( 6=0). Scaled freeze-out temperatures of

xf =20, 25, and 30 are shown. These values span the relevant

range.

in Fig. 6 the increase in Ozh one finds a function of b.
Freeze-out temperatures of xf =20, 25, and 30 are
shown. Depending on parameters, this spans the range of
usual freeze-out temperatures. The increases of Fig. 6
were calculated by finding (0 IQO) = (xf Ixfo ) l(2I„)
where Ib was defined in Eq. (23), xf =xfo+lnIb, and the
zero subscript refers to the b =0 limit. Referring to Fig.
5(b), we see that an increase in fish of between 5 and
100 puts most of the curve into the range relevant for
pseudo-Higgs-boson dark matter. From Fig. 6 we see
that this corresponds to 0.1 6 0.2. From the esti-
mates of Sec. II, we see that this is reasonable for a light

For more massive Ps, this is a rather large mass
splitting, and so pseudo-Higgs-boson dark matter is not
as natural as we had hoped. However, the splitting is
quite uncertain, and if near the upper end of its range,
may be sufficient. For example, if the splitting is some-
what greater than 4 GeV, then for m~=40 GeV, the
value of 5 is greater than 0.1. We thus see that pseudo-
Higgs-boson dark matter in the more massive range may
naturally occur with the appropriate relic abundance.
Note that the result of the search at LEP for Higgs bo-
sons' makes this the relevant range.

We should also comment on the possibility of pseudo-
Higgs-boson dark matter when mz) m~. In this case
several new annihilation channels open, including
%+8', ZZ, and final states involving charged Higgs
bosons. We have not performed these calculations, but
remark that from experience with similar cases involving
neutrinos' and neutralinos, ' we expect a large annihila-
tion into the 8' 8' final state which will increase the
cross section and decrease the relic abundance. For the
6=0 limit, this means even lower relic abundances and
little possibility for pseudo-Higgs-boson dark matter.
For the nondegenerate cases where cos20& enters, we ex-
pect there will still be many possibilities for pseudo-

Higgs-boson DM as long as cos20~ is small.
Next we turn briefly to the possibility that the pseudo-

Higgsino is lighter than the pseudo-Higgs boson. Given
the assumptions of Sec. II, we would now have three
nearly degenerate particles: the lightest pseudo-Higgsino
!t!s, an additional neutral fermion !)!p, and the charged
fermion !)) +. As discussed in Sec. II, most of the cou-
plings which exist for the pseudo-Higgs boson do not ex-
ist for the Ps, but there is a PsgpZ coupling. This means
that Ps+!t!s and Pp+!t!p annihilation will not take place
at the tree level (oss=o PP=0), but the coannihilation

Ps +!t!p~ff by s-channel Z exchange will occur when
the mass splitting is small. In fact, for exact degeneracy,
calculation of the effective cross section using the Feyn-
man rules of Appendix A and Eq. (20), shows that it is

precisely the same as the total annihilation cross section
of a massive Majorana neutrino. In addition, the
Z ~Ps +$p contribution to the Z width is just twice the
standard-model contribution of a Majorana neutrino.
This makes the LEP data on the Z width more restrictive
than for the pseudo-Higgs-boson case (ms )39 GeV for

N, (3.26). As shown in Ref. 13, a mass restriction this

strong on a Majorana neutrino results in a relic abun-

dance too small to allow it to make up the bulk of the
dark matter. Inclusion of!t!+P annihilation would in-

crease the effective cross section further, thereby result-

ing in an even smaller relic abundance. We conclude that
in the degenerate limit, the pseudo-Higgsino cannot pro-
vide the bulk of the DM, although it could exist and pro-
vide a minority component. For significant mass splitting
(6~0.1), the eft'ective cross section will decrease sub-

stantially and the pseudo-Higgsino then makes a reason-
able dark-matter candidate.

Lastly we consider the possibility of directly detecting
pseudo-Higgs-boson dark matter in the laboratory. Two
experimental groups' have reported results which limit

the mass and cross section of elementary-particle dark
matter. Both use modified double-P-decay detectors and

monitor kilogram size germanium crystals for ionization
signals resulting from the elastic scattering of dark-
matter particles off germanium nuclei. The observed sig-

nals are consistent with background and therefore incon-
sistent with dark-matter particles having masses and

cross sections above the dashed line in Fig. 7. Since these
experiments rule out Dirac neutrinos above around 10
GeV as the primary constituent of the dark matter, it is

of interest to see whether pseudo-Higgs-boson dark
matter could have been detected. In addition, many

groups are planning new experiments using improved
techniques which should have higher sensitivity and
lower backgrounds.

