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Low-energy limits of theories with two supersymmetries
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Given its non-renormalization properties, low-energy supersymmetry provides an attractive framework for
extending the standard model and for resolving the hierarchy problem. Models with softly brokenN51
supersymmetry have been extensively studied and are phenomenologically successful. However, it could be
that an extendedN52 supersymmetry survives to low energies, as suggested by various constructions. We
examine the phenomenological viability and implications of such a scenario. We show that consistent chiral
fermion mass generation emerges inN52 theories, which are vectorial, as a result of supersymmetry breaking
at low energies. A rich mirror quark and lepton spectrum near the weak scale with model-dependent decay
modes is predicted. AZ2 mirror parity is shown to play an important role in determining the phenomenology
of the models. It leads, if conserved, to a new stable particle, the LMP. Consistency of theN52 framework
and its unique spectrum with electroweak precision data is considered, and the discovery potential in the next
generation of hadron collider experiments is stressed. Mirror quark pair production provides the most prom-
ising discovery channel. Higgs boson searches are also discussed and it is shown that there is no upper bound
on the prediction for the Higgs boson mass in the framework of low-energy supersymmetry breaking, in
general, and in theN52 framework, in particular. PossibleN52 realizations of flavor symmetries and of
neutrino masses are also discussed.

DOI: 10.1103/PhysRevD.63.035007 PACS number~s!: 12.60.Jv, 11.30.Pb, 14.80.2j
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I. INTRODUCTION

Supersymmetry and its boson-fermion symmetry prov
an attractive framework for embedding the standard mo
of electroweak and strong interactions~SM! @1#. The elec-
troweak scale is understood in this framework as roughly
scale of supersymmetry breaking in the global theory an
protected, in general, from destabilization at the quant
level. In particular, softly brokenN51 supersymmetry pro
vides a phenomenologically successful extension of the
@2#. The particle content is the minimal one required
boson-fermion symmetry and, regardless of the exact de
of the soft supersymmetry breaking~SSB! spectrum param-
eters, the correspondingb functions predict gauge couplin
unification at a scale ofO(1016) GeV @3#. The theory tends
to decouple from most electroweak observables@for spar-
ticles ofO(300) GeV# @4# while the absence of flavor chang
ing neutral currents is a source of information about
high-energy origins of the low-energy effective theory.
high energies, the rigid supersymmetry can be extende
supergravity@1,2#: the first step towards gravity-gauge uni
cation and further embedding of the SM in a theory of qu
tum gravity of which supergravity is the sub-Plancki
limit—for example, superstring theory.

However, there exists a tension between a ‘‘bottom-u
approach, which beginning with the SM motivates itsN51
supersymmetry extension, and a ‘‘top-down’’ approa
which beginning with a superstring theory often sugge
that an extendedN52 supersymmetry is broken at som
energy directly toN50 @5#. If supersymmetry is to stabilize
the weak scale and resolve the hierarchy problem assoc
with its instability in the SM, then the extended supersy
metry can be broken in this case only near that scale. Ind
current knowledge of string theory is far from sufficient f
understanding its electroweak-scale limit or how the S
would be embedded in such a theory, and therefore i
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premature to draw conclusions from string theory regard
the nature of the weak-scale supersymmetry. Nevertheles
is an intriguing and highly interesting question to a
whether anN52 supersymmetry extension of the SM
weak-scale energies is phenomenologically viable, what c
straints the infrared SM limit imposes on ultraviolet realiz
tions of such a theory, and what would be its signatur
Here, as a first step towards addressing these questions
will investigate some of their more fundamental aspects, l
ing the foundation for, and hopefully intriguing, further di
cussion.

The phenomenology ofN52 supersymmetry and its ex
tended spectrum were studied over the years by onl
couple of groups@6–8#. Its ‘‘ultraviolet’’ elegance stemming
from its constrained structure~for example, there is only one
coupling in the theory, the gauge coupling, and the theor
not renormalized beyond one loop! does not translate to a
equivalent elegance in the infrared. On the contrary, theN
52 intrinsic constraints make it difficult to reconcile th
framework with the SM and with observations. Most not
bly, the theory does not contain chiral Yukawa couplings
any other source of chiral mass generation. Once supers
metry is broken the fermion mass issue can be resolv
However, one then finds that theN52 theory does not de
couple from electroweak observables~nor does it sugges
gauge unification!. These issues place strong constraints
the properties of the extended spectrum thatN52 supersym-
metry predicts.

