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Abstract

We consider the impact of cosmologicB+L constraints on supersymmetric standard models without R-parity which can
account for the observed atmospheric and solar neutrino masses and mixing. In order to avoid erasing any primordial baryon or
lepton asymmetry above the electroweak scald, violation for at least one generation should be sufficiently small. We show
that a narrow parameter space of the bilinear model may satisfy such constraints as well as provide the form of the neutrino
mass matrix required by current data.

0 2004 Published by Elsevier B.V.

PACS: 12.60.Jv; 14.60.Pq; 98.80.Cq

1. Introduction 0.3 < SiPOam< 0.7,
12x 103 eV? < Am2,, <48 x 1073 eV? 1)

In recent years the increasing evidence for neutrino with maximal mixing sif fam = 0.5 and Am2,, =
oscillations from various experiments [1] has led to 25 x 103 eV? as the best fit point. Similarly, the

the active study of R-parity violating extensions of the - solar neutrino data is explained by oscillation into
minimal supersymmetric standard model (MSSM) [2]. & mixture ofv, and v,. Global analyses suggest a

Such models maintain the particle Spectrum of the |arge mixing ang|e and a much smaller mass Squared
MSSM but contain renormalizable lepton flavour vi-  difference. At 3 we have [6,7]

olating couplings with which the observed neutrino
oscillations and mass differences [3] can be accom- 0.29< tarf 6o < 0.86,
modated [4,5]._ The atmospheric neutrino data is.ex— 5.1x 1075 eV2 < Am2 1<9.7 x 10°5 e\2 @)
plained by oscillations,, — v;, and a global analysis so
gives the following 3 ranges [6] with tar? fso) = 0.46 andAm?2 ;= 6.9 x 107> eV2 as
the best fit point.

In the R-parity violating MSSM, the lightest super-
 E-mail addresses akeroyd@kias.re.kr (A.G. Akeroyd), symmetric particle is unstable and decays in the de-
ejchun@kias.re.kr (E.J. Chun), mad@susy.fis.puc.cl (M.A. Diaz).  tector with branching ratios which are correlated with
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the neutrino mixing [8]. This provides a robust, ex- We will see that TRpV can be ruled out in this spirit.
perimentally accessible test of the model at the large The cosmological bounds in BRpV have been consid-
hadron collider and/or a™e~ linear collider [9]. Bi- ered in a previous qualitative study [23]. We develop
linear R-parity violation (BRpV) is the minimal ex- their analysis and apply the bounds to the currently
tension of the MSSM with R-parity violating terms  favoured bi-large mixing form of the neutrino mass
[4,10-13]. In the BRpV model, the usual universality matrix. We will show that the cosmologic&+L con-
condition of the soft SUSY breaking terms must be re- straints strongly restrict the parameter space of good
laxed in order to accommodate the observed bi-large solutions for the neutrino mass matrix and thus only
mixing [14—17]. Another option for obtaining arealis- a narrow parameter space can survive. Thus our study
tic neutrino mass matrix is to allow both bilinear and constitutes an existence proof of the compatibility of
trilinear couplings while keeping the universality con- BRpV with the preservation of a primoridially gener-
dition. The minimal model of trilinear R-parity viola-  atedB—L asymmetry.

tion (TRpV) assumes the dominance of the third gen-

eration trilinear couplings and thus contains five free

parameters of lepton number violation which are able 2. Neutrino masses from R-parity violation

to fit all the neutrino data successfully [5].

