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Neutrino mass and theSU„2…R breaking scale

Ernest Ma
Physics Department, University of California, Riverside, California 92521, USA

~Received 8 September 2003; published 28 January 2004!

The neutrino sector in a left-right extension of the standard model depends on howSU(2)R is broken. I list
all possible scenarios, including the ones where the MajorananR mass is naturally much smaller than the
SU(2)R breaking scale, which is desirable for generating the proper baryon asymmetry of the Universe. The
best such choice is identified and discussed.
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In the standard model of particle interactions, the neutr
is part of a left-handed doublet (n,l )L under SU(2)L
3U(1)Y . Whereas the charged lepton must have a rig
handed singlet counterpartl R , the singletnR is not manda-
tory @because it is trivial underSU(2)L3U(1)Y] and is ab-
sent in the minimal version of the model. On the other ha
its existence is usually assumed so thatnL may acquire a
naturally small Majorana mass asnR gets a large Majorana
mass@again because it is trivial underSU(2)L3U(1)Y] in
the famous canonical seesaw mechanism@1,2#. Where does
nR come from and what is the magnitude of its Majora
mass? The simplest answer@2# is that U(1)Y is actually a
remnant ofSU(2)R3U(1)B2L under which (n,l )R is a dou-
blet, and the large MajorananR mass comes from the
vacuum expectation value~VEV! of a scalarSU(2)R triplet,
which also breaksSU(2)R3U(1)B2L to U(1)Y . This sce-
nario has dominated the thinking on neutrino mass for o
20 years, but it is not the only possibility, even if the ex
tence ofnR is conceded.~Mechanisms withoutnR are also
possible and just as natural@3#.! It may not even be the bes
possibility as far as leptogenesis@4# is concerned, becaus
the SU(2)R gauge interactions will tend to diminish thenR
number density in the early Universe.

Under SU(3)C3SU(2)L3SU(2)R3U(1)B2L , the
quarks and leptons transform as

qL5~u,d!L;~3,2,1,1/3!, ~1!

qR5~u,d!R;~3,1,2,1/3!, ~2!

l L5~n,e!L;~1,2,1,21!, ~3!

l R5~n,e!R;~1,1,2,21!, ~4!

where the electric charge is given by

Q5I 3L1I 3R1
1

2
~B2L !. ~5!

To breakSU(2)R3U(1)B2L to U(1)Y , there are two pos-
sibilities. One is to use the scalar doublet

FR5~fR
1 ,fR

0 !;~1,1,2,1!, ~6!

the other is to use the scalar triplet

jR5~jR
11 ,jR

1 ,jR
0 !;~1,1,3,2!. ~7!
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The subsequent breaking ofSU(2)L3U(1)Y to U(1)em may
be achieved with either a scalar doublet

FL5~fL
1 ,fL

0!;~1,2,1,1!, ~8!

or a scalar bidoublet

h5S h1
0 h2

1

h1
2 h2

0 D;~1,2,2,0!, ~9!

where I 3L51/2,21/2 for the rows, andI 3R521/2,1/2 for
the columns. The existence of a scalar triplet

jL5~jL
11 ,jL

1 ,jL
0!;~1,3,1,2! ~10!

may also be contemplated but its VEV must be much sma
than that ofFL or h to be consistent with the precisel
determined values of sin2uW and the masses of theW andZ
bosons. Neutrino masses are sensitive to which of thes
scalars are chosen, resulting in 5 basic scenarios, as
scribed below.

~i! jR1h. This is the canonical scenario wherenL pairs
up with nR through the VEV’s of the bidoubleth to form a
Dirac massmD while nR picks up a large Majorana massmR
through the VEV of theSU(2)R triplet jR . The famous see-
saw mass matrix

Mn5S 0 mD

mD mR
D ~11!

is obtained, withmR of order theSU(2)R breaking scale.
The zero of this matrix comes from the fact that there is
jL .

~ii ! jR1h1jL . This is the canonical left-right symmetri
scenario, wherejL↔jR is often imposed as a symmetry o
the theory. Since the VEV ofjL contributes to the Majorana
nL mass, the neutrino mass matrix of Eq.~11! becomes

Mn5S mL mD

mD mR
D . ~12!

