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ABSTRACT: New mechanism of generating flavor mass spectrum is proposed by using an
O’Raifeartaigh-type supersymmetry breaking model. A desired bilinear form of fermion
mass spectrum is naturally realized through F-components of gauge-singlet (nonet of SU(3)
flavor symmetry) superfields, and the suitable charged-lepton mass relation is reproduced.
The charged-slepton mass spectrum is non-degenerate in general, and can be even hierarchi-
cal (proportional to the charged-lepton masses in the specific case). Flavor changing neu-
tral processes are suppressed since the charged-lepton and slepton (except for right-handed
sneutrino) mass matrices are diagonalized simultaneously in the flavor space. The right-
handed sneutrinos are light with the similar ratio to the lepton sector (1, /me ~ m, /me).
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1. Introduction

Investigating an origin of a flavor mass spectrum will provide an important clue to the
underlying theory of quarks and leptons. In the standard model, the flavor mass spectrum
is originated in the structure of Yukawa coupling constants Ylf (f =u,d,v,e;i,7=1,2,3),
where fermion mass matrices M/ are given by MZJ; = Y;g(H ) (H is the Higgs doublet).
When there is a flavor symmetry in the mass matrices M/, we have predictions for the
masses and mixings.

On the other hand, there is another idea for the origin of the flavor mass spectrum,
which is originated in a structure of vacuum expectation values (VEVs) of scalar fields (all
couplings are of O(1)). This paper would like to take this approach, and one of the authors
(YK) has proposed a prototype of such a model [[]], where there are three Higgs doublets
with VEVs of v; = (HY?) satisfying

2
V2 4 vl 403 = g(v1+v2+v3)2. (1.1)
It can lead to the charged-lepton mass relation [P,

2
Me +my, +m, = g(\/m_eJr\/m_qu\/mT)Z, (1.2)

where M€ = diag.(me, my, ms) v?, which gave a remarkable prediction of m, =
1776.97 MeV from the observed values of m, and mu.1 However, a model with multi-Higgs

!The observed value is mo® = 1776.997323 MeV [E]



doublets causes the large flavor changing neutral current (FCNC) in general [i]. There-
fore, we must change the scenario in which the origin of the mass spectrum is separated
from the electro-weak symmetry breaking. A typical example is the Froggatt-Nielsen (FN)
model [f], which has new scalars ¢ and their VEVs (v;) induce mass spectrum which has
nothing to do with the electro-weak symmetry breaking. For example, in ref. [, a U(3)r-
flavor symmetry has been introduced, where ¢ is regarded as a U(3)p-nonet field. Then
Yukawa interactions of the charged-lepton sector are induced from a higher dimensional
operator [yO(QSikqbkj /A2)LdeEZ-] p in the supersymmetry (SUSY) theory, where A is the
cutoff scale of this effective Lagrangian.? L and E are SU(2);-doublet and singlet lepton
superfields, respectively, and Hy is the Higgs doublet which couples to the charged-lepton
superfields. This model can avoid the FCNC problem. However, we cannot explain why
only the bilinear term of FN field (¢;x¢s;) is introduced in the superpotential

In this paper, we propose another mechanism which naturally induces bilinear form
of mass spectrum. For example, the charged-lepton masses are induced through F-
components of the superfield ¢ as
t

YL HyE;

Yoo (1.3)

D

Since a F-component has mass dimension two, so that eq. ([.3) can be a good candidate
to reproduce the mass relation of eq. ([.2).* The vacuum of this model induces the mass
relation eq. (L.F) as well as SUSY-breaking, so we can expect fruitful byproducts, such as
sfermion mass spectrum.

2. A model

We mainly focus on the lepton sector. An application to the quark sector might be possible.
Let us start showing our model.