Theories with two supersymmetries contain a rich sp
trum: While each SM fermion~boson! is accompanied by a
boson ~fermion! superpartner to form a chiral or a vecto
superfield in theN51 extension, each chiralN51 superfield
is further accompanied by an anti-chiral superfield to form
vector-like hypermultiplet in theN52 extension. AnN51
vector superfield is accompanied in theN52 extension by
©2001 The American Physical Society07-1
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an N51 chiral superfield in the appropriate representati
the mirror gauge superfield. For example, a SM quark
partnered, in addition to the squark, also with amirror quark
and amirror squark. The gauge boson is partnered not o
with the gaugino but also with a complex scalar and ad
tional Majorana fermion in the adjoint representation~or sin-
glets in the Abelian case!. The number of particles is in
creased 4 times with respect to the SM.

In describing the extended spectrum we used theN51
superfield language. Indeed, it is possible~and we will do so!
to formulate theN52 framework in this language. In orde
to impose the additionalN52 constraints one has to speci
a set of globalR symmetries. It includes a vectorialSU(2)R

exchangeR symmetry which forbids, as mentioned abov
any chiral fermion Yukawa or mass terms. Once the vecto
symmetry is broken, all chiral and anti-chiral fermion mass
are proportional to the Higgs vacuum expectation val
~VEVs! which spontaneously break the SMSU(2)L . One
expects that the new particles are entangled with the ordin
SM fields, as the gauge symmetries do not forbid their m
ing. This again provides an important set of constraints
the theory and on the dynamics that breaks it. It also p
vides clear tests of the framework. Most importantly, unli
a N51 theory that must be discovered via its somew
arbitrary predictions for the spectrum of new bosons a
Majorana fermions, anN52 theory would be readily discov
ered or excluded in the next generation of hadron collider
its strongly constrained predictions of the mirror~anti-chiral!
fermion spectrum, which is not expected to be much hea
than the top quark. Henceforth, a study of theN52 frame-
work is timely and well motivated.

The knowledgeable reader may be questioning the va
ity of any such an extension which contains contributions
three anti-chiral families to the obliqueS parameter@9#
~which measures quantum corrections from new physic
Z2g mixing!. Usually, one assumes that mass-depend
terms are negligible, as is appropriate in the decoupling li
mf new

@mZ . In that case, the mass-independent contribut
of each chiral or anti-chiral generation toS is positive, con-
trary to current measurements which implyS<0 @10#.
Therefore, one may argue thatS excludes extra~anti-!chiral
families. However, theN52 spectrum is far too rich and
complicated to allow for such arguments. Current data do
exclude~though they do not suggest! three anti-chiral fami-
lies if the spectrum of theN52 mirror fermions breaks the
custodialSU(2) symmetry of the electroweak interaction
and is~at least partially! ‘‘light’’ @11#. The situation is even
more arbitrary if the Majorana fermion spectrum, which a
contains custodialSU(2) breaking mass terms, is consider
@12#. We therefore proceed and investigateN52 models,
further discussing this and other phenomenological issue
a dedicated section. Our main focus, however, is establis
tools for the construction of the chiral fermion spectrum b
low theN52 breaking scale, while a careful investigation
the obliqueS, T, and U parameters will be reported in
future article@13#.

The fermion mass problems in these models have m
facets. First and foremost, the generation of any chiral sp
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trum must be a result of supersymmetry breaking. Seco
the two sectors have to be distinguished with sufficien
heavy mirror fermions and~relatively! light ordinary fermi-
ons, with any mixing between the two sectors suppressed
least in the case of the first two families. In addition there
the issues of the heavy third family and of the very lig
neutrinos in the ordinary sector and, subsequently, of fla
symmetries and their relation to supersymmtry breaking
order to address these issues we choose to formulate a g
N52 theory as anN51 theory with a second supersymm
try manifest only through globalR symmetries which are
imposed on theN51 description.@For example, theSU(2)R
mentioned above.# This is a standard procedure@6# that al-
lows, in our case, the use of theN51 spurion formalism@14#
in the construction of the fermion spectrum. Specifically,
assume below the following:

~i! The matter content is that of the minimally extend
N52 supersymmetric SM~MN2SSM! ~and that of a flavor
sector, if exists! given in terms ofN51 chiral and vector
superfields.

~ii ! The N52 imposed global symmetries~or a subset
thereof! are explicitly broken by non-renormalizable terms
the Kahler potential. These terms are characterized by a s
M. In the limit M→` the full supersymmetry is restored.