A pseudo-Higgs-boson dark rnatter particle can elasti-

cally scatter off a nucleus by the t-channel exchange of
ordinary neutral Higgs bosons (both h, and hz contrib-
ute). Since the Higgs couplings to the quarks in the nu-

cleus are proportional to their very small masses, one
might expect the cross section to be very small. Howev-

er, as shown by Shifman, Vainshtein, and Zakharov and

used in this context by Raby and West, ' the coupling is

actually proportional to the mass of the nucleus. The re-

sulting cross section is (in the appropriate v =0 limit)
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FIG. 7. Direct detection of pseudo-Higgs-boson dark matter.
The area above the dashed line is ruled out by experiment (Ref.
19). The solid lines show the theoretical elastic cross section of
pseudo-Higgs bosons off germanium nuclei as a function of
pseudo-Higgs-boson mass. Several values of tanP are displayed
for cos28s =1. The results are independent of m& . The curve

2

for tanp= 1.05 is ruled out by LEP data (Ref. 14) (see text).

77cx m~cos 20'2 4 2

~ i(gsN~PsN)
324cos 2P sin 8~ma (mz+ms)

(24)
where m~ is the 8' mass and m~ is the nucleus mass.
This formula is remarkable in that it is independent of
the Higgs-boson masses and mixing angle a. Relation-
ships such as Eq. (18) and others from Ref. 2, remove this
dependence when both h, and hz exchange are included.
Note that the cross section does depend strongly on tanp
and cos20s.

The cross section, Eq. (24), is plotted (solid lines) in

Fig. 7 for cos28s=l and several values of tanP. For
values of tanp near unity one sees that substantial event
rates are possible and the cross-section curve can cross
into the experimentally excluded region. However, when
we take into consideration the LEP Higgs-boson search
results we find that values of tanp near unity are disal-
lowed. This is because of the relation mh ~ mz ~cos2p~.

2

So for example, tanp= 1.05 implies mi, ~ 4. 5 GeV, clear-"2
ly ruled out by the LEP data. ' Taking the LEP limit

ml, ~ 15 GeV for tanp near unity, ' we find tan p~ 1.2.
2

For tanp~2, we have mI, ~55 GeV from the relation"2
above and the published LEP data place no restrictions
as long as mz ~40. For tanp=2 (used previously), the

2

elastic cross section is roughly two orders of magnitude
below the present experimental limits. Note that for the
small values of cos20& which the relic abundance calcula-
tion favor, the cross section would be even smaller.

From Fig. 7 and the LEP results we see that direct
detection of pseudo-Higgs bosons is more difficult than
massive Dirac neutrinos, but may (depending on cos28s )

be easier than the popular photino or neutralino dark-
matter candidates, which can have cross sections on ger-

V. CONCLUSIONS

In this paper we considered the possibility that the
Higgs sector of the minimal supersymmetric model con-
sists of three families, in the same way that the fermion
sector does. We assumed that the observed smallness of
flavor-changing neutral currents is due to the fact that a
symmetry of the Lagrangian ehminates them entirely and
showed, as a result, that the two extra families of Higgs
bosons (denoted pseudo-Higgs bosons) decouple from fer-
mions, do not acquire vacuum expectation values and do
not mix with ordinary Higgs bosons. We also showed
that the lightest of these states is absolutely stable and
that the second lightest of these states is close in mass to
the lightest. We derived the interactions of these parti-
cles with ordinary particles and showed that they are
easily detectable at e+e machines, if a search is made
for the somewhat unusual signature. We also discussed
detection of the charged pseudo-Higgs boson as well as
the supersymmetric partners of the pseudo-Higgs bosons.

