Eur. Phys. J. C 1, 649-655 (1998)

THE EUROPEAN

PHYSICAL JOURNAL C
© Springer-Verlag 1998

The low energy effective Higgs potential of the minimal nonlinear
supersymmetric SU(5)-model and its phenomenology

H. Franz, B.R. Kim, M. Weber

III. Physikalisches Institut A, RWTH Aachen, D-52056 Aachen, Germany

Received: 28 April 1997

Abstract. The low energy effective Higgs potential of the minimal nonlinear supersymmetric SU(5)-Model
is derived. The physical Higgs particle spectra are the same as those of the linear supersymmetric model
MSSM: two scalar bosons, a pseudo-scalar and a charged scalar. Mass relations are derived and compared
to those of the MSSM. Production cross sections are calculated for LEP1, LEP2, LC-500, LC-1000 and
LC-2000 and discussed how far this model might be tested at these colliders.

Introduction

Almost all supersymmetric extensions of the Standard
Model studied so far are linear supersymmetric models.
However supersymmetry can also be realized nonlinearly
and the question whether supersymmetry is realized lin-
early or nonlinearly in nature is still open. The first ex-
ample for a nonlinear realization of supersymmetry is the
Akulov-Volkov field constructed already in 1972 [1]. The
formalism for constructing nonlinear supersymmetric ex-
tensions of the Standard Model was developed by Samuel
and Wess [2]. In global nonlinear supersymmetric models
the only new particle is the Akulov-Volkov field, which
is a Goldstone fermion, a Goldstino. A Goldstino has not
been observed in experiments [3]. In local supersymmetric
models the Goldstino can be gauged away; it is absorbed
into the gravitino which becomes massive [2]. In the flat
space limit the supergravity multiplet decouples from ordi-
nary matter and the only reminiscence of supersymmetry
manifests itself in the Higgs sector.

A minimal nonlinear supersymmetric Standard Model
in curved space has been constructed by one of us [4].
A remarkable feature of this model is that one needs at
least two Higgs doublets and one Higgs singlet. Thus the
Higgs boson spectrum is the same as that of the Next To
The Minimal Supersymmetric Standard Model (NMSSM),
which is a linear supersymmetric model.

However the structure of the Higgs potential is differ-
ent in the two models. The phenomenology of this non-
linear model was investigated and the differences between
the two models were worked out: [5-7].

We showed that this model most probably can be tested
conclusively at future ete™ Linear Colliders with 500,
1000 and 2000 GeV.

In the meantime we also constructed a minimal nonlin-
ear supersymmetric SU(5) model [8]. It turned out that
the Higgs sector of this model at low energies is deter-

mined by two Higgs doublets, resembling that of the lin-
ear minimal supersymmetric Standard Model MSSM. In
this note we derive the low energy effective Higgs poten-
tial of this nonlinear supersymmetric SU(5) model, mass
eigenstates and mass relations, compare them to those
of the MSSM and discuss how to distinguish between the
two models. We also investigate the phenomenology of the
model for ete™ linear colliders.

The model

It was shown in [8] that the minimal set of Higgs fields
for a nonlinear supersymmetric SU(5) model consists of a
24-plet, a 5-plet and a 5-plet of Higgs fields.

In the notation of [8] the superpotential of the Higgs
fields is given by
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In the flat space limit and denoting the physical Higgs
fields by #1124}, %15} and H15} the scalar Higgs potential
is given by
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The spontaneous symmetry breaking
SU(5) — SU(3) x SU(2) x U(1)

can be achieved by the following vacuum expectation val-
ues:
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with the extremum condition vg = m.

As in a conventional SU(5) model vy must be of order
of GUT scale. Under this symmetry breaking all gauge
bosons and adjoint Higgs bosons obtain a mass of order
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vy except for the gauge bosons corresponding to SU(3)
xSU(2) x U(1) and the Goldstone bosons. The mass term
of the quintuplet Higgs bosons H %} and H 15} is given by:

1 ,
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where we have used the following notation
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The mass scale of the colour triplets H®) and H®) must
be of order of GUT scale to be consistent with the proton
lifetime, which is automatically the case for mg > 0 and

mao Z 0.

As for the mass parameters m%2),11 and m%Q)’m are
concerned one can fine tune vy, mo and mg in such a way
that the differences vy — m9 and vy — mg are of order of
electroweak scale, which we will assume in the following.

We remark that the only motivation for fine-tuning
is the requirement that our SU(5)-Model should contain
Higgs-doublets of electroweak scale. This is the same as
with the conventional SU(5)-Model. It is however remark-
able that the possibility for fine-tuning is only given for
the doublet part. Without fine-tuning the doublet parti-
cles would in general also acquire masses of order of GUT
scale.

