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Abstract

We study Yukawa coupling unification in the simplest extension of the Minimal Supersymmetric Standard Model
(MSSM) which incorporates R-parity violation through a bilinear superpotential term. In contrast to what happens in the
MSSM, we show that bottom-tau unification at the scale Mg, where the gauge couplings approximately unify can be
achieved for any value of tan 8 by choosing appropriately the sneutrino vacuum expectation value. Moreover, we show that
in contrast with the MSSM where large tan 8 solutions exist, in our case for sufficiently large sneutrino VEV v;, large tan 3
becomes incompatible with bottom-tau unification. © 1999 Published by Elsevier Science B.V. All rights reserved.

The Standard Model (SM) of particle physics is
very successful in describing the interactions of the
elementary particles, except possibly neutrinos. Al-
though it is regarded as a good low-energy effective
theory, the SM has many theoretical problems. Its
gauge symmetry group is the direct product of three
groups SU(3) X SU(2) X U(1) and the corresponding
gauge couplings are unrelated. It does not explain the
three family structure of quarks and leptons, and
their masses are fixed by arbitrary Yukawa cou-
plings, with neutrinos being prevented from having
mass. The Higgs sector, responsible for the elec-
troweak symmetry breaking and for the fermion
masses, has not been verified experimentally and the
Higgs boson mass is unstable under radiative correc-
tions. As a result, say, the hierarchy between the
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electroweak scale and the Planck scale is not under-
stood.

In supersymmetry (SUSY) [1] the Higgs mass is
stabilized under radiative corrections because the
loops containing standard particles is partially can-
celled by the contributions from loops containing
supersymmetric particles. If we add to the Minimal
Supersymmetric Standard Model (MSSM) [2] the
notion of Grand Unified Theory (GUT), then we find
that the three gauge couplings approximately unify at
a certain scale Mg [3] Indeed, measurements of
the gauge couplings at the CERN e¢™ ¢~ collider LEP
and neutral current data [4] are in much better agree-
ment with the MSSM—GUT with the SUSY scale
Mgygy < 1 TeV [5] than the SM.

Besides achieving gauge coupling unification [6],
GUT theories also reduce the number of free param-
eters in the Yukawa sector. For example, in SU(5)
models, the bottom quark and the tau lepton Yukawa
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couplings are equal at the unification scale, and the
predicted ratio m,/m,_ at the weak scale agrees with
experiments. Furthermore, a relation between the top
quark mass and tan 3, the ratio between the vacuum
expectation values of the two Higgs doublets is
predicted. Two solutions are possible, characterized
by low and high values of tan 8 [7]. In models with
larger groups, such as SO(10) and E, both the top
and bottom Yukawa couplings are unified with the
tau Yukawa [8]. However, in this case, only the large
tan 8 solution survives.

In this letter, we show that the minimal extension
of the MSSM-GUT [10] in which R-parity violation
is introduced via a bilinear term in the MSSM
superpotential [11,12], allows b — 7 Yukawa unifica-
tion for any value of tan8=1v, /v, and satisfying
perturbativity of the couplings. We also analyze the
t—b— 7 Yukawa unification and find that it is
easier to achieve than in the MSSM, occurring in a
slightly wider high tan 8 region.

For simplicity, we consider only the third genera-
tion of quarks and leptons, so the superpotential is
given by

A A

+M‘H H{1+€3i‘31—}u (1)

u

where the first four terms correspond to the MSSM
and the last one is the bilinear term which violates
R-parity. This superpotential is motivated by models
of spontaneous breaking of R-parity [13]. Here, R-
parity and lepton number are violated explicitly by
the €, term.

It is clear from Eq. (1) that the scalar potential
contains terms which induce a non-zero vacuum
expectation value (VEV) of the tau sneutrino {7, ) =
v/ V2 . It contributes to the W mass according to
mi, = +g* (vl + 2 +v?), where v,/V2 and v,/ V2
are the VEVs of the two Higgs doublets H, and H,
respectively. The R-parity violating parameters e,
and v, violate tau-lepton number, inducing a non-
zero v, mass m, o (o, + €,v,)?, which arises due
to mixing between the weak eigenstate v, and the
neutralinos [14]. The latest », mass limit from
ALEPH is m, <18 MeV [15]. The v, and v, re-

main massless in first approximation. They acquire
typically smaller masses from supersymmetric loops
[16]. As already mentioned, in what follows we
consider only the third generation of quarks and
leptons.