2.1 Lagrangian
We adopt the following O’Raifeartaigh-type superpotential [{,
W(®,A,B)= ) <W<1>(‘I>f) + N\ Tr[A; @] + M Tr[B ] — M?Tr[ifAf]) - (21
f=u,d

The Kahler potential is set as

K=Ky+Ki+ Ky, (2.2)
Ko= (Tr[A}Af] + Te[B By] + Tr[@] @] +H}Hf> UL ETE 4 NN, (2.3)
f=u,d

2Reference [ﬂ] proposed a similar model but without higher dimensional operators.
3A continuous flavor symmetry induces massless NG bosons, while a discrete flavor symmetry cannot
forbid higher order terms, such as ¢? in Zy-symmetry.

t
1A similar type of eq. (@), [yé%Lj H,N;]p, was used for tiny Dirac neutrino masses in ref. [E}, where
N is the right-handed neutrino and H, is the Higgs doublet which constructs up-type Yukawa interactions.



Ky = —% Y (Tr[A}Af]z +Tr[B]th]2) , (2.4)
f=u,d
Ky = éTr [(y;ﬁAfi +yhB)) LHdE} + %Tr [(ygAL +y4BY) LHuN] +he., (2.5)

where ®¢, Ay and By are U(3)p-nonet superfields. £f is a 3 x 3 numerical matrix while
all other couplings (y’s, \’s) are complex numbers (not matrices). Weg is a superpotential
which contains only ®¢. ki is introduced to realize (Ay) = (By) = 0 and also avoids
massless scalers as will be shown later.? Tr[ALLHdE] and Tr[BLTiLHdE] in Ky play crucial
roles of generating effective Yukawa interactions for the charged-leptons and neutrinos.

We take R-charge assignments as R(Ay) = R(By) = 2 and R(®y) = 0 in order to
forbid phenomenologically unwanted interactions, Tr[Afc], Tr[Ai’c], Tr[A?CP 7], Tr[AqLH4E],
Tr[B4LH4E], and so on. We also introduce an additional Z;-symmetry, under which only
® ¢ transforms as odd-parity fields. It forbids the terms, Tr[A;®¢], Tr[B;® ], Tr[®qLHgE),
and so on. As for a tadpole term, p/?Tr[¢ #By¢] can be eliminated by the field redefinition
of Ay and B f.6 We will omit the indices “u” and “d” when they are obvious.

2.2 Vacuum of the model

The scalar potential (V = —Lgca1ar) is given by

ow ow ow
F’s are calculated from the equations of motions (0L/0F = 0) as

AU
Fy + 95 0, (2.7)

AL f f L o«vt
Fi+ 51— 12 (Tr[ATA]FA + Tr[FAA]AT) +vax =0, (2.8)

AL i i Lot _
Fit 55 — 12 (Tr[BTB]FB + Tr[FBB]BT) + vt =0, (2.9)

where X = FLHE + LFgE + LHFg. Notice that V in eq. (R.6) contains fields L, E and
H through the Kahler potential, Ky. The equation of motion of F' z is given by

ow 1
Fj + = + THE(yaF} +ysFf) =0, (2.10)
oL A
and equations of motions of F' L and F; are similar to it.”
It is hard to obtain exact solutions of egs. (P-§) and (P.9), thus we use a perturbation

method of expanding 1/A™. Then we obtain

ow 2 ow ow 1
t_ 22 122 T AT il
F, 6A+A2 <Tr[AA]aA+Tr[AaA]A>+O<A4>, (2.11)

®The minus sign of K; is assumed to be derived by the underlying theory.

5Precisely speaking, we should determine the Kahler potential eq. (@) after this redefinition.
TOf cause egs. (@)N() are also obtained directly from the inverse of the Kahler potential, such as

Fi =-K,}\;dW/dA.



and the similar equation of B (which is calculated by a replacement of A — B). As eq. (R.1)

derives
oW We
35— 5% + A (AD + PA) + A\p(BD + ¢B), (2.12)
ow 2
oW
o5 ~ B —

the scalar potential becomes

vt (2.15)
= OWa i 2012 9
Vo = Tr | |55 + MO+ 20) + T [Aa®® — 22 + A0, (2.16)
2
Vi = 12 {(‘)\APTI‘[ATA] + ’)\BPTr[BTB]) Tr[(ID(PtI)T(I)T]