In connection with neutrino physics, there appears  we briefly summarize the mechanism of generat-
an important cosmological consideration. As is well ing neutrino mass and mixing by R-parity violating
known, the see-saw mechanism provides a natural couplings, both bilinear and trilinear, and discuss their
way to generate the baryon asymmetry of the universe sjzes to explain the atmospheric and solar neutrino os-
through the out-of-equilibrium decay of a heavy right-  cjllations. The R-parity violating MSSM predicts a hi-
handed neutrino [18]. Being a new physics model just erarchical neutrino mass spectrum. The atmospheric
around TeV scale, the R-parity violating MSSM can mass scale corresponds approximately to the heavi-
hardly accommodate such a mechanism of baryogen-est neutrino masss, and it is generated at tree level
esis. However, in the MSSM, the so-called Affleck— via a low energy see-saw mechanism due to the mix-
Dine mechanism can successfully work to generate jng of the neutrinos with the neutralinos. On the other
the required amount of the baryon asymmetry in the hand, the solar mass scale, corresponds approximately
flat direction along, e.g.L H, [19]. It is notable that {0 the second heaviest neutriney, and is generated
such a property is unaltered even with the presence of 5t the one loop level. The atmospheric neutrino mix-
R-parity violating terms which must be very small to ing is also predicted by tree level physics, and de-
generate tiny neutrino masses. pends in a simple way on sneutrino vacuum expec-

In this Letter we are not concerned with explain- tation values expressed in the basis where the bilin-
ing the baryon asymmetry but instead assume that aear parameters are removed from the superpotential.
B-L asymmetry was generated primordially by some On the other hand, the solar neutrino mixing angle is
means at a high temperature. Our intention is its again predicted by one-loop physics which is mainly
preservation at all energies down to the electroweak determined either by the trilinear couplings in the su-
scale when the sphalerons finally fall out of equilib- perpotential or by the bilinear parameters in the scalar
rium. Lepton number violating couplings introduced potential. Let us remark, however, that we cannot ex-
around the TeV scale are capable of erasing any cjude the possibility of the loop mass dominating over
pre-existing baryon/lepton asymmetry in the universe the tree mass, which may have an interesting implica-

together with B + L violating sphaleron processes tjon for baryogenesis as will be discussed later.
[20-22]. This is often raised as a deficiency of R-

parity violating models. The purpose of this Letteris ~ TRPV: in the TRpV model with the universality
to explicitly check if such cosmological constraints on condition of the soft terms, one introduces the trilinear
the R-parity and lepton number violating couplings R-parity violating couplings in the superpotential as
can be satisfied while simultaneously accommodating follows

the form of the neutrino mass matrix indicated by the

— A T . F€ U . . D¢
atmospheric, solar and reactor neutrino experiments. W=AijkLiLj E + Aiji Li Qj Dy ®)
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In this scheme, the bilinear teri} H> in the superpo-
tential can be rotated away to the above trilinear terms
at an ultraviolet scale. However, non-vanishing bilin-
ear terms appear at the weak scale which will be dis-

cussed below. Here, we concentrate on the one-loop

neutrino mass whose main contribution takes the form

2
21100P _ 3)‘133)&/33 mg(Ap + ptang) | "y
7T 8g2 2 _ 2 2
7T mbl mb2 mb2
2
Ai3shj33m2(A; + ptanp) n msz )
87'[2 mg —mg mg ’
1 T2 T2

Note that we have picked ug,, andi;33 which give

the largest contribution to the neutrino mass under
the assumption that all the couplings are of a similar
magnitude. Typically, the solar neutrino mass and
mixing is determined by the second term of Eq. (4)
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where Fy = M1Ma/(c5,M1 + s5,M2) + M5cap/10
and & = (¥;)/(H1) — ¢ [14]. Recall thatg; results
from the non-universality of soft terms betweknand
H, as follows

(AmZ —mZ /) + ABiuig
mz ’

Vi

§i = 8

=€

where AB; = B — B; and Am? =m%, —m7 . Itis
most natural to assume that the tree mass (7) gives

the heavier mass scale;z = F—[fgzcg. Considering
the atmospheric neutrino mass-squared difference,
AmZ,~2.5x 1073 eV ~ m3, we get

( F

1/2 ms 1/2
MZ> (0.0SeV) ‘

Since the two mixing anglesz2z = Oam and 613,

N

Ecp=7.4x 10" ©)

and thus we can have a rough estimate of the requiredsatisfy

sizes ofi;33 as follows

~ 1/2
m

133~ A233”~ 8 x 107°

1337 £2337 O X (300 GeV) (

1/2
m2

8 MeV) ’

()

where we taken = A; + utang = mz , andmy ~

JAm2,. Indeed, detailed analysis shows that one
needs the trilinear couplingﬁs’233333 ~ 1133233 ~
O(10~°) to accommodate the required bi-large mixing
of the atmospheric and solar neutrino oscillations [5].
In the next section, we will see that such values are far
above the baryogenesis constraints.

