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Neutrino, lepton, and quark masses in supersymmetry
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The recently proposed model of neutrino mass with no new physics beyond the TeV energy scale is shown
to admit a natural and realistic supersymmetric realization, when combined with another recently proposed
model of quark masses in the context of a softly brokéh) dymmetry. Four Higgs doublets are required, but
two must have masses at the TeV scale. New characteristic experimental predictions of this synthesis are

discussed.
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In the minimal standard model of fundamental particleLet h‘l’,zlgy4 acquire VEVs equal t@, , 3 4 respectively, then
interactions, neutrinos are massless. In the minimal supethe quark mass matrices are given[dy

symmetric standard modéMSSM), they are still massless,

because of the imposition of additive lepton-number conser- fuws 0O 0

vation. Although the assignment ofllepton nun_(b)els by no My=| fews fowo 0 |,

means uniquél], a minimal scenario for neutrino mass is to

assume the conservation of a discr2se(odd-even symme- L 0 freva froo

try which is odd for all leptons and even for all others. By rf f f

the addition of three neutral singlet lepton superfiehls dvs  TdsUs  TdbUs

with allowed large Majorana masses, the usual doublet neu- My=| O fos  fopus (6)
trinos v; will then obtain small masses through the famous 0 0 foo,

seesaw mechanisfi].

The conventional wisdom is thaby must be very large,
say of order 18 GeV or greater, form, to be much less
than 1 eV. However, it has been shown receny that
my~1 TeV is possiblgand naturglif there exists a second

where the freedom to rotate amorgg) and (u,d) has been
used to set thec® element to zero and the freedom to rotate
among p°,s%,d®) has been used to set the 3 lower off-
diagonal entries af4 to zero. Similarly, the charged-lepton

Higgs doublet withm?>0 so that its vacuum expectation mass matrix is given by

value (VEV) is naturally small, say of order 1 MeV. This is

achieved by an appropriate assignment of additive lepton
number which is softly broken in the scalar sector. More

recently, a model of quark masses is propdggdwhere the
smallness o, ,my,mg compared tan. ,my, ,m; and the pat-

tern of the charged-current mixing matrix may be understood
in a similar way. In this paper the two proposals are shown t(%i
be naturally combined in a supersymmetric model with four

Higgs doublets, in the context ofsinglesoftly broken W1)
symmetry.
The gauge group is the standard one: iIRU(3)c

er3 0 0
M|: 0

fTeU3

f'ul)g 0

: @)

fr,uUS fTU]_

Whereas the neutrino mass matrix linkingto N; is propor-
onal tov,, but otherwise arbitrary.

If the assumed (1) symmetry is unbroken, them;=v,
=0. This means tham,=my=ms=0 and me=m,=m,
=0, i.e. onlyt,b,c, and 7 are massivelOf courseN; have

X SU(2),XU(1)y. The particle content is the usual three allowed Iarge Majorana masses, but there would be no Dirac
families of quark and lepton superfields, with the addition ofMass matrix linking them tas;.] To see howvs and v,

three neutral singlet superfielths and four(instead of twg
Higgs superfields. Each matter superfiéhdl defined to be
left-handedl transforms under an assumed glob&l)}usym-
metry as follows:

become nonzero but small, consider the Higgs sector of this
model. The term#H, andH;H, are allowed by (1) in-
variance, thus guaranteeing that appropriately large Higgsino
masses are present in the 6 (instead of the usual 44)
neutralino mass matrix. The ternk$;H, and H,H3 break

0:(t,b),t%,b%,s%,d°,N;, (h?,hy ), (hz ,h3) (1) U softly, thus it is natural for their coefficients to be small
[5], which allowv 4<uv if m3>0 while m<0 andvs<uv,
1:(vi,li),c°,(h°,h3‘) 2 if m3>0 while m2<Q, as explained in Refd.3,4]. [The
LiH, 4 terms are forbidden by the unbrok&a lepton parity
discussed earlidr.
. + 10
—1:(c,s),(u,d), 7% (hy ,hy) 3 Sincem,=fw, andm,="f,v,, the natural magnitude of
. v, is 17 GeV and that ofv; is a few GeV. Hence it is
2:u (4 natural as well forv;~10> MeV andv,~ a few MeV. A
glance at Egs(6) and (7) shows that these are indeed very
—2:u%e° (5) realistic values. SincmyzfzvﬁlmN, this also means that
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my~ a few TeV is realistic, as shown in Rg8]. Note that 1

Egs.(29), (31), (32), (33), and(35) of Ref.[4] are unchanged 0=m3v3+ M5+ Mi,+ Z(g§+ 9%)

(except of coursen, andv, there are redefined &s; andv s

here because v, =m, even thougtv, here is numerically Xvg(vi—vi+vi—vd), (15)

much smaller. Hence the constraints due to flavor-changing

neutral current$FCNC) in the down sector are all satisfied . , , 1,
provided that 0=mjus+t M3zt migp;— Z(gl+ g2)
m3>3.2’<m/)Tev, 8 ><v4(v§—v§+ v%—uﬁ). (16)
U3