This means that the canonical seesaw formula is correcte
read

mn5mL2
mD

2

mR
. ~13!
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HowevermL is routinely argued to be small because^jL
0& is

of order^h1
0&^h2

0&/^jR
0& providedmjL

2 is positive and of order

vR
2 . In this case,mL may be larger or smaller thanmD

2 /mR ,
or the two terms may be of comparable magnitude. Lepto
nesis in this scenario has been studied in a number of re
papers@5#.

For the many practitioners of the canonical sees
mechanism,mL is implicitly assumed to be negligible. O
the other hand, ifmL is the dominant term, thennR may be
dispensed with. In other words, we have just the stand
SU(2)L3U(1)Y model with the simple addition of a Higg
triplet @6#. Again assumingmjL

2 to be positive and large, we

have@7#

^jL
0&52m^fL

0&2/mjL

2 , ~14!

wherem is thejL
†FLFL coupling. This mechanism withou

any nR is also a completely satisfactory explanation of t
smallness ofmn .

~iii ! FR1h. Here the VEV of FR breaks SU(2)R
3U(1)B2L to U(1)Y , and all fermions obtain Dirac masse
from h. Since there is nojR or jL , the neutrino is apparently
a Dirac particle in this scenario. ThusmD has to be orders o
magnitude smaller than any other Dirac mass. This is th
retically disfavored, and it is seldom discussed in the lite
ture.

~iv! FR1h1FL . This is the left-right symmetric version
of ~iii !. Again the neutrino mass appears to be purely Dir
However, the coexistence ofFL and h allows for an inter-
esting extension of the usual left-right model, especially
the context ofE6. One of the complications of using a scal
bidoublet in a left-right extension of the standard mode
that two different VEV’s, i.e.̂ h1,2

0 &, contribute to any given
fermion mass, thus implying the existence of flavor chang
neutral currents~FCNC! in the scalar sector@8#. This is not a
problem if the SU(2)R breaking scale is very high as i
models with a large MajorananR mass. In models where th
neutrino mass is purely Dirac, theSU(2)R breaking scale is
not necessarily very high, so FCNC becomes the limit
constraint on the scale ofSU(2)R breaking. This constrain
may be relaxed if there exists@9# an exotic quarkh of charge
21/3 such that (u,h)R is anSU(2)R doublet instead of the
usual (u,d)R . Thenmu comes fromh1

0, md comes fromfL
0 ,

andmh comes fromfR
0 , with no FCNC in the scalar secto

This turns out to be a natural possibility@10# in the
superstring-inspiredE6 model. As for the lepton sector, th
Dirac mass partner ofnL is then a new field which is a
singlet, whereas theSU(2)R partner ofeR ~usually called
nR) is now a different particle. Because there are more n
tral fermions in this extension, Majorana masses fornL may
again be generated@11#.

~v! FR1FL . This is the simplest way of breakin
SU(2)L3SU(2)R3U(1)B2L to U(1)em. However, since
the bidoubleth is absent, there are apparently no fermi
masses. On the other hand, this creates a unique opportu
i.e. the possibility that all fermion masses, be they Dirac
Majorana, come from dimension-5 operators instead@12,13#,
i.e. operators suppressed by presumably the Planck mas
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the neutrino mass matrix of Eq.~12!, mL comes from
( l LFL)2, mR comes from (l RFR)2, and mD comes from
( l̄ LFL

†)( l RFR). The smallness of the Majorana neutrin
mass compared to all Dirac fermion masses may then
attributed to the smallness ofvL[^fL

0& compared tovR

[^fR
0&.

There is another important consequence of this scena
Because the MajorananR mass is now given byvR

2/L, where
L may be of order the Planck mass, say 1019 GeV, it will be
very much smaller than theSU(2)R breaking scale, i.e.

mR;
vR

2

L
!vR . ~15!

This means that in the early Universe, at temperatures c
parable tomR , the SU(2)R gauge interactions ofnR are
strongly suppressed and can safely be ignored. This is a
cial requirement@14# for leptogenesis through the decay
nR @4#. Recent detailed analyses@15# of this mechanism for
obtaining a realistic baryon asymmetry of the Universe a
its relationship to the neutrino mass matrix all assume
implicitly.