It is important to note that the e-term in Eq. (1) is
a physical parameter and cannot be eliminated [10]
by a redefinition [17] of the superfields H, and L.
The reason is that, after the rotation, bilinear terms
which induce a tau sneutrino VEV are re-introduced
in the soft scalar sector. Moreover, in contrast to
many prejudices, we wish to stress that the R-parity
violating parameters v, and €, need not be small. In
models with universality of soft supersymmetry
breaking mass parameters m, is naturally small
because it arises from a seesaw mechanism in which
the the effective mixing arises only radiatively, and
may lie in the eV range [10].

R-Parity violation also implies that the charginos
mix with the tau lepton, through a mass matrix given
by

1
M ——gu 0
V2 5
1 1
MC = Egud [ - —EhTU] (2)
1 1
—ho

ﬁglﬁs —€;

Imposing that one of the eigenvalues reproduces the
observed tau mass m_, the tau Yukawa coupling A,
can be solved exactly as [12]

. 2m2 1 ;
T2 146 ()

where the & depends on m_, on the SUSY parame-
ters M,u.tan 8 and on the R-parity violating parame-
ters €, and v;. One can easily be shown to vanish in
the MSSM limit e€; — 0 and vy — 0. On the other
hand, the bottom and top Yukawa couplings are
related to the bottom and top masses according to

Al

U
n, = h,:/—_i—sinBsin() , M, = hbﬁcosﬁsine (4)
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where we use spherical coordinates for the VEVs,
defining v=2my /g, tanB=v, /v, and cosf=
v, /0.

We now turn to the study of the renormalization
group evolution of the various relevant parameters of
the model such as the gauge and Yukawa couplings,
the SM quartic Higgs coupling and the third genera-
tion fermion masses. We follow closely the proce-
dure of Barger et al. [7]. In our approach we divide
the evolution into three ranges: (i) from Mg;gy to
Mgy, where we use the two-loop RGEs of our
model, (ii) from m, to Mgy, Where we use the
two-loop SM RGEs including the quartic Higgs cou-
pling and (iii) from M, to m, we use running
fermion masses and gauge couplings.

We randomly vary the low energy data over their
allowed ranges [18] o) (m,)= 128.896 + 0.090,
sin®g, (m,) = 0.2322 4+ 0.0010, and a,(m,)=0.118
+ 0.003, extrapolating to higher energies and look-
ing for solutions compatible with approximate unifi-
cation, with a unification scale Mg, and a unified
coupling ag,r. We use the approximation of a
common decoupling scale Mq;qy < 1 TeV for all the
supersymmetric particles. The solutions we find are
concentrated in a region of the My —agyr plane.
For the simpler case where the SUSY scale coincides
with the top mass, Mg,y = m,, this region is cen-
tered at the point Mg;y; = 2.3 X 10'° GeV and ag;
~ 24.5, which we adopt from now on. Note that this
procedure give us only approximate gauge unifica-
tion. This is justified because the results presented
here, i.e., unification of Yukawa couplings, are not
qualitatively altered by the details of gauge coupling
unification. A dedicated study of gauge unification
will be presented elsewhere, addressing the difficul-
ties of the MSSM in obtaining perfect unification at
low values of a, and how this is affected by the
R-parity breaking hypothesis.

Next, we study the unification of Yukawa cou-
plings using two-loop RGEs. We take my, = 80.41 +
0.09 GeV, m_=1777.0 + 0.3 MeV, and m,(m,) =
4.1 to 4.5 GeV [18]. We calculate the running masses
m(m)=mn""m(m,) and m,(m,)=n, 'mm,),
where 1, and 7, include three-loop order QCD and
one-loop order QED [9]. At the scale Q=m, we
keep the running top quark mass m,(m,) as a free
parameter and vary randomly the SM quartic Higgs
coupling A. Using SM RGEs we evolve the gauge,

Yukawa, and Higgs couplings from Q =m, up to
Q = Mg,gy. The initial conditions for the SM
Yukawa couplings are AZ(m,) =2m?(m,)/v?, with
i=t,b,7 and v =246.2 GeV.

At the scale O = My, below which all SUSY
particles are decoupled (including the heavy Higgs
bosons) we impose the following boundary condi-
tions for the quark Yukawa couplings

A (Mgysy) = h,( Mysy )sinBsin@,
)‘b( Mgysy) =hb( Mgysy )cos Bsinf (5)

where h; denote the Yukawa couplings of our model
and A; those of the SM. Due to its mixing with
charginos, the boundary condition for the tau Yukawa
coupling is slightly more complicated:

A ( Msysy ) = h,( Mgysy )cos BsinOv1 + & (6)

Finally, the boundary condition for the quartic Higgs
coupling is given by

M Mgysy) = %[(gz(M;USY) +g,2(M;USY ]
X (cos2 Bsin®d + cosd )2 (7)

The MSSM limit is obtained setting 6 — /2 i.e.
vy=0.