~iii ! The only VEVs are (N51 breaking! F-type VEVs
which generate all dimensionful and dimensionless c
plings in the electroweak theory~aside from the gauge cou
pling!. Electroweak symmetry breaking VEVs~and flavor
symmetry breaking VEVs! are then induced in the resultin
effective theory.

~iv! To the most part we will also assume that some fla
and ‘‘mirror’’ symmetries, which do not commute with th
N52 R symmetries, are conserved in the resulting effect
theory.

We will explore the chiral fermion spectrum within thi
framework and establish phenomenologically viable lo
energy limits of theN52 framework which could be probed
given the fermion spectrum, in the near future.

We briefly review N52 supersymmetry in Sec. II
Though we do not focus on the boson spectrum and
dimensionful SSB parameters, they are straightforward
write in theN51 formalism. This will be done as a warm-u
exercise in Sec. III~and again, using the spurion formalism
in Sec. VI!. The softly brokenN52 model will be compared
to its N51 equivalent. In Sec. IV we consider the possibili
of breaking the chiral symmetries primarily in the SSB sca
potential, generating the fermion spectrum only radiativ
@6,15#. While this option is viable in some cases for the S
spectrum, it cannot provide a consistent mirror fermion sp
trum. In Sec. V we exploit theN51 spurion formalism to
classify the most general supersymmetry breaking fram
work, and in Sec. VI we use it to discuss a generalN52
framework and the possible tree-level origins of the chi
fermion spectrum. We find that certain Kahler operators c
generate such a spectrum as long as the supersymmtrie
broken at relatively low energies, which we will assum
~Note that large parts of our discussion are applicable
low-energyN51 supersymmetry breaking as well.! The spe-
cial issue of the heavy SM third family fermions is address
7-2
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in Sec. VII. In Sec. VIII we comment on neutrino physic
within the context ofN52 supersymmetry. Direct and ind
rect signatures and other phenomenological issues are
cussed in Sec. IX. UnlikeN51 supersymmetry,N52 can-
not escape detection in the next generation of had
colliders. We conclude with a summary, an outlook, and
comparison to previous constructions, in Sec. X.

II. THE MN2SSM FRAMEWORK

The N52 supersymmetry algebra has two spinorial ge
eratorsQa

i , i 51,2, satisfying

$Qa
i ,Q̄ȧ

j
%5saȧ

m
Pmd i j , ~1!

where sm are, as usual, the Pauli matrices andPm is the
momentum. The superchargesQa

i form a doublet of the~ex-
change! SU(2)R R symmetry, which must be imposed whe
using theN51 formulation to describe aN52 theory. The
lowest N52 spin representations, which are the relev
ones for embedding the SM, are the hypermultiplet and v
tor multiplet. Written in the familiarN51 language, the hy-
permultiplet is composed of twoN51 chiral multipletsX
5(x,cx) and Y5(y,cy), with Y occupying representation
R of the gauge groups which are conjugate to that ofX,
R(X)5R(Y†). Schematically, the hypermultiplet is de
scribed by a ‘‘diamond’’ plot

cx 1 1
2

↗
x y† 0

↙
c̄y 2 1

2

where the first, second and third rows correspond to heli
21/2, 0, and11/2 states. The vector multiplet contains
N51 vector multipletV5(Vm,l), wherel is a gaugino and
a N51 chiral multipletFV5(fV ,cV) in the adjoint repre-
sentation of the gauge group~or a singlet in the Abelian
case!. Schematically, it is described by

Vm 1

↗
l cV

1
2

↗
fV 0

where the first, second and third rows correspond to heli
0, 1/2, and 1 states. TheN51 superfields are given by th
two 45° sides of each diamond~indicated by arrows!, with
the gauge field arranging itself in its chiral representat
Wa;la1uaV. The particle content doubles in comparis
to theN51 supersymmetry case and it is 4 times that of
SM. For each of the usual chiral fermionscx and its
complex-scalar partnerx, there is a conjugate mirror fermio
cy and a complex scalary ~so that the theory is vectorial!.
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For each gauge boson and gaugino, there is amirror gauge
bosonfV and amirror gauginocV .