——(AZM2TTpﬂJﬂTYK®T®W-+ILC)-+!u2FIYpﬂJﬂTYK¢ﬂ
+ | AaTr[Add] — 2 Te[Ag]|) + IAB|2|Tr[B<I><I>]|2} , (2.17)
where C' and C’ are defined by
AC = MA+ B, AC' = —AgA+ B (2.18)

with A = /A% + A%, Notice that Vy (Vi) is the potential of O(A%) (O(A72)).
Nine scalars of C” are massless in the tree level potential Vp, because eq. (2.16) does not
contain C’. Thus, in the direction of C’, (A) and (B) are not determined at O(A?). They

are determined by including O(A~2) corrections of V;. Stationary conditions dV/dA =
dV/dB = 0 decide the vacuum at

(A) =(B)=0 (2.19)
with the condition oW
®
= 0. 2.2
55 0 (2:20)
Under the egs. (P.19) and (R.20), the condition of dV/d® = 0 determines (®) as
(@)(@) = Ay, (2.21)
Ry
Then the height of the scalar potential at this vacuum is given by
N 4 t
Vo = (1 - —) ud THfee]. (2.22)
A+ %

We will show that the minimum exists at (L) = (E) = 0 in section 5, and then F;r), Fj‘
and F ]E are given by

AL FT——@K:ABEE@,<ﬁ;:—@K:~43@n (2.23)

t_ oW _ —
Fop = oOb T4 0A W OB



from eqs. (R.71)~(R.9), respectively. Thus, the effective Yukawa interaction of the charged-

lepton sector is given by
A% (P ain) (Pary)

dyd d yd\ B
(yars — yBAA)E%LdeEi, (2.24)
which is the desirable bilinear form and might produce the mass relation me; o vﬁi (vgi =
(®gi;)) in the diagonal basis of (®g).

Notice that eq. (R:21) seems to imply the flavor indices of (®)? are completely fixed by
the parameter £. However, it is not correct because eq. (R.2(]) must be also satisfied at the
vacuum. We take a standpoint that the parameter £ is basically free, and it is constrained

by Wa(®) through the relation of eq. (B.) which will be shown in section 3.

2.3 Mass spectra of U(3)p-nonet fields

Now let us calculate fermion masses of U(3)r-nonet particles of ®, A and B which are
denote as ¢, ¥4 and ¥ g, respectively. The fermion masses are induced from the 2nd and
3rd terms in eq. (2.1)) as

Lanass = A > (00)ij (vi +05) ()i +2Xa ) (ba)is Y 0j(va)jj, (2.25)

0.J i J

where 0; = v; — (v1 +v2 +v3)/3 and v; = (®;;). The superfields A and B couple to ® only
through the term Tr[(AgA + ApB)®®] in the superpotential W so that ¢ are massless
while 1¢ have Dirac masses of O((®)) with 1¢. This situation is not affected by the
existence of the Kahler potential Iy due to (4) = (B) = 0.

By taking account of R-parity conservation, A and B should be regarded as R-parity
even. Thus the massless )¢ are the lightest superparticle (LSP). We should remind that
one degree of freedom in v is absorbed into the longitudinal mode of the gravitino,
and its mass becomes mg/, ~ I//Mp (Mp: four-dimensional Planck scale). Other eight
components of o are remaining as massless fermions, which seem problematic from the
view point of phenomenology. But, is it true? ¢ interacts with the leptons through the
Ist and 2nd terms of eq. (R.§) which contains the interactions

L> %(Tr[awwgémﬂdm + TY[0,7 U, Lo, B) + Tel00 ol LHavw]).  (2.26)
These interactions in the diagrams with ¢ in the external lines vanish by using the
equation of motion, 8“7“1/)% = 0.8 Thus, although ¢ are massless LSP, the decay
processes to Y are strongly suppressed. The FCNC processes, such as 4 — ey, mediated
by ¥¢r in the loop diagrams are also suppressed due to the small coupling of (lepton)-
(slepton)-(¢¢) and no chiral-flip of ¢¢r.