At the scale Q= Mg,qy, we vary randomly the
SUSY parameters M, p and tanB, as well as the
R-parity violating parameter €,. The parameter v, =
vcos b is calculated from Eq. (7). Since A (or equiva-
lently the SM Higgs mass m% =2Av?) is varied
randomly, in practice we also scan over 6. This way,
we consider all possible initial conditions for the
RGEs at Q =Mgy,gy, and evolve them up to the
unification scale = M;,r. The sclutions that sat-
isfy b — 7 unification are kept.

In Fig. 1 we illustrate our result by plotting the
(pole) top quark mass as a function of tanf. For
simplicity we have taken Mg,qy = m, but it should
be clear that a different Mg, choice would not
change qualitatively our results. Each selected point
in our scan satisfies bottom-tau unification
h(Mgur) = h(Mgyr) (to within 1%) and it is
placed in one of the shaded regions according to the
value of |vsl The first region with v, =¢€;=
Ocorresponds to the MSSM and sits at the top of the
plot. Points with |v,] < 1 GeV fall in the region just
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Fig. 1. Top quark mass as a function of tan 3 for different values
of the R-parity violating parameter v;. Bottom quark and tau
lepton Yukawa couplings are unified at Mq,. The horizontal
lines correspond to the 1o experimental m, determination. Points
with r— b — 7 unification lie in the diagonal band at high tan 8
values. We have taken Mgygy = 3Dm,.

below. The subsequent regions labelled by | <[z,
<5 GeV up to |v;/>40 GeV respectively are ob-
tained when v, gets higher. They are narrower in
tan B. Note that, in contrast with the MSSM, in our
model for sufficiently large |uv;| the large tan is
inconsistent with b-tau unification. Note also that
there is a certain overlap of the two regions charac-
terized by v; <5 GeV with the MSSM region: we
find solutions with non-zero v; <5 GeV also in the
MSSM region, but not the other way around. The
two horizontal lines correspond to the top quark
mass within a 1 ¢ error. In the MSSM limit we can
see the two solutions compatible with the experimen-
tal value of the top quark mass, one with tanf3 = |
and the other with tanB = 53-61. It is clear from
the figure that by selecting appropriately the value of
lugl we can find b — 7 unification for any tanf
value within the perturbative region 1 < tanf < 61
of the Yukawa couplings. For |v,| <20 GeV one
has, as in the MSSM, two disconnected solutions for
b — 7 unification, one with tanB8 =1, and a large
tan B8 range which, for intermediate v; can be quite
broad. Note that for 20 <|v,| <40 GeV only the

tan 8 range from 2 to 8§ or so is consistent with the 1
o top mass measurement, for the chosen «, and
m,(mn,) values. Similarly. the |¢,| range above 40
GeV would be even smaller.

The above results do not depend qualitatively on
the definition chosen for tan 8. For example, if we
define tan B in the way which is natural in the basis
where the e;-term disappears from the superpoten-
tial, tanB' =v,/yv; +v; we also can find b—17
unification for any tan 8’ value.

We now study the dependence of our results on
the weak scale values of the strong coupling constant
and the bottom quark mass. The effect of varying «,
in Fig. 1 is that the upper bound on tan 3, which is
tanB < 61 for a,=0.118, increases with «, and
becomes tan B < 63 (59) for a, = 0.122 (0.114). On
the other hand the MSSM region is narrower if a,
increases, specially at high tan3 values. We have
verified that the same trend extends to the regions
with large v,. Finally, we mention that the top mass
value for which unification is achieved for any tan 3
value within the perturbative region increases with
«,, as in the MSSM. Notice that, in contrast to
Carena et al. [8], we do not impose universality of
soft scalar masses.

Turning to the dependence on m,, the behaviour
is the opposite one. In Fig. 1 we have taken m,(m,)
= 4.3 GeV. As before the value of tan 3 is bounded
from above by tanB < 61 due to the perturbativity
condition of the bottom quark Yukawa coupling. If
we consider m,(m,) = 4.1 (4.5) GeV then the upper
bound of this parameter is given by tan 8 < 64 (58).
In addition, the MSSM region is narrower (wider) at
high tanf8 compared with the m,(m,)=4.3 GeV
case shown in Fig. |. In addition this study of the
uncertainty of m,(m,) allows us to estimate the error
we make in neglecting the non-logarithmic correc-
tions to the bottom-quark mass. Although the result-
ing small corrections do affect the shape of Fig. 1
they do not in any case affect our main point,
namely, that we do find b-tau unification for all tan 8
values, provided the magnitude of the R-parity-
violating VEV v is chosen suitably.