BRpV: forbidding the lepton number violating
trilinear couplings in the superpotential (3), the BRpV
model allows the following dimension-two terms,

W = u(e;L; Ho + H1Hp),

Veoft= 4(€; BiLi Hp + BH1Hp) +m?  LiHy +h.c.,

(6)
in the superpotential and in the soft supersymmetry
breaking scalar potential, respectively. Here we have

used the same notation for the superfields and their

scalar components. The tree-level neutrino mass ma-
trix arising from the above bilinear parameters can be
written as follows

tree
ij

M2

tandpz=§2/83~ 1,
&11/,/65 + &2 < 1

we needt; < 0.352,3 to make smalbiz andés ~ &3
for near maximal atmospheric mixing. Thus, current
neutrino oscillation data require

Y2/ e \12
SG) (ooser)

(11)

Let us now consider how the one-loop mass arises
in BRpV. In order to obtain the bi-large mixing
of the atmospheric and solar neutrinos, one needs
to introduce non-universality in soft terms at an
ultraviolet scale [14]. In this Letter, we will assume
flavour diagonal soft masses since off-diagonal terms
are severely constrained by processes such as
ey andt — uy [24]. Depending on the degree of
the deviation from universality, we can consider two
cases.

| tanf13| = (10)

1<K &
21
cp

~E3~b2x10 '—

Case |. First, the non-universality of soft parame-
ters can be assumed to be small. In this case, the quan-
tities Am , mL /€ and uAB; are much smaller
than the typ|cal soft mass-squaréd so that the in-
duced trilinear couplings ok = €;h, and A;33 =
€;h; give the major contribution to the size of; ~
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2 [15,17] as in Eq. (5). Thus, this case is simi-
lar to TRpV discussed before.
However, we point out that there is a different way
of reconciling the neutrino data with the baryogenesis
requirement. Namely, we notice the possibility that

the loop mass is larger than the tree mass. In this Oin ~ n; sﬂmz
situation, the heavier neutrino mass scale can be

produced mainly by the bottom—sbottom loop which
can be rewritten from Egs. (4) and (21) as follows

2

loop Shiee_mimbwtanﬁ) mi, 12)
ij T ogm2lt] 2 _ 2 2
& "M, M,

As the above loop contribution determines the at-
mospheric neutrino mass and mixing, the condition
(11) has to be replaced by

~ 1/2
€1 K ex R ez~ 8 X 10_3c,3 (ﬁ/) . (13)

As we will show, such large couplings 3 cannot
satisfy the baryogenesis constraint at all. Butan be
made arbitrarily small. Let us recall that it is sufficient
to suppress lepton number violating couplings for
just one lepton flavour. In our case, it is the electron
number, which is implied by the smallness &fs.
Now, in order for the tree mass (7) to produce the solar
neutrino mass and mixing, we need

71 (Fw)"?
Cﬁ MZ ’
where&; ~ &> is required by the large solar neutrino
mixing and the overall size is to produce; =

vV Amsol

Case ll. Secondly, one can consider the scenario of
large deviations of non-universality at the weak scale,
implying that Am?, m2 ,, /¢; and uAB; are of the
orderm?2. In this case, the neutral scalar and neutralino
exchange loops can give important contributions to the
one-loop mass as long as t&is not too large and the
large misalignment betwees andy; is allowed [16].
The one-loop mass coming from the neutral scalar
loops is roughly given by

§1~&~3x10" (14)

2
8
Wm 09,¢91¢BO( XO’ mi),

loop ~
ij

(15)

67

whereBo(x, y) = —X"Ty In —InZ 2T 1 and¢ repre-
sents the neutral Higgs bosorth andA. Neglect-
ing the unimportant contribution df;, the variables
0;4 are approximately given by

m%ica_i_ﬁ — M2C2/3Ca —p — A25458

A (m~_ —mh)(m~_ —mH)