The N50 boson and fermion components of the hyp
and vector-multiplet formSU(2)R representations. State
with equal helicity form aSU(2)R doublet (x,y†) and an
anti-doublet (cV ,l), while all other states areSU(2)R sin-
glets. In fact, the fullR symmetry isU(2)R of which the
exchange SU(2)R is a subgroup. There are addition
U(1)R

N52 , U(1)J
N52 subgroups such that theR symmetry is

either SU(2)R3U(1)R
N52 or in some cases only a reduce

U(1)J
N523U(1)R

N52 . The different superfields X;x
1ucx , etc., transform under theU(1) symmetries with
chargesR andJ given by

R~X!5r 52R~Y!, R~FV!522, ~2!

J~X!5215J~Y!, J~FV!50, ~3!

andR(Wa)5J(Wa)521. The~manifest! supercoordinateu
~which carries a chiral index, denoted explicitly in som
cases! has, as usual, chargeR(u)5J(u)521.

The SU(2)R3U(1)R
N52 invariant N52 Lagrangian can

be written in theN51 language as@1,6#

L5
1

8g2
@WaWa#F1@A2igYFVX#F1H.c.

1@2Tr~FV
†e2gVFVe22gV1X†e2gVX1Y†e22gVT

Y!#D ,

~4!

where FV5FV
aTa and V5VaTa, Ta being the respective

generators. The secondF term is the superpotential. The onl
free coupling is the gauge coupling constantg: The coupling
constant of the Yukawa term in the superpotential is fixed
the gauge coupling due to a globalSU(2)R . In particular,
the SU(2)R symmetry forbids any chiral Yukawa terms s
that fermion mass generation is linked to supersymme
breaking, as will be discussed in the following sections. N
that theU(1)R

N52 forbids any mass termsW;m8XY ~and
the full R symmetry forbids the usualN51 m term W
;mH1H2 to be discussed later!. Unlike the SU(2)R ,
U(1)R

N52 can survive supersymmetry breaking.
The N52 Lagrangian~4! contains several discrete sym

metries, which may or may not be broken in the brok
supersymmetry regime. There is a trivial extension of
usualN51 R-parity (RP) Z2 symmetry which does not dis
tinguish the ordinary fields from their mirror partners:

u→2u, XM→2XM , YM→2YM , ~5!

where all other supermultiplets areRP even and where the
hypermultiplets have been divided into the odd matter m
tiplets (XM ,YM) and the even Higgs multiplets (XH ,YH).
~Note thatV is even butWa is odd.! As in theN51 case, all
the ordinary and mirror quarks, leptons and Higgs bosons
RP even, while the ordinary and mirror gauginos areRP odd.
RP is conveniently used to define the superpartners~or spar-
7-3
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TABLE I. Hypermultiplets and vector multiplets in the MN2SSM.

X,V Y,FV

Notation Fields „SU(3)C ,SU(2)L ,U(1)Y… Notation Fields „SU(3)C ,SU(2)L ,U(1)Y…

Q (q,Q̃) (3,2, 1
6 ) Q8 (q8,Q̃8) (3̄,2̄,2 1

6 )

Matter U (u,Ũ) (3̄,1,2 2
3 ) U8 (u8,Ũ8) (3,1, 2

3 )
D (d,D̃) (3̄,1, 1

3 ) D8 (d8,D̃8) (3,1,2 1
3 )

multiplets L ( l ,L̃) (1,2,2 1
2 ) L8 ( l 8,L̃8) (1,2̄, 1

2 )
E (e,Ẽ) (1,1,1) E8 (e8,Ẽ8) (1,1,21)

Higgs H1 (H1 ,H̃1) (1,2,2 1
2 ) H18 (H18 ,H̃18) (1,2̄, 1

2 )
multiplets H2 (H2 ,H̃2) (1,2̄, 1

2 ) H28 (H28 ,H̃28) (1,2,2 1
2 )

Vector g (g,g̃) (8,1,0) Fg (fg ,cg) (8,1,0)

multiplets W (W,W̃) (1,3,0) FW (fW ,cW) (1,3,0)

B (B,B̃) (1,1,0) FB (fB ,cB) (1,1,0)
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ticles! as theRP-odd particles@16#. The lightest superparticle
~LSP! is stable ifRP remains unbroken.

A second parity, called mirror parity (M P), distinguishes
the mirror particles from their partners:

u→u, YM→2YM , YH→2YH , FV→2FV ,
~6!

and all other superfields~including Wa) are M P even. It is
convenient to use mirror parity to define the mirror partic
as theM P-odd particles.@This definition should not be con
fused with other definitions of mirror particles used in t
literature and which are based on a left-right gro
SU(2)L3SU(2)R or a mirror world which interacts only
gravitationally with the SM world.# The lightest mirror parity
odd particle~LMP! is also stable in a theory with unbroke
mirror parity. However, if supersymmetry breaking does n
preserve mirror parity, mixing between the ordinary mat
and the mirror fields is allowed.