Next let us estimate the scalar masses of nonet fields. The scalar masses of ® are of
order (®) which are induced from

2
4/\3 <Z ’U?) Z q)jj + 2)\2 Z(Uﬂ)j + 5ij)<1>ijq>jia (227)
i J

1,J

8The interactions %m[zﬂ%aﬂ%ﬂdm + T‘r[wTCéLauv“z/)HE] + ﬂ[«/ﬂ% LH0,v"¢g]) also vanish by
using partial integral.



in the diagonal basis of (®). On the other hand, the masses of C' and C’ are of orders (®)
and (®)2/A, respectively, which are induced from

Ap Tr[(@)1]

22 {Tr[(@>(<1>>cc +(®YC(P)C] + feay

(Tr[AAT] + (Tr[BBT]>} L (2.28)
It should be emphasized that C’ scalars become massive through V. Although C
and C’ interact with sleptons through the Kihler interactions #Tr[(‘)zCTLHdE] and
KlgTr[(‘)zC’TLHdE], respectively, their contributions to the FCNC processes are negligi-
bly small. It is because these interactions only exit in higher loops as well as C' and C’ are
heavy enough.

3. Lepton mass spectra

The mass relations of quarks and leptons (and also their superpartners) are generated in
our model. A main purpose of this paper is to propose a new mechanism of generating the
bilinear form of the mass spectrum. So we briefly show the derivation of the charged-lepton
mass relation in eq. ([[.9).

For our goal, we take the simplest superpotential Wg as”

2
Wo(Pa) = AdTr[®4] <Tf[<1>d<1>d] - §(Tf[‘1>d])2> + mgTr[®yPy]. (3.1)
The form of the cubic term (Ag-term) in eq. (3.1) is equivalent to
A (m@d@d@d] - Tr[<1>§)<1>§8)<1>§)]) , (3.2)

where @&8) = &, —Tr[®4]/3. We assume to drop <I>£18)<I>£18)<I>£18)-term from the U(3) p-invariant
cubic term Tr[®;P,;P4]. It might be possible by imposing an additional symmetry as shown
in ref. .10

From eq. (B.J]), we obtain

OW.
a@j =0 =cl®,+ 1, (3.3)
where
¢ = 2(mg + M\Tr[®4)), (3.4)
2
cd =)\ <Tr[(I>d<I>d] — g(Tr[cpd])?) : (3.5)

The coefficients ¢f and ¢ in eq. (B.J) must be zero [I0] in order to obtain non-zero and
non-degenerate eigenvalues of (®;). Then, the condition cg = 0 just gives the VEV-relation
of eq. ([L.1)) in the diagonal basis of (®4).

9We assume R- and Zo-symmetries are (spontaneously) broken only in Wa (®) sector, in which R(\g) =
R(maq) = 2 and Zz-parity odd Aq are induced from VEVs of some unknown fields possessing R-charges and
Zo-parity odd.

10 Another Zs-parity with +1 for @&1) = Tr[®4]/3 and —1 for @&8) worked well.



We should also notice that eqs. (R.20) and (R-21)) require one relation among six pa-
rameters, A4, Ap, fq, g, and Ag, mg in We(Py) as

)\A,u?l Zm?l
—-T =-——. 3.6
g =55 (3.6)

Taking the same order of ug and mg might be natural for the setup of the present model.