2 21 Sq—p — M?2 7C2BSa+p + A2Casp
> )

Oim ~ nisgm
A
(m§, — mh)(mﬁi —m%)
2
m
~ i A
Oia R inisp———,
mA — mﬂi

(16)

wheren; =& + €;AB;/B andmj y are the Higgs
boson masses determined at one-loop level. Here,
the one-loop correction of the Higgs potential is
parametrized by the quantity, which takes the form
[24]

(mA—mh)(mh M2C2 )+mhM 52,5

Az
mA /3 — mh + MZ 8

Then, the heavy Higgs massy is determined by

m2, =m? —m2+ M2 + A,. The anglex diagonalizes

the neutral Higgs boson masses and is obtained from

the relation:

m% + M2
— MZ+ Az/czp’
Our convention for the pseudo-scalar Higgs boson
mass is that3 = —uB/cpsp.
Requiring thatMIOOp (15) determines the solar
neutrino mass and mlxmg one obtains

tan2x =tan2s 2 0.

o<

NS

019 ~ B2¢

~6x 106(300 Gev)m(ﬂ) ( 2 )
m,o m o 8 MeV
17)
Again, the large mixing of solar neutrinos requires
014 ~ 024. Remember that the above relation (17) is to
be combined with the tree-level result (11) accounting

for the atmospheric neutrino data.

3. Baryogenesisconstraints on R-parity violation

In this section, we discuss how the R-parity violat-
ing couplings are constrained by the non-erasure con-
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dition of the baryon asymmetry before the electroweak
phase transition. We begin with considering the inter-
action of Eq. (3) which gives the decay width for lep-
ton number violating one-to-two body decays,
_ gy i

T 1923 T

The out-of-equilibrium condition]12 < H = 1.66 x

I'» (18)

1/2
300 GeV) (19)

for gef = 915/4. This is for T > m. An improved
result which does not make this assumption was
presented in [22] and shows that thén dependence

of Eq. (18) is very mild.

The constraints on the bilinear R-parity violating
couplings are more involved. Extending the discussion
of Ref. [23], we will identify the set of bilinear pa-
rameters which are constrained by our consideration.
A key point to notice is that we are interested in the era
when the electroweak symmetry breaking has not yet
occurred. In this case, it is convenient to use3bg4)
rotation in the ‘superfields’.; and H1

Mgz Ai33 < 2 X 10—7(

Li—Li+¢H and Hy— Hi—¢€L; (20)

which eliminates of the; term (valid up toO(¢;))
leaving invariant the gauge interactions. Its effect is to

only generate the effective couplings
and Aizz=¢€;he (21)

for which the condition (19) is applied. Under the
rotation (20), the scalar potential (6) becomes

/

Vsoft= w(BH1Hz — €; AB; L; H)
+ (m?  — e Am?)LiH] +h.c. (22)

which shows that the additional lepton number violat-
ing effect other than the induced trilinear couplings in

Eq. (21) arises in the presence of the non-universal softe; < 1.2 x 10‘5c5
supersymmetry breaking parameters between the slep-

tons and Higgs bosons. In order to define the proper
interaction vertices, one diagonalizes away such mix-
ing mass terms, which can be done by the following
approximate rotation among the scalar fields Hy
andHj) =it H,:

Li — L; — ei1Hy — si2H),
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Hy— Hy+enl;,

/

Hj— Hy+gisL;. (23)

Here the variables;; andeg;» are determined as

(mf{2 +u2—mii )(€i Aml.z—m%i Hl)—e,—uzBAB,-

Eil=

(my, +u2=m3 Y%, +p2—m? )—p2B2
(milJruzfmii)emAB,-fuB(ei Amizfmii Hl)
2p2

gio =
L (mil+u27m%i)(miz+u27m%i)7M

(24)
It is now useful to rewriteg;1 ;2 in terms of the
variablest; andn; dictating the neutrino mass matrix.
Using the minimization condition of the Higgs and
sheutrino fields, we obtain

misg (m‘g}i —M%czﬂ+ % A2)

g1~ =& —n;