There is also a reflection~exchange! symmetry ~which
must be broken at low energies!, the mirror exchange sym
metry:

X↔Y, FV↔FV
T , V↔2VT. ~7!

As in the case of this continuousSU(2)R , if the reflection
symmetry remains exact after supersymmetry breaking, t
for each left-handed fermion there would be a degene
right handed mirror fermion in the conjugate gauge repres
tation, which is phenomenologically not acceptable.

For easy reference, we list in Table I the minimal partic
content of the MN2SSM, where a mirror partnerY (FV)
exists for every ordinary superfieldX ~V! of the minimalN
51 supersymmetric extension of the standard mo
~MSSM!. We could eliminate one Higgs hypermultiplet an
treatH1 andH2 as mirror partners. However, this could lea
to the spontaneous breaking of mirror parity when the Hig
bosons acquire VEVs and, as a result, to a more complic
radiative structure than the theory with two Higgs hyperm
tiplets.~We note, however, that it is possible in these theor
that only one Higgs doublet acquires a VEV as the ch
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Yukawa coupling is related to supersymmetry breaking a
unlike in the N51 case with high-energy supersymmet
breaking, is not necessarily constrained by holomorphicit!

For the above particle content, and imposing the f
U(2)R on the superpotential, the theory is scale invariant a
is given by the superpotential~after phase redefinitions!

W/A25g3~Q8FgQ1U8FgU1D8FgD !

1g2~Q8FWQ1L8FWL1H18FWH11H28FWH2!

1g1~ 1
6 Q8FBQ2 2

3 U8FBU1 1
3 D8FBD2 1

2 L8FBL

1Ẽ8FBE2 1
2 H18FBH11 1

2 H28FBH2!. ~8!

After substitution in the Lagrangian~4!, the superpotentia
~8! gives rise in the usual manner@1,2# to gauge-quartic and
gauge-Yukawa interactions. All interactions are gauge in
actions. Table I and the superpotential~8! define the
MN2SSM ~in the supersymmetric limit!.

III. SOFTLY BROKEN NÄ2

Once the MN2SSM is written as anN51 theory with
appropriate spectrum and global symmetries, as expla
above, supersymmetry breaking translates to the introduc
of ~a! SSB dimensionful parameters, which lift the boso
fermion degeneracy and could also break the continuouR
symmetries, and~b! dimensionless parameters, which sp
the constrainedN52 relations between gauge, Yukawa a
quartic couplings. We postpone discussion of the latter
Sec. V, where we also write all parameters as polynomial
the supersymmetry breaking VEVs. The theory studied
this section is the~global! N52 SM, the MN2SSM, with
explicitly and softly broken supersymmetries. The break
is parametrized by the familiar SSB terms~which also pa-
rametrize supersymmetry breaking inN51 theories!. These
terms are soft in the sense that the theory is at most loga
mically divergent even after their introduction. The SS
terms can be chosen to preserve or to break the global s
7-4
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TABLE II. The N51 MSSM (RP even! soft supersymmetry breaking terms and theirM P even mirrored
versions.