The natural stability of the lightest pseudo-Higgs bo-
son makes it a good dark-matter candidate, so we then
calculated the pseudo-Higgs-boson relic abundance. We
found the relic abundance is probably too small to make

up the entirety of the dark matter unless a mixing param-
eter (cos28s) is fairly small, and the mass splitting is

moderate, There is nothing wrong with a small value of
cos20& since this parameter is arbitrary, but it does make
the direct detection of pseudo-Higgs-boson dark matter
more difficult (since the detection rate is proportional to
cos 28s). For small values of cos28s, the pseudo-Higgs
boson is an excellent dark-matter candidate, providing an

appropriate relic abundance over a very wide range of the
other parameters. It is interesting that production of
pseudo-Higgs bosons at an e+e machine is independent
of cos20&, so this may be the best way to search for these
particles.
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APPENDIX A: PSEUDO-HIGGS-BOSON
INTERACTIONS

In this appendix, we list some of the Feynman rules in-

volving pseudo-Higgs bosons and pseudo-Higgsinos. The
pseudo-Higgs bosons do not couple to fermions and there
are no three-point vector —vector-pseudo-Higgs-boson
couplings.

First consider the vector —pseudo-Higgs-boson —pseudo-
Higgs-boson interactions. We define 0+ as the angle be-

tween the P+ mass eigenstate and the weak eigenstate. In
the single-family case, when m

&

=m &, one has

tan20& = —tan20+cos20~. For all values of 0&, it is easy
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to see that cos(0s+0+) will be within 1% of unity, and

cos(0s —0+ ) will be within 1% of cos20s. The fields and
the corresponding vertices (coupling constants) are given

by [all vertices should be multiplied by (g/2)(p+p')",
where p is the second field's incoming four-momentum,
and p' is the third field's outgoing four-momentum]

Z„gsgp ~sec0ii, , W„+ Ps/ —i cos(0s —0+ ),
W„+ /pi))+ ~cos(0s+ 0+ ), (A1)

Z„/+ltd ~ i sec0—ivcos20iv, y„p+p ~ 2i s—in0~ .

Next consider the vector —vector —pseudo-Higgs-
boson —pseudo-Higgs-boson interactions. These couplings
will only be of phenomenological relevance if one pro-
duces pseudo-Higgs-boson pairs through vector-boson
fusion at hadron colliders and will be of cosmological
relevance only if the pseudo-Higgs bosons are quite
heavy. The fields and corresponding coupling constants
are given by [all vertices should be multiplied by
(lg /2)g"']

where a and P were defined in the text.
Next consider pseudo-Higgs-boson —pseudo-Higgs-

boson —Higgs-boson —Higgs-boson interactions. These in-
teractions are phenomenologically irrelevant, but do
affect the cosmological abundances. Thus we only list in-
teractions involving ps and pp. The interactions involv-

ing Pp are identical to those involving Ps which are [all
vertices should be multiplied by (i /4)g sec 0ii,cos20s ]

ltlsksh2h2 cos2a, ltlsltlshzh, ~sin2a,

ltlsPsh, h, ~ —cos2a, ltisitish3h, ~cos2P .
(A4)

0sy"0—'W„+ 0—py"ys4 'W„

+ k sy"y50 Z„
2 cosOg

(A5)

Finally we consider the pseudo-Higgsino interactions.
There are no couplings of Higgs bosons to pseudo-
Higgsinos, but only gauge interactions. This is because
the superpotential has no cubic terms. The couplings are

W'W asks
W+W

ZZysys sec 0$' ZZNP~P sec 0W

ZZQ+P ~sec 0ii cos 20ii

W+Zp+its —sin 0ii sec0ii cos(0s —0+ ),
W+Zp+ltlp~ —i sin 0isiec 0iciso( 0s+0+),

(A2)

yyp p ~4sin 0ii, Zyp+ltl ~2cos20ii, tan0~,
W+ yP+ Ps sin0 ii,cos( 0s —0+ ),
W+yltl+Pp ~i sin0ii, cos(0s+ 0+ ) .

APPENDIX B: PSEUDO-HIGGS-BOSON
ANNIHILATION CROSS SECTIONS

In this appendix we list the annihilation cross sections
relevant for calculation of pseudo-Higgs-boson relic
abundance. The Feynman rules used are given in Appen-
dix A. When mz )m ~, new channels open and the cross
sections given here are not sufficient. All cross sections
have been Taylor expanded in the relative velocity v and
only the lowest order kept (see Sec. IV). Three cross sec-
tions are relevant:

Next consider the Higgs-boson —pseudo-Higgs-
boson —pseudo-Higgs-boson interactions. These are
relevant for Higgs-boson decays into pseudo-Higgs bo-
sons, and for cosmological abundance calculations.
There are no three-point interactions involving h3. The
fields and corresponding couplings are [all vertices should

be multiplied by (i /2)gmz/sin0ii, ]

ass a(Asks all) app a(kp4p

asp =a(lt'sit'p all) .