Going back to scenarios~iii ! and~iv!, and allowing for the
existence of (l LFL)2 in ~iv! and that of (l RFR)2 in both ~iii !
and~iv!, the seesaw neutrino mass matrices of Eqs.~11! and
~12! are again reproduced for~iii ! and~iv!, respectively. This
means that for a natural understanding of successful lept
nesis, theSU(2)R model to be adopted should be one wi
anSU(2)R doublet rather than a triplet. Scenario~v! requires
vR to be very high@12#, of order the grand-unification scale
because ofmt . Scenario~iv! is a modification of~v! but
without thevR constraint, because fermion masses may n
come fromh. Scenario~iii ! is a special case of~iv! and has
the desirable original form of the seesaw neutrino mass
trix, i.e. Eq. ~11! and not Eq.~12! as in ~iv! and ~v!. This
previously neglected model should then be put forward
the model of choice for understanding both neutrino m
and leptogenesis.@If Eq. ~12! is used instead of Eq.~11!, the
extra parameters needed to specify the 333 mL matrix
would disable the connection@15# between neutrino mas
and leptogenesis.#

The scalar sector of scenario~iii ! consists of onlyFR and
h. WhereasSU(2)R3U(1)B2L is broken down toU(1)Y by
the VEV of the doubletFR , SU(2)L3U(1)Y is broken
down toU(1)em by the VEV’s of the bidoubleth which also
provide Dirac masses for all the fermions. For example, c
sider the quark Yukawa couplings,

LY5h1q̄LhqR1h2q̄Lh̃qR1H.c., ~16!

where

h̃5s2h* s25S h̄2
0 2h1

1

2h2
2 h̄1

0 D . ~17!

Hence

mu5h1v11h2v2* , ~18!
1-2
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md5h1v21h2v1* , ~19!

wherev1,2[^h1,2
0 &. Because

Tr h̃†h̃5Tr h†h5h̄1
0h1

01h1
1h1

21h̄2
0h2

01h2
1h2

2 ,
~20!

whereas the independent scalar quartic termsf 1FR
† h̃†h̃FR

and f 2FR
†h†hFR containf 1vR

2 h̄1
0h1

0 and f 2vR
2 h̄2

0h2
0 , respec-

tively, the effective scalar potential afterFR has been inte-
grated out has different mass terms forh1

0 andh2
0, i.e.

~m21 f 1vR
2 !h̄1

0h1
01~m21 f 2vR

2 !h̄2
0h2

0 . ~21!

This means that unlessf 15 f 2, it is impossible to make both
coefficients negative and of order the electroweak break
scale. In other words, eitherh1

0 or h2
0 must remain heavy, i.e

of order vR . Let m21 f 1vR
252m2, then m2

25( f 22 f 1)vR
2

2m2, andv2 /v1 is expected to be suppressed by a factor
orderv1

2/m2
2, as shown for example in Ref.@16#. As a result,

the contributions ofv2 to Eqs.~18! and ~19! are negligible
and the suppression of FCNC is achieved.

The model so far has only Dirac fermion masses. Ma
rana neutrino masses would normally come from the w
known dimension-5 operator@17# ( l LFL)2, but sinceFL is
absent, only (l RFR)2 is available. Thus the original seesa
matrix of Eq. ~11! is obtained, andmR is guaranteed to be
suppressed relative tovR as shown in Eq.~15!. Given the
particle content of scenario~iii ! and the acceptance o
higher-dimensional operators,mL actually gets a contribution
from the dimension-7 operator (l̄ LhF̃R)2/L3. However its
magnitude isv1

2vR
2/L3 which is smaller than the double se

saw @12# mass ofv1
2L/vR

2 by the factor (vR /L)4.
Consider next the supersymmetric version of scena

~iii !. Using the convention that all superfields are le
handed,qR is replaced byqc;(3* ,1,2,21/3) andl R by l c

;(1,1,2,1). The Higgs sector now consists of the superfie
h, FR , andFR

c ;(1,1,2,21). An extra unbroken discreteZ2

symmetry is imposed, under which quark and lepton sup
fields are odd, but Higgs superfields are even. This serve
distinguishl c from FR , and leads to the usualR parity of
most supersymmetric extensions of the standard model.