N51 SSB Mirror term

Scalar masses mQ̃
2

Q̃†Q̃,mŨ
2

Ũ†Ũ,mD̃
2

D̃†D̃, mQ̃8
2

Q̃8 †Q̃8,mŨ8
2

Ũ8 †Ũ8,mD̃8
2

D̃8 †D̃8,
~Hypermultiplets! mL̃

2
L̃†L̃,mẼ

2
Ẽ†Ẽ, mL̃8

2
L̃8 †L̃8,mẼ8

2
Ẽ8 †Ẽ8,

mH1

2 H1
†H1 ,mH2

2 H2
†H2 mH

18
2

H18
†H18 ,mH

28
2

H28
†H28

Gaugino masses M1B̃B̃,M2W̃W̃,M3g̃g̃ M19cBcB ,M29cWcW ,M39cgcg

Trilinear operators AuH2Q̃Ũ,AdH1Q̃D̃,AeH1L̃Ẽ Au9H1Q̃8Ũ8,Ad9H2Q̃8D̃8,Ae9H2L̃8Ẽ8

AuH1
†Q̃Ũ,AdH2

†Q̃D̃,AeH2
†L̃Ẽ Au9H2

†Q̃8Ũ8,Ad9H1
†Q̃8D̃8,Ae9H1

†L̃8Ẽ8

Bilinear scalar operators bH1H2 b9H18H28

Bilinear fermion operators m̃H̃1H̃2 m̃9H̃18H̃28
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metries of theN52 theory. However, we leave this issu
aside, imposing none of the continuousR symmetries on the
SSB terms; i.e., we assume for now maximal breaking.
concentrate instead on~i! those SSB terms that are unique
N52 theories and~ii ! those that break the chiral symmetri
~in the SSB scalar potential!. In order to control radiative
mixing between the sectors as well as lepton and bar
number violation we assume that theZ2 mirror andR parities
are conserved, unless otherwise specified.

In accordance with mirror parity conservation, th
MN2SSM contains in each sector~i.e., theM P-even ordinary
andM P-odd mirror sectors! gaugino mass terms (Ml), sca-
lar mass terms (mf

2 ), gauge invariant scalar and fermion b

linear terms (b, often denoted asBm, and m̃, respectively!
and trilinear~A! terms. These terms are the the SSB ter
familiar from the N51 MSSM, only in two ‘‘copies.’’ In
addition, trilinear terms can couple an ordinary particle
two mirror particles. TheAVyifVxi andA VyifVxj

† terms in
the scalar potential are an example of such inter-sector
plings. In addition, a dimensionful mirror parity conservin
effective superpotentialW52mH1H22m9H18H28 may also
arise, providing the usual MSSMm term and its mirror. The
SSBs that may be familiar to the reader from theN51
03500
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MSSM case are listed in Table II. Along side are listed th
‘‘mirrored versions,’’ where in accordance with mirror parit
conservation two of the fields in the operators are substitu
by their mirror partners. IfSU(2)R is conserved, then the
different SSB~and m) parameters are related to each oth
with a significantly smaller number of free parameters. N
that we included also the non-standard non-holomorphic
linear A terms and the SSB Higgsino-massm̃ term. ~The
SSB Higgsino mass can be absorbed into a redefinition om
in the superpotential andA in the SSB scalar potential.! The
next group of SSB operators are thoseM P-even terms which
are new to theN52 models due to its unique spectrum
These are listed listed in Table III.

If mirror parity andU(1)R
N52 are not conserved~see Sec.

VII !, the effective superpotential could containW5m8XY
terms withm8 being an arbitrary mass parameter. In ad
tion, mirror parity violating~MPV! SSB terms can also mix
the two sectors. For completeness, we list the MPV S
operators in Table IV. The mixing termsqq8, uu8 for the
third family can play an important role in generating th
heavy top mass. Similarly,l l 8 mixing can play a role in the
generation of light neutrino masses. This will be discussed
detail in Secs. VII and VIII, respectively. Otherwise, su
TABLE III. SSB operators which are unique to the mirror sector in the MN2SSM.

Mirror gauge scalar masses mfg

2 fg
†fg ,mfW

2 fW
† fW ,mfB

2 fB
†fB

Trilinear scalar operators AQ
g Q̃8fgQ̃,AU

g Ũ8fgŨ,AD
g D̃8fgD̃

AQ
WQ̃8fWQ̃,AL

WL̃8fWL̃,AH1

W H18fWH1 ,AH2

W H28fWH2

AQ
BQ̃8fBQ̃,AU

BŨ8fBŨ,AD
BD̃8fBD̃,Al

BL̃8fBŨ,AE
BẼ8fBẼ

AH1

B H18fBH1 ,AH2

B H28fBH2

A H
WH18fWH2

† ,A H
BH18fBH2

†

7-5



NIR POLONSKY AND SHUFANG SU PHYSICAL REVIEW D63 035007
TABLE IV. Mirror parity violating SSB operators in the MN2SSM.