At the electroweak scale the heavy particles can be
functionally integrated out and the effective low energy
Higgs potential is given in terms of the doublet Higgs H'
and H?2. Hence we obtain the low energy effective Higgs
potential omitting terms suppressed by [mw /mguT]™:

1 2 1
V= g(gf +93) (|Hi* = [Hal?)" + §9§|H1TH2|2
1
+A% || H: [*|Ho | — 3|H1T€H2\2

i HL [P + p3 | Hol® + p3(H{ €Hs + hec.)  (8)

where g1, g2 and g3 are the coupling constants of U(1),
SU(2) and SU(3) respectively and pq, po, ps are mass
parameters of electroweak scale.
At GUT scale the following relations hold
A=)

i =93 (v — ma)”
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These relations are tree level relations and subject to change

due to radiative corrections.

This is our model which will be investigated in the
following. It contains two Higgs doublets. Therefore its
Higgs particle spectrum is the same as that of the MSSM,
but the structure of the potential is different.

Mass spectra

The spontaneous symmetry breaking
SU(3) x SU(2) x U(1) — SU(3) x U(1)

occurs via the vacuum expectation values of the two Higgs
doublets

(Hi)g =v1/V2, (Ha)y=12/V2

With the notations
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for tanf = vy /vy > 1.
There are two physical scalar Higgs bosons 57, S, one
pseudo-scalar Higgs boson P and a charged one h™
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Fig. 1a,b. The contour plot of o1 in tan — mg, plane at
mp = 80 GeV (960 GeV) for /s = 92 GeV

The masses mg,, mg,, mp, mc of the particles Si, Sa,
P,ht are given by

1 1 1
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Now we give mass relations which may be used to char-
acterize our model.
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Fig. 2a,b. The contour plot of o1 in tan8 — ms, plane at
mp = 80 GeV (960 GeV) for /s = 175 GeV
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Fig. 3. The contour plot of o1 in tan 8 — mgs, plane at mp =
320 GeV for /s =192 GeV

8 A2

with g% = g7 + ¢3.
For comparison we give the corresponding relations of
the MSSM:

(15)
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Fig. 4. The contour plot of o1 in tan 3 — mg, plane at mp =
960 GeV for /s = 205 GeV
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Fig. 5a,b. The contour plot of o1 in tan3 — ms, plane at
mp = 80 GeV (1600 GeV) for /s = 500 GeV

(c) mg, +mg, =my +mp

(d) m%, *m3, = mympcos®23

(16)

The upper bound of mg,, (15a), contains the quartic
coupling constant A as in the nonlinear standard model [4]
and NMSSM [9]. This is a remarkable result which implies
that at least one Higgs boson has a mass of order mz. In

case of A2 > g g% the upper bound of mg, is determined
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by the upper bound of A and given by

5A
m51 S, \/;gmz

For A ~ 1 and g(mz) ~ 0.741 the upper bound for
mg, would be around mg, < 157 GeV.

The upper bound on A can be determined through
RGE-analysis by demanding that A does not develop Lan-
dau poles up to GUT scale.

For the masses mg,, mp and mc one can not derive
any theoretical upper bounds of the same quality as that
of mg,. So in phenomenological analyses one should con-
sider them up to the “unitarity bounds” of about 1000 ~
2000 GeV. We give some lower bounds which turn out to
be useful in investigating particle production reactions:

(17)

(18)

Production of Higgs bosons at eTe~ colliders

In this section we investigate the production of Higgs
bosons at LEP1, LEP2, LC-500, 1000 and 2000 GeV. The
relevant reactions are

() efe™ =2 = ZS; — ffS;
(i) ete” = Z = ff = ffS;
(iii) efe” = Z — PS; — ffS;
(iv) ete” =~y — ff = ffS;

The relevant Yukawa couplings of Higgs particles to
up and down type quarks are given by

(19)
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The dominant contributions come from the b-quark, f=b,
so that in our analysis we shall concentrate on the pro-
duction of b-quarks, assuming m;, = 4.3 GeV.
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Fig. 6a,b. The contour plot of o1 in tan3 — ms, plane at
mp = 80 GeV (1600 GeV) for /s = 1000 GeV

The production channel (iv) becomes comparable to
channel (ii) at LC-500, 1000, 2000. The data from LEP1
yield an experimental lower bound of about 60 GeV on
the Higgs boson mass of the standard model and about
44 GeV for the lightest scalar Higgs boson of MSSM. In
the case of both NMSSM and the nonlinear supersym-
metric standard model the LEP1 data do not exclude the
existence of a massless scalar Higgs boson [6,7,10].