A solution with v,>v3>v,>v, is then possible with the

i.e. Eq.(30) of Ref.[4]. In the case 0D°—D° mixing, Eq.  result
(34) of Ref.[4] becomes

ppm 2 m D1=—p b M2 17
AmDO BDvaz mu 27 1 ’ 1= m2+m21
- f2f2 —4<2.5x10" 14 9 Z(g7+03 o
Mpo 3m; °© Cumg © 4(91"”92)
Using fp=150 MeV,Bp=0.8, fv,=m.=1.25 GeV, and and
=4 MeV, this implies 5 2 2
—M550 > — M1~ M3
V3= 1 ’ Ug= 1 )
m4>2.77( 5 1) TeV. (10 m- 2 (g2+g3)v3 mi+ (91 +93)v3

18
The Higgs potential of this model is given by 18

TheH, ; doublets are essentially those of the MSSM, while
_ 2ty 2 2 2 H5; andH, have masses); andm, respectively at the TeV
V_Ei: MiHH;LMiH o+ MaHsH+ miH scale, as constrained phenomenologically by Egs.and
(10). Once produced, the dominant decayshbf, are the
EHTH +EHTH same as in the MSSM, i.e. inthb,c and 7 states. Their
2 Tiipi2in2 decay branching fractions into light fermions depend on
H,H, andH,H5 mixing, but since they are very much sup-
pressed, it will be difficult to distinguish them from those of
the MSSM. If H; and H, are produced, then their decays
(11) will be the decisive evidence of this model. As discussed in
Ref.[3], the decays

2 1 2
+maHoHs+H.c]+ Egl —

2

1,001
__H3H3+§H4H4

2

2 922

i ToHi

wherer, (a«=1,2,3) are the usual SP) representation ma-

+ g+
trices. Let(h?)=v;, then the minimum o¥ is ha =i

N;, then Nj—I /W=, (19
will determine the relative magnitude of each element of the
Vmin:E mizvi2+ 2m§201v2+ 2m§40304+ 2mi4v 124 neutrino mass matrix. The difference in the present model is
[ thatH, also couples tou,d)u®, (c,s)u, and ¢,b)cC. This
1 means that the three-body decayMfis actually dominant
+2mawvgt (gl—i—gz)(vl vi+vi—v3)? (6], i.e.

(12) N—v(l)+2 quark jets. (20

where all parameters have been assumed real for simplicit{f course, this still carries the relevant information on the
The 4 equations of constraint are neutrino mass matrix by the flavor of the charged lepton in
the final state.

1 In the model of Ref[4], lepton flavor is assumed con-
0=m3v 1+ mip,+mip,+ Z(Q?F g3) served, but it cannot be maintained in the presence of neu-
trino oscillations. HereH; couples to both quarks and lep-
Xvi(vi-v3+vi—0v2), (13)  tons together witiH, according taM, of Eq. (7). Following

the discussion given in Ref4], the FCNC effects in the
) ) ) 1, charged-lepton sector are thus contained in the term
O:m202+m121)1+m2303_Z(gl+g2)

f.7r.7r +H.c., (22)

- 4R
sz(vi—v§+v§—vi). (14 Youg®
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where 7 g are not mass eigenstates and have to be rotatesiental upper bound of 12910 %/0.1737=1.1x 10 °. Once

using Eq.(7). The analog of Eq(28) of Ref.[4] is then

V30 1o — m,— — Me—
—hi—h;3 [fm(TLMR"‘ m_MLTR +foel TLERT m EL7R
T T
fr f‘rev3 — —
——2— (M, er+ Mee ug) | +H.C. (22
-

The most stringent bounds of,, and f . come from 7
—upp and r—eup through hg exchange. Usingms
=3.23 TeV,v3=0.3 GeV, andf =1, the fraction

2 £2
fTe,lL

I'(r—eup)
F(r—v.eve) B 326,2:m

- —7
3—2.6>< 107,

(23

which is well below the experimental upper bound of 1.8
%107 %/0.1783=1.0x 10 °. Similarly, for f ., =1, the analo-
gous fraction is also 2610’ and well below the experi-

produced, the decays dn@ are intoss, .~ u*, as well as
distinct FCNC final states such as'u™, 77e”, andsb
+bs.

In conclusion, it has been shown that a supersymmetric
extension of the standard model with four Higgs doublets has
the following desirable feature§) Only heavy quarkséi.e. t,

b, ¢c) and the one heavy leptorr) are massive under the
assumed global (1) symmetry.(ii) As the U1) symmetry is
broken softly, the two extra Higgs doublets also acquire non-
zero(but smal) vacuum expectation values, and all the light
quarks and leptons become massiii¢) The pattern of the
quark charged-current mixing matrix is obtained naturally.
(iv) Small Majorana neutrino masses are obtained with three
singlet superfieldN; at the TeV energy scalév) The two
extra Higgs doublets are also at the TeV scale with observ-
able decays which are characteristic of this model.
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