Trilinear operators Au8H18Q̃Ũ,Ad8H28Q̃D̃,Ae8H28L̃Ẽ

Au-H28Q̃8Ũ8,Ad-H18Q̃8D̃8,Ae-H18L̃8Ẽ8

Au8H28
†Q̃Ũ,Ad8H18

†Q̃D̃,Ae8H18
†L̃Ẽ

Au-H18Q̃8Ũ8,Ad-H28
†Q̃8D̃8,Ae-H28

†L̃8Ẽ8

Scalar mixing bH1
8 H1H18 ,bH2

8 H2H28 ,bQ8 Q̃Q̃8,bU8 ŨŨ8,bD8 D̃D̃8,bL8L̃L̃8,bE8 ẼẼ8

Chiral fermion mixing m̃H1
8 H̃1H̃18 ,m̃H1

8 H̃2H̃28 ,m̃q8qq8,m̃u8uu8,m̃d8dd8,m̃ l8l l 8,m̃e8ee8

Gauge fermion mixing M38g̃cg ,M28W̃cW ,M18B̃cB
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terms are assumed to be absent. This completes the listin
~dimensionful! SSB terms in the MN2SSM.

The softly broken MN2SSM resembles, not surprising
an extended MSSM. For example, consider electrow
symmetry breaking~EWSB!. In the N51 MSSM EWSB is
triggered by the SSB terms in the Higgs potential. EWSB
the MN2SSM can be induced, in general, by any combi
tion of the four Higgs doublets and the tripletfW . However,
mirror parity conservation allows only the ordinary MSS
Higgs doubletsH1 andH2 to acquire VEVs.~Independently
of the parity considerations, a triplet VEV is strongly co
strained by electroweak data and has to practically van
@10#.! From the discussion of the effective Yukawa couplin
it will become evident that in fact it is sufficient that on
one Higgs doublet acquires a VEV, which can then be tr
identified with the SM Higgs boson. However, here we
sume, for simplicity, that the MSSM realization of EWS
with two Higgs doublets is reproduced with the usual Hig
doubletsH1 and H2 receiving non-zero VEVsv1 and v2,
respectively. This is achieved by adjusting the soft para
eters which enter the Higgs potential such that (mH1

2

1m2)(mH2

2 1m2),ubu2. Though introduced here by han

this relation could be satisfied via a generalization of
MSSM radiative symmetry breaking mechanism@2#. How-
ever, since we do not discuss any specific pattern of
boundary conditions to the SSB parameters, we postp
discussion of their renormalization for future works. Defi
ing, as usual, tanb5v2 /v1, the Z boson massmZ is then
given by

11Dhard

2
mZ

25
mH1

2 2mH2

2 tan2 b

tan2 b21
2m2, ~9!

whereDhard contains the effects of hard-supersymmetry c
rections to the quartic terms in Higgs potential, which a
discussed in Sec. V. In the softly broken MN2SSMDhard
[0.

There is, however, an important difference between
MSSM and the MN2SSM. While the gauge bosons
03500
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masses via the usual Higgs mechanism and Eq.~9! reduces
to its MSSM form, the softly broken MN2SSM contains n
mass terms for the usual and mirror fermions. This is due
the absence of tree-level Higgs Yukawa couplings. Is t
naive MSSM-like softly broken MN2SSM in which supe
symmetry is broken only by dimensionful parameters th
viable? The key to the answer lies with the trilinear term
which are the only terms that break the chiral symmetries
the scalar potential and can therefore induce fermion ma
at the quantum level,mf}Aml , A9mcV

~where the gaugino

and mirror gaugino masses are responsible for the brea
of fermion number!, and similarly for the mirror fermions
The viability of this mechanism is discussed in the next s
tion.

IV. RADIATIVE FERMION MASSES

We begin the discussion of fermion mass generation w
the discussion of radiative fermion masses.~More general
mechanisms will be discussed in Sec. VI, following the ge
eralization of the softly broken MN2SSM in Sec. V.! The
observation that chiral symmetries could be primarily brok
in the scalar potential and that the fermion spectrum in
persymmetry could arise radiatively was first made in
context ofN52 supersymmetry@6#, though it was studied
most extensively in the case ofN51 supersymmetry@15#. It
provides an avenue for the generation of fermion masse
the softly broken MN2SSM which was discussed in the p
vious section. Such a mass generation mechanism has
advantage that it could be accommodated in any scenari
SSB which includes the generation of trilinear terms. On
other hand, it is highly constrained.

At one loop, the extended supersymmetry gauge inte
tions lead to loops such as in Fig. 1, with external ordina
fermions where the sfermionf̃ and gauginol ~or mirror
sfermion f̃ 8 and mirror gauginocV) propagate in the loop
Equivalent loops exist with external mirror fermions. Th
sfermion left-right mixing termsmxSB

2 proportional toA^H&,
whereA here is a chiral symmetry breaking trilinear param
7-6
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eter and^H& is a SU(2)L-breaking Higgs~doublet! VEV,
generates a finite contribution to the chiral fermion mass

2mf5
as

2p
Cf @mxSB

2 M3 I ~mf̃ 1

2 ,mf̃ 2

2 ,M3
2!