Finally we have studied the possibility of top-bot-
tom-tau unification in our model. The diagonal line
at high tanB values corresponds to points where
t — b — 7 unification is achieved. Since the region
with [¢,] <5 GeV overlaps with the MSSM region,



it follows that + — b — 7 unification is possible in
this model for values of v, up to about 5 GeV,
instead of 50 GeV or so, which holds in the case of
bottom-tau unification. Within the MSSM, t - b — 1
unification is achieved in the range 55 <tanpB < 57
completely insid
case, bilinear R-parity violation enlarges slightly the
allowed tan 8 region to 53 as its lower limit. At the
2o level our model allows t — b — 7 unification for
52 < tan B8 < 58 while in the MSSM 55 remains as
the lower limit. In addition, we have checked that the
region with + — b — 7 unification in the MSSM case
shrinks if «, is increased. The space left out by the
MSSM is taken over by the regions with |v5] <5
GeV so that, for large «,, t— b — 7 unification
occurs in a even wider tanB range than possible in
the MSSM.

In conclusion, we have summarized the results of
the first systematic study of Yukawa coupling unifi-
cation in a model where we introduce bilinear R-par-
ity violation. This possibility was mentioned earlier
in the context of modeis with tri-linear breaking of
R-parity, see, €.g. [19]. In contrast with such models,
ours is the simplest alternative to the MSSM which,
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in addition, has the theoretical merit of parametrizing
in an effective way many of the features of models
of spontaneous breaking of R-parity. Apart from its
intrinsic theoretical as well as phenomenological in-
terest, our study is motivated also a posteriori in
view of the striking results we have obtained: (i) We
showed that, in contrast to the MSSM, where bot-
tom-tau unification is achieved in two disconnected
tan B regions, in our model b — 7 unification occurs
for any tan B wvalue, provided we choose appropri-
ately the value of the tau sneutrino vacuum expecta-
tion value vy and (ii) We showed that, in contrast
with the MSSM, where two well-separated tanf3
branches exist, in our case, for sufficiently large v
these approach each other in such a way that large

tanm 3 Lonasaao sl d Aq Togt racnlt wo chaws
laii o DeCcomies riuea oit. As a iast 1\43uu, wC ouuwﬁd

that ¢+ — b — 7 unification is achieved for |v,
GeV at high values of tanf in a slightly wider
region than that of the MSSM.

Acknowledgements

P P - T T Lo e | - A
K wad auppuucu Uy 1aivC 11 unuct

This w
grants PB95-1077 and HP97-0039 (Accion Integrada

MOTOVT e A

et al. / Physics Letters B 453 (1999) 263-268 267

Hispano-Portuguesa) and by the TMR network grant
ERBFMRXCT960090 of the European Union.
M.A.D. was supported by a DGICYT postdoctoral
grant, J.F. was supported by a Spanish MEC FPI
fellowship.

References

[1] Yu.A. Gol’fand, E.P. Likhtman, JETP Lett. 13 (1971) 323;
D.V. Volkov, V.P. Akulov, JETP Lett. 16 (1972) 438; I.

ace B Fiiamin N (1074) 20
VVC\b D LullllllU quLl ru_ya D TAVAR N D i o B b 8

[2] H.P. Nilles, Phys. Rep. 110 (1984) 1; H.E. Haber, G.L.
Kane, Phys. Rep. 117 (1985) 75; R. Barbieri, Riv. Nuovo
Cimento 11 (1988) 1.

[3] S. Dimopoulos, S. Raby, F. Wilczek, Phys. Rev. D 24 (1981)
1681; S. Dimopoulos, H. Georgi, Nucl. Phys. B 193 (1981)
150; L. Ibafiez, G.G. Ross, Phys. Lett. B 105 (1981) 439;
M.B. Einhorn, D.R.T. Jones, Nucl. Phys. B 196 (1982) 475;
W.J. Marciano, G. Senjanovic, Phys. Rev. D 25 (1982) 3092.

[4] Review of Particle Properties, Phys. Rev. D 54 (1996) 1.

[5] U. Amaldi. W de Boer, H. Furstenau, Phys. Lett. B 260

(1991) 447 J. Ellis, S. Kelley, D.V. Nanopoulos, Phys. Let.

B 260 (1991) 131: P. Langacker, M. Luo, Phys. Rev. D 44

(1991) 817; C. Giunti, C.W. Kim, U.W. Lee, Mod. Phys.