(m%i 7mis§)(m§i 7M%c2ﬁ+%A2)fm§im%cﬁ ’
2.2 2
gio A ni MaspMs,
27~ 2 2 2y (2 2. 1 2 22"
tﬁ (mr}i *mAsﬂ)(mr;i*MZ‘2ﬂ+§A2)*maimA‘ﬁ
(25)

The variableg;1 ;> control the size of lepton number
violating interactions whose couplings arise from the
rotation (23) as follows:
Left = hreitLi L3ES + hpeinLi Q3D§ + hiei2L; Q3Us5
/ ’
8 &il 8

tom it 8E27 T
+ [H LB+ L;H1B]+ L;HyB
NG l 2 !
& - ~
+ “if’zl[Hl‘“z”L,-M + LA
£:9 ~ -
+ 82 e Ay he, 26
i 2

/2

where L] = irzij, 7% are Pauli matrices and¢
represent th&U (2) gauginos.

Now, applying the constraint (19) to the couplings
in Egs. (21) and (26), we get the bounds on the bilinear
couplingse;, €;1 ande;» as follows

~ 1/2
m
(300 GeV) ’

mXO

1/2
i1<3x1077( —%X—) ,
L= (3ooeev)

1/2
mp,;
300 GeV) ’

wherem is the smallest mass of the sfermions involved
in the A}55 term; L;, O3 and Dg, m, is a gaugino

gi2 < 2% 1o7sﬂ< (27)
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mass involving in the process— L; H1 and the last For a qualitative understanding of this, we first
equation comes from the procd%,s—> Q3U3. notice that the variables;1 ;> and &; or 6;, have
Our baryogenesis constraints are summarized in different dependencies on the input parameters. That
Egs. (19) and (27) for TRpV and BRpV, respectively. is, comparing Eq. (25) with Eq. (16), we find that
We can now discuss their compatibility with the ¢;1;2 (or& andn;) can be made small while keeping
neutrino mass matrix analyzed in the previous section. ;4 ~ 6 x 10 (17) when the sneutrino mass;,
is close to one of the Higgs boson masseg, my
andm 4. Barring cancellation, both terms i1 (25)
should be less than 8 107, which can be achieved
only for i = 1. That is, the electron number violating
parametersgi1.12, can only be suppressed for our
purpose. For such a degeneracy effect to become more
effective, smaller tagg and smallein 4 are favoured.
In the opposite case where tan> 1 andm 4 > my,
Mz, one has tan@2~ tan 28 and thus

TRpV: first of all, one sees a big contradiction
between (5) and (19) in TRpV. As discussed below
Eq. (5), the bi-large mixing of the atmospheric and
solar neutrino oscillations require the couplirigss,
X233 as well asi’;, A544 to be of the same order.
Thus, the baryogenesis constraint rules out the TRpV
explanation (assuming universal soft terms) of the
observed neutrino data.

BRpV: the situation can be different in BRpV

20,2 2
where the neutrino masses are generated purely by bi-g,, ~ a1 my (mj + M3)

linear R-parity violating couplings with non-universal (M§1 - m]%)(mgl —m?%)’
soft masses, which can give much freedom. m2
Case |. Egs. (13) and (27) shows that a strong 61y ~n1—5—2——,
hierarchy among; is requiredie; /e 3 < 1.5 x 1073, (’"al —my)
This could be understood as a part of the flavour m2
structure of the Yukawa couplings. A real difficulty €11+ &1~ Ul(mzi_Amz), e12~ (e11+&1)/1p.
5~ MaA

in this option is that the degrees of non-universality,
measured by; /¢; as in Eq. (8), have to be arranged as
follows

(29)
From this, the desired situation @fy > 61 ~
£11 + & can be obtained if a very fine-tuned relation
82 4 10—5i2 and - 26« 10—2%. (28) (m% —m§)/m; < 1/1g is assumed. Obviously, such
€2 Cg €1 Cg atendency can be loosened for smaller values of tan
andm 4, which will be shown shortly by our numerical
analysis.