4. Slepton mass spectra

Now let us investigate the slepton mass spectra in our model. The Kéahler potential of
O(A~2) derives the SUSY breaking slepton masses

1

’CL:P

d d 2 d d 2 2
T || Aq + 8 Ba)L| | +1Tr ||y Aa+ i Ba| | T[ILP)
v (4 A + 93 Bu)LP | + T [ly5 Au + 4 B T P

d d 2
+Tr U(ysAd + yGBd)E‘ ] + Tr [

2
s+ om | T
u d 2 u u 2 2
+Tr [1<y5Au + YiB.N| ] + T Iy A + yBul?| T[N ]) (4.1)

as well as makes (L) and (F) zero in the scalar potential.
Reminding that the charged-lepton masses M have been given by

d 2
AB Vg;

Mf = (y452G — ydB)\ff‘)/\—dF<Hd> (4.2)
A

from eq. (.24), the 1st and 2nd terms of eq. ([.1)) induce the left-handed slepton masses
as

dyd dyd \2 A2 dyd dyd \2 A2
yl)‘B_y2)‘A> AT 2 = <y3)\B—y4)\A> A 2
éri (M°); ér; + éri€ri » (M) .
(o) e e 00t ene (FRR=0% ) e e 2
(4.3)
The 1st term induces generation-dependent masses (proportional to the charged-lepton

squared masses) while the 2nd term gives the universal soft mass. The neutrino masses
MY are given by the similar equation to eq. (), and the matrix (®,) is not diagonal in the
diagonal basis of (®;) because the neutrino mixing matrix U, is not U, = 1. So the slepton
mass matrix from the 3st and 4th terms in eq. (f.1) is not diagonal in general. Here we
take a standpoint that neutrinos are Dirac particles with tiny Dirac masses. It is because
an introduction of Majorana masses of right-handed neutrinos heavier than A might be
unnatural'l (See eq. (-§)). In this case a small value of u2 is required which induces
the small values of (®,)? as shown in eq. (2:2])), and then non-degenerate effects from the
neutrino sector are negligibly small due to the lepton mass relation m?2;/ mzl < 107 (even

1We might also take another standpoint that the origin of Majorana masses is beyond our model and
can be heavier than A. In this case the following results are changed.



for the inverted-hierarchical neutrino mass spectrum). Then the contributions from A,
and B, in the 3rd and 4th terms in eq. (1)) can be neglected.!?

Therefore the left-handed slepton masses (myr,)? have the form'3

(mrr); = kol(M€); 4+ mi) (4.4)

where m%o is the universal soft mass for all three generations. It should be noticed that
non-degenerate masses can dominate the universal masses, in which charged-slepton masses
are almost proportional to the charged-lepton masses. The right-handed charged-slepton
masses are also calculated from eq. (1) as

(mrR); = kr[(M®)F + miy). (4.5)

Notice that the left-right mixing masses m?, are zero due to the (approximate) R-
symmetry. As for sneutrino sector, right-handed sneutrinos have masses of O(MYA/(H,)),
for example, right-handed 7-sneutrino has a mass of O(100) eV in case of A ~ 10°> GeV. Due
to the tiny neutrino Yukawa couplings, the FCNC processes induced by the (s)neutrinos
are suppressed. Anyhow the light sneutrinos might be interesting for the cosmology.

We emphasize again that the charged-lepton and charged-slepton mass matrices are
diagonalized simultaneously in the flavor space. Therefore, the FCNC processes in the
lepton sector, for example 1 — ey, are suppressed, although the charged-sleptons have
non-degenerate masses in general.

As for the gaugino masses, it is difficult to generate the suitable scale of them. It is
because the R-symmetry is broken only in Wy sector. (Reminding that gaugino masses
require both SUSY and R-symmetry breakings, only higher order operators can induce
gaugino masses in the present model.) So here we assume that the gaugino masses are
induced another source, such as moduli F-terms. The p-term is also assumed to be induced
from another mechanism.