To breakSU(2)R at a high scale without breaking th
supersymmetry, consider the following superpotential:

W5Me i j FRiFR j
c 1

1

2L
~e i j FRiFR j

c !2. ~22!

Note that an extra nonrenormalizable term has been ad
In this case, the scalar potential becomes

V5(
j

UMe i j FRi1
1

L
~e i 8 j 8FRi8FR j8

c
!e i j FRiU2

1(
i

UMe i j FR j
c 1

1

L
~e i 8 j 8FRi8FR j8

c
!e i j FR j

c U2

1Vg ,

~23!
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whereVg comes from the gauge interactions ofFR andFR
c .

Since the neutral components ofFR and FR
c have opposite

values ofI 3R andB2L, the conditionVg50 at its minimum
is satisfied if^FR&5^FR

c & in the above. A supersymmetri
vacuum (V50) is thus obtained with

vR5^FR&5^FR
c &5AML. ~24!

This shows thatM of Eq. ~22! may be identified withmR of
Eq. ~15!, i.e. the large Majorana mass ofnR .

In this scenario,SU(2)R is broken at the scalevR of Eq.
~24!. Below it, a consistent supersymmetric extension of
standard model survives, but with a singlet neutrino of M
jorana mass;M!vR . This singlet neutrino couples to
(nh2

02eh2
1) but its interaction with theSU(2)R gauge

bosons is very much suppressed at the time of the early U
verse when its temperature is comparable toM. Its decay will
thus generate a lepton asymmetry@4,15# which gets con-
verted @18# into the present observed baryon asymmetry
the Universe through sphalerons during the electrow
phase transition.

So far the scalevR has not been determined. There a
two possible approaches. One is to assume that it has t
with gauge-coupling unification of the minimal supersym
metric standard model~MSSM! @19#, in which case it should
be 1016 GeV. This implies a singlet neutrino mass of ord
(1016)2/101951013 GeV. The other is to use present neutrin
data@20–22# together with the requirement that the cano
cal seesaw matrix of Eq.~11! yields a satisfactory baryon
asymmetry of the Universe throughnR decay, from which a
lower bound onvR may be obtained. Recent indications@15#
are that the smallestmR is of order 108 GeV, which implies
that vR is at least of order 1014 GeV.

The bidoubleth contains two electroweak doublets an
they are just right for the unification of gauge couplings
the MSSM. However, two such bidoublets are usually
sumed in a supersymmetric model in order to have reali
quark and lepton masses.@Because of supersymmetry, w
cannot useh̃ as the second bidoublet as in Eqs.~18! and
~19!.# In that case, there are four electroweak doublets
two would have to be heavy~i.e. at thevR scale! not to spoil
the unification of gauge couplings. An alternative possibil
is to keep only one bidoublet and invoke a flavo
nondiagonal soft supersymmetry breaking scalar secto
account for the observed quark and lepton mass matr
@23#.

Scenario~iii ! is distinguished by the absence of aFL
doublet. This is a problem ifSU(3)C3SU(2)L3SU(2)R
3U(1)B2L is embedded in a larger symmetry such
SO(10) or @SU(3)#3, because any scalar multiplet of th
larger symmetry would also containFL if it containsFR . In
that case, Eq.~12! is obtained, wheremL comes from
( l LFL)2. As long asmL!mD

2 /mR , which holds if L is of
order 1019 GeV, this is an acceptable scenario as well.

In conclusion, to understand both neutrino masses
terms of the original canonical seesaw mechanism, i.e.
~11!, and the success of leptogenesis throughnR decay, the
1-3
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simplest and most natural model isSU(3)C3SU(2)L
3SU(2)R3U(1)B2L with a scalar sector consisting of on
an SU(2)R doubletFR and anSU(2)L3SU(2)R bidoublet
h. The dimension-5 operator (l RFR)2/2L leads to a large
Majorana mass fornR such thatmR.vR

2/L!vR , which is
o
a-

01130
desirable for generating the proper baryon asymmetry of
Universe. A successful supersymmetric version of this mo
has also been discussed.
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