Another way of suppressing;; is to arrange a

cancellation between two termsadp . From Egs. (25)
and (16), one typically has

This implies that the soft masses of the first and
second generations have to follow a peculiar flavour
structure:m? =~ m%, , ABoutg < m3, andm%, ~

m%l or AByutg ~ m%l. The latter condition comes
from our choice oft1/e1 < 1 which puts a limit of
tang < 6. Once such an arrangement is accepted, it e;1 ~ —& —1ggi2  and 6;4 ~ 1ge2 (30)
is not difficult to satisfy the requirements (14) and
(27) simultaneously. For instance, taking the choice
AB1/B « 1 (implying &1 ~ n1), one can see that the
last two bounds in Eq. (27) can be well satisfidd

ma >tgmy, .

for my, > Mz. Now, one can see that the conditions
(27) and (17) can be satisfied fo§ ~ 30 with the
cancellation ing;1 ~ & + 6;4. Again, this can work
only for the electron direction witt§; ~ 614 since
Eq. (11) showss; > 6; ~ 6 x 1078 for i = 2,3 and
Case Il. In this case, one finds that the values of large tars.
bilinear parameters reproducing the observed neutrino  To quantify the above properties, we make a numer-
masses and mixing, (11) and (17), are an order of mag- ical calculation and find a set of points satisfying both
nitude larger than the values permitted by the baryo- the baryogenesis constraints and the atmospheric and
genesis constraints (27). Therefore, accepting fine- solar neutrino data. For this, we use the exact formu-
tuning of 10%, it is possible to find some limited para- lae for the neutrino mass matrix derived in Ref. [16].
meter space where both requirements are reconciled. In Figs. 1-4, we plot the variableg ; in terms of the
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Fig. 3. Same as Fig. 1 with tgh= 10 and my = 150 GeV
corresponding tan 7 = 251 GeV.

Fig. 1. The quantitye11 is shown as a function of the electron
sneutrino massny, for all the points generating the required
neutrino masses and mixing. The input values are3tan3 and
m 4 = 150 GeV which correspond o 7 = 257 GeV.

0.001
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0.001 : : 1e-05 |
0.0001 | = 1606 :
1e-05  1e-07
—  1e06 | 1e-08 ¢ i
T et le-09 | ]
le-08 | 1e-10 s
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1le-09 ¢ ma,
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Fig. 4. Same as Fig. 3 wittm4 = 300 GeV corresponding to

50 100 150 200 250 300 350 400 450 500
mpy =331 GeV.

My,

Fig. 2. Same as Fig. 1 witm4 = 300 GeV corresponding to

my =332 GeV. 4. Conclusions

We have investigated how a primordially gener-
atedB—L asymmetry can be preserved in the R-parity
electron sneutrino mass;, for all the points accom-  violating version of supersymmetric standard model,
modating all the observed neutrino data. We fix the while simultaneously providing the currently favoured
light Higgs boson mass:, = 115 GeV and vary of  form of the neutrino mass matrix. Such a baryogen-
tang = 3,10 andm 4 = 150 300 GeV for each fig- esis constraint cannot be satisfied if the trilinear R-
ure. As alluded before, the baryogenesis constraint, parity violating couplings are introduced to explain
i.e.,e11 < 1077, is shown to be satisfied by some para- the atmospheric and solar neutrino masses and mix-
meter space with lower tghand smallein 4 (Fig. 1) ing under the assumption of the universal soft su-
wherems, is closed tom;, andmy. For larger tam persymmetry breaking masses. In the bilinear model,
andm 4, one also finds some scattered points for large the observed neutrino data can be accommodated if
my, wWhere the cancellation can take place. Our analy- non-universality is allowed. Our analysis shows that
sis shows that the allowed parameter space is verythe non-erasure condition, although strongly restrict-
restricted but one cannot exclude the bilinear model ing the parameter space of good solutions, can be sat-
from our cosmological consideration. isfied by suppressing the electron number violating pa-
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