Note that 0.
&&

=O.
pp when the small mass difference be-

tween Ps and Pp is ignored.
We first define

h2$sgs cos20ssin(a+P),

h pPpPp ~cos20ssin( a +P )

h, PsPs —cos20scos(a+P),

h i PpPp ~ cos20scos( a+/3)

hzP+P ~cos20+sin(a+P),

h, /+ltd ~cos20+cos(a+P),

(A3)

C= lra cos 20sPI
64 sin O~cos40~

Pz=[(4ms mz) +mzI z] (B2)

P —[(4m2 m2 )2+m2 I 2 ]
—i&&

t I i I

where p& =(1—m&/ms)', mI is the mass of the final-

state particle (for example, m&, mq„„i, ), I z is the width2'

of the Z boson, and I h is the width of h, (i = 1,2, 3).
Feynman diagrams contributing to the h 2h 2 final state
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are shown in Fig. 1(a). The resulting cross section is

a(psPs~h~h~ }u =
I 1+3mzsin (a+P)P&Ceps 2~ 2 2

ms

+2mzcos28ssin (a+P)l(2ms —
mi, )

—mz~cos(a+P}[2 tan2a sin(a+P) —cos(a+P)]Ph I

The diagrams for the h 3h3 final state are shown in Fig. 1(b}and result in

C cos 2P2

o(gsgs~h, h3}u= z [1+mzsin (a+P)P„+mzcos (a+P)P„]2 2 2

ms "2 1

The fermion final-state diagrams are shown in Fig. 1(c) and result in

cr(PsPs~ff )u =g 16cfCPfmf [sin(a+P)P& F~z
—cos(a+P)P& F,]

f

(B3)

(B4)

(B5)

where the sum is over all quarks and leptons with mf (ms, cf is the color factor, F, is sina/sinP for up-type quarks
and leptons and cosa/cosP for down types, and F

&
is cosa/sinP for up types and —sina/cosP for down types.

In Fig. 1(d) we show the graphs contributing to the Zh 3 final state which can only be open when ms & (mz+m„3)/2:

2(C/Pf )mz
o (PsPs ~Zh 3 )v = [cos(a —P)sin(a+P)P& —sin(a —P)cos(a+13)P& )

ms "2 1

where

+[mz 2m' —8ms+( ms+ma, ) /mz]~(mz ma, ) (B6)

P(xy) = 1— X+/
2ms

'2
X

2ms

2 ']j2

Finally, we show in Fig. 1(e) the h, h z final state which again can contribute only when ms & (m~
I

+m/, )/2&(mz+m/, )/2:

2(C/pf )
a(y p ~h, h }u = p(m&, m& ) [sin2a+mz~sin(a+p)P& [2 sin2a sin(a+p) —cos2a cos(a+p)]

ms

+2mz~cos28ssin(a+p)cos(a+ p) l[2ms —(m„' +m~, )/2]

+mzcos2a cos(a+P)PI, [2 tan2acos(a+P) —sin(a+P)]]
I

(B7}

For the coannihilation cross section crsp =0 ((ts4p ~all), there are four diagrams shown in Fig. 2, the most important
of which is the annihilation into two fermions via s-channel Z exchange. Defining

we have

ms'2 2

~ 412sin 0~cps 0~
(BS)

0'spv(gsfp ff ) =g DcfPf v [(cL +cR )(4—mf /ms )+6cLcz mf /ms ]
f

(B9)

where cI = T» —
Qf sin 8~, c„=—

Qf sin 8~, Qf is the charge of fermion f and T3f is the third component of weak
isospin. Note that the first term in the Taylor expansion for this cross section (and all coannihilation cross sections) is
proportional to U . For the h2h 3 final state we have

crspu(gsgp hph3 ) = ,'DP(mq, mq ) v co—s (a; —P)

Likewise

(B10)

and

aspv(gsgp~hih3)= ,'Di3(mq, mq ) u sin—(a—p),

3mz2 ms2

aspv(psgp~Zh, ) = DP(mz, mq )v sin (a —P) 1+ 13(mz, m~ )
2ms 3mz

(B11)

(B12)
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