First we analyze the LEP1 data in the frame of the
present model. Our model has three free parameters which
can be taken as tanf, mg, and mp. As mentioned in
the previous section no theoretical upper bound for mp
can be derived. So we systematically scanned the entire
region 0 < mp < 2000 GeV. Figure 1la,b show the con-
tour plot of o1, the production cross section of the light-
est scalar Higgs boson Si, in the the tan 3 — mg, plane
for mp = 80 GeV (960 GeV) at the center of mass en-
ergy /s = 92 GeV. The general trend is that o1 de-
creases with increasing mg,. They show that the region
of 0 < mg, < 38 Gev is excluded for a discovery limit
of 1 pb. This lower bound remains for the entire region
0 < mp < 2000 GeV. Thus the LEP1 data exclude a
Higgs boson mass mg, smaller than 38 GeV in the present
model.

ms, exp = 38 GeV

(21)
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Fig. 7a,b. The contour plot of o1 in tanf3 — ms, plane at
mp = 80 GeV (1600 GeV) for /s = 2000 GeV

We have done the same analysis for LEP2. Figure 2a.b
show the contour plots of ; for mp = 80 GeV (960 GeV)
at /s = 175 GeV, Fig. 3 the plot for mp = 320 GeV at
Vs =192 GeV and Fig. 4 the plot for mp = 320 GeV at
Vs = 205 GeV. Assuming a discovery limit of 50 fb we
obtain the following lower bounds on mg,

mg, > 82 GeV for /s = 175 GeV
ms, > 95 GeV for /s =192 GeV

ms, > 100 GeV for /s = 205 GeV (22)

Now we come to LC-500, 1000, 2000.

With a theoretical upper bound for mg, of about 150
GeV o7 never vanishes in the entire parameter space at
500, 1000, 2000 GeV. Figures 5, 6 and 7 show the contour
plots of o1 at mp=80 GeV and 1600 GeV respectively.
Our systematic analysis yields the following minima and
maxima for o

8.8 fb <oy <10.7fb for /s = 500 GeV
1.98th <01 <2121b for \/§ = 1000 GeV

048 fb < 1 < 0.55 fb  for /s = 2000 GeV  (23)

Now we come to the production of S3. LEP1 and LEP2
are not capable to investigate S, due to negligible small
production rates.
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Fig. 8a—c. The contour plot of o2 in tan 8 — mg, plane for
Vs = 500 (1000, 2000) GeV

With respect to LC-500, 1000, 2000 we have found
parameter regions where o9, the production cross section
for Ss, is maximal.

For /s = 500 GeV o5 becomes as large as 9 fb in
the region around mp ~ 180 GeV, mg, ~ 190 GeV and
tan 8 ~ 2.9 as shown in Fig. 8a. For /s = 1000 GeV
the interesting region is around mp ~ 350 GeV, mg, ~
360 GeV and tan 3 ~ 5, where o9 is about 16 fb, whereas
for \/s = 2000 GeV 03 max is about 26 fb in the region of
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mp ~ 720 GeV, mg, = 700 GeV and tan 3 ~ 10. These
regions are shown in Figs. 8b and 8c.

As for op, the production cross section for the pseudo-
scalar Higgs boson P, the behaviour is the same as that of
o9 because the main contributions come from the associ-
ated production, channel (iii) in (19). So the Figs. 8a-8c
can be viewed as regions where op reaches its maximum
value of about the same magnitude as os.

Conclusion

In this article we have investigated the low energy effective
Higgs potential of the minimal nonlinear supersymmet-
ric SU(5) model. Tt contains two Higgs doublet and thus
constitutes a nonlinear supersymmetric alternative to the
Higgs sector of the linear supersymmetric model MSSM.

We derived parameter independent mass relations and
compared them to those of MSSM in order to be able
to distinguish between the two models. Production cross
sections at LEP1, LEP2, LC-500, LC-1000 and LC-2000
were calculated. It was shown that the existing LEP1 data
may set a lower bound mg, 2 38 GeV, whereas LEP2
might push this lower bound beyond 82 GeV.

LC-500 would need a discovery limit smaller than 8.8
fb in order to test the model conclusively, whereas LC-
1000 (2000) would require a discovery limit smaller than
1.98 fb (0.48 fb) for that purpose.

As for the second Higgs boson Sy and the pseudoscalar
P the situation is more difficult. At LEP1 and LEP2 the
production rates are negligible small in the entire param-
eter space.

At higher cm energies the cross sections become rele-
vant in a small region of the parameter space. At LC-500
the cross sections can be as large as 9 fb in the region
around mp ~ 180 GeV, mg, ~ 190 GeV and tan 8 ~ 2.9.
At LC-1000 (2000) the maximum cross sections occur in
the region mp =~ 350 GeV, mg, ~ 360 GeV and tan 3 ~ 5
(mp =~ 720 GeV, mg, =~ 700 GeV and tan ~ 10) and
are about 16 fb (26 fb) for both Sy and P. In these regions
the production rate for Sy is roughly equal to that for P
because the main contributions come from the associated
production, (19) channel (iii).
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