Here let us fix the scale of A in our model. We take the soft SUSY breaking masses as

F/A ~ O(1) TeV (4.6)
(m, ~ 1TeV), while the 7-Yukawa should be

F/A% ~ O(1072). (4.7)
Combining eqgs. ([£.§) and (f.7), the scale of A should be

A ~ O(10°) GeV. (4.8)

One example of derivation A is considering the large extra dimensional theory [[L1], in which
the A is regarded as the D-dimensional Planck scale M, with a relation of

M3 = M*2rR)?, (4.9)

12We do not consider the case of (y¥/y§)? > 10'* (i = 1,2, 3) and accidental cancellations among y’s, \’s,
and (P)’s.
Here ky = (4874 — yIAL) /(A% — yEAD(A/(Ha))?, and 50 on.



fields | VEV | fermion masses | scalar masses
p | (D) (@) (@)
o | o (@), (@)
C} 0 0 (®s)2/A

Table 1: Fermion and scalar masses of U(3)p-nonet fields.

where d is a number of the extra dimension (D = 4 + d). M, ~ 10° GeV means R ~
10® GeV~!(~ 107" m) in the case of D = 6. (The D = 5 case is experimentally excluded.)
The present model requires a setup in which all fields except for gravity multiplets are
localized on the 4-dimensional brane.

In a short summary we present the mass spectra of the model. The input parameters
are m,; ~ 1GeV, mz ~ 103GeV and m,3 ~ 1071 GeV. Then the outputs are (®)y ~
102 GeV, (®), ~ 1071 GeV and A ~ 10° GeV. We show the order of mass spectra of
U(3) p-nonet fields in table 1.

We should notice that the gravitino is the next-LSP (NLSP), mg/5 ~ 0.1eV, and the
mass of right-handed 7-sneutrino is of order 100 eV. The lightest right-handed sneutrino is
the next-to-next-LSP (NNLSP) in this model.'*

Finally we comment on the case of introducing a soft term

Viofe ~ My 7 TripAg] + hic, (4.10)

in the supergravity (SUGRA) setup. Notice that this term breaks the R-symmetry explic-
itly, and then the vacuum is shift to non-vanishing (A) and (B) ~ A%2/Mp. Then massless
eight 1cr gain O(myg/5) masses through the non-canonical Kéhler Ky in eq. (2.4). In this
case the processes which have ¢ in the external lines are no longer vanished. For ex-
ample, a slepton decays to a lepton and ¢, such as L — zbcé + g through the Kahler
interaction in eq. (R-26). The partial decay width of this process is roughly estimated!®
as I' > m3 7 (Hg)?mp/A*. Although the gaugino masses can be generated by the gauge
mediation with the additional messenger fields [, they are too light and still need another
SUSY breaking source.

5. Summary and discussions

We have investigated new mechanism which induces flavor mass spectrum by the F-
components of U(3)p-nonet superfields. Fermion masses are generated through the
Kahler potential, and then the desired bilinear form of the mass spectrum is realized as
(M®)ij o< > 1 (Paik)(Parj). This can induce the interesting charged-lepton mass relation
eq. ([.2) by using a particular form of We(®y).

In the nonet superfields, eight fermions of (¢)¢v) remain as massless particles. However
smallness of their couplings and no chiral-flip of them in the loop diagrams suppress the

The cosmological studies might be interesting.
5More accurate estimations should be needed to check whether this process disturbs the big bang necleon
synthesis or not.



FCNC processes. The interactions with ¢ in the external lines vanish so that the decay
processes to 1o are strongly suppressed.

The charged-slepton mass spectrum is non-degenerate in general and can be even
hierarchical (proportional to the charged-lepton masses in the specific case). The FCNCs
in the lepton sector are suppressed since the charged-lepton and slepton (except for right-
handed sneutrino) mass matrices are diagonalized simultaneously in the flavor space. The
right-handed sneutrinos are light with the similar ratio to the lepton sector (1, /me ~
m,, /me). Due to the tiny neutrino effective Yukawa couplings, the FCNC processes induced
by the (s)neutrinos are suppressed. The gravitino mass is about 0.1eV in case of A ~
10° GeV, and the setup of our model fits the large extra dimension scenario. We have also
comment on the present model in the SUGRA setup, in which massless ¥« obtain masses

Of O(mg/g)
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