Lett. A 6 (1991) 1745.

For recent studies see P. Langacker, N. Polonsky, Phys. Rev.

D 47 (1993) 4028; P.H. Chankowski, Z. Pluciennik, S.

Pokorski, Nucl. Phys. B 439 (1995) 23; P.H. Chankowski, Z.

Pluciennik, S. Pokorski, C.E. Vayonakis. Phys. Lett. B 358

{1008} 244
\I7T70) 204,

V. Barger, M.S. Berger, P. Ohmann, Phys. Rev. D 47 (1993)

1093; M. Carena, S. Pokorski, C.E.M. Wagner, Nucl. Phys.

B 406 (1993) 59; R. Hempfling, Phys. Rev. D 49 (1994)

6168.

[8] L.J. Hall, R. Rattazzi, U. Sarid, Phys. Rev. D 50 (1994)
7048; M. Carena, M. Olechowski, S. Pokorski, C.E.M. Wag-
ner, Nucl. Phys. B 426 (1994) 269.

[9] Q.V. Tarasov, A A. Vladimirov, A.Y. Zharkov, phvc TLett. B

[6

[

[7

—

93 (1980) 429: S.G. Gorishny, A.L. Kateav, S.A. Larin, Yad.
Fiz. 40 (1984) 517 {Sov. J. Nucl. Phys. 40 (1984) 329]; S.G.
Gorishny et al., Mod. Phys. Leti A 5 (1590) 2703.

[10] M.A. Diaz, J.C. Romio, J.W.F. Valle, Nucl. Phys. B 524
(1998) 23; M.A. Dfaz, talk given at International Europhysics
Conference on High-Energy Physics, Jerusalem, Israel, 19-26
August 1997, hep-ph/9712213; J.C. Romio, talk given at
International Workshop on Physics Beyond the Standard
Model: From Theory to Experiment (Valencia 97), Valencia,
Spain, 13-17 October 1997, hep-ph /9712362 J.W.F. Valle,

review talk given at the Workshop on Physics Beyond the

Standard Model: Beyond the Desert: Accelerator and Nonac-
celerator Approaches, Tegernsee, Germany, 8—14 June 1997,
hep-ph/9712277.

[11] F. de Campos, M.A. Garcia-Jarefio, A.S. Joshipura, J. Rosiek,
J.W.F. Valle, Nucl. Phys. B 451 (1995) 3; T. Banks, Y
Grossman, E. Nardi, Y. Nir, Phys. Rev. D 52 (1995) 5319:
A.S. Joshipura, M. Nowakowski, Phys. Rev. D 51 (1995)



268 M.A. Diuz et al. / Physics Letters B 453 (1999) 263268

2421; F. Vissani. A.Yu. Smirnov. Nucl. Phys. B 460 (1996)

37. H.P. Nilles, N. Polonsky, Nucl. Phys. B 484 (1997) 33;

B. de Carlos. P.L. White, Phys. Rev. D 55 (1997) 4222; S.

Roy, B. Mukhopadhyaya, Phys. Rev. D 55 (1997) 7020.

A. Akeroyd, M.A. Diaz, J. Ferrandis, M.A. Garcia-Jarefio.

JW.E. Valle, Nucl. Phys. B 529 (1998) 3.

[13] A. Masiero, J.W.F. Valle, Phys. Lett. B 251 (1990) 273;
M.C. Gonzalez-Garcia, J.W.F. Valle, Nucl. Phys. B 355
(1991) 330; J.C. Romao, C.A. Santos, J.W.F. Valle, Phys.
Lett. B 288 (1992) 311; J.C. Romio, A. loannissyan, J.W.F.
Valle, Phys. Rev. D 55 (1997) 427.

H
A

[14] G.G. Ross, J.W.F. Valle, Phys. Lett. B 151 (1985) 375: John
Ellis, G. Gelmini, C. Jarlskog, G.G. Ross. J.W.F. Valle,
Phys. Lett. B 150 (1985) 142,

[15] 1. Nikolic. Nucl. Phys. B (Proc. Suppl.) 66 (1998) 214.

[16] R. Hempfling, Nucl. Phys. B 478 (1996) 3; M. Diaz et al., in
preparation.

[17] L. Hall, M. Suzuki, Nucl. Phys. B 231 (1984) 419.

[18] A Combination of Preliminary Electroweak Measurements
and Constraints on the Standard Model, CERN internal note,
LEPEWWG /97-02, August 1997.

[19] H. Dreiner and Pois, hep-ph /9511444,