1mxSB
2 9 M39 I ~mf̃

18
2

,mf̃
28

2
,M 93

2!#

1
a8

2p
Yf L

Yf R
@mxSB

2 M1 I ~mf̃ 1

2 ,mf̃ 2

2 ,M1
2!

1mxSB
2 9 M19 I ~mf̃

18
2

,mf̃
28

2
,M19

2!#, ~10!
ng

o

on

te
th
a

th

of

a

a
r
g

or
e

s
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e

03500
which generalizes the expressions given in Ref.@15#. (mf̃ i

2 ,

mf̃
i8

2
are the sfermion and mirror sfermion mass eigenval

andmxSB
2 9 5A9^H&.!

The first and second terms in Eq.~10! correspond to the

strong~gluino and mirror gluino! and hypercharge~theB-ino

neutralino and its mirror! contributions, respectively, wher

as and a8 are the strong and hypercharge couplings,Cf

54/3,0 for quarks and leptons, respectively, andYf is the

fermion hypercharge. We assume, for simplicity, no ne
tralino mixing. The functionI is the loop function
I ~m1
2 ,m2

2 ,mc
2 !52

m1
2 m2

2ln~m1
2/m2

2!1m2
2 mc

2 ln~m2
2/mc

2 !1mc
2 m1

2ln~mc
2/m1

2!

~m1
22m2

2!~m2
22mc

2 !~mc
22m1

2!
, ~11!
e
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which typically behaves as;O„1/max(m1
2 ,m2

2 ,mc
2)…. The

dependence on the left–right squark or slepton mixi

mxSB
2 5A^Ha& and its mirrormxSB

2 9 5A9^Ha&, and on the chi-
ral violation arising from the gaugino and mirror-gaugin
Majorana masses,M3 ,M39 , and/orM1 ,M19 , is explicitly dis-
played in Eq.~10!.

By observation, the natural size of the resulting fermi
mass is

mf;5
a8

4p
^H&&O~100 MeV! lepton,

2as

3p
^H&&O~1 GeV! quark,

~12!

and similarly for the mirror fermions. This is the appropria
mass range for most of the ordinary fermions, but not for
mirror fermions~and t quark!, whose masses are given by
similar expression. In the approximation~12! it was implic-
itly assumed that all of the SSB parameters are of
same order of magnitude, e.g.,mxSB

2 mlI (mf̃ 1

2 ,mf̃ 2

2 ,ml
2)

.^H&3O(1), and therefore cannot change the order
magnitude of the resulting fermion mass.

More generally, however, the fermion mass can grow
uA/max(mf̃ , ml)u or uA/max(mf̃ 8 , mcV

)u. Thus, it may ap-
pear that the fermion mass could in fact be as large
O(^H&), which is the correct mass range for the mirror fe
mions, provided that the size of the trilinear couplin
roughly equals in size to the inverse of a loop factor. Unf
tunately, this cannot be the case. As already noted in R
@6#, in the relevant limit of no tree-level Yukawa coupling
the trilinear parameters destabilize the scalar potential~along
the equal field direction!, leading to color and charge brea
ing. In particular, the trilinear couplings cannot be too larg
,

e

e

s

s
-

-
f.

.

It was recently noted@15# that the scalar potential may b
stabilized if effective quartic couplings are generated by
decoupling of chiral superfields with masses of the order
the SSB parameters or in the presence of non-holomor
trilinear termsAH1

†Q̃Ũ etc.~which do not correspond to fla
directions of the scalar potential!. Even though the potentia
is stable in this case, requiring color and charge conserva
in the global~or meta-stable! minimum still constrainsA/mf̃
from above.~See Fig. 7 of Ref.@15#.! In the next section we
will show that in theories with low-energy supersymmet
breaking there could also appear arbitrary and hard su
symmetry breaking quartic couplingsk, which could further
stabilize the potential. Nevertheless, given the stability c
straintsk*A3A/mf̃ @17,15#, A cannot be sufficiently large to
accommodate the heavy mirror fermions~for perturbative
values of the quartic couplings!.

We conclude that radiative fermion mass generation le
to a viable scenario only in the case of~most of! the ordinary
fermions. In particular, even though the gauge loop c
break the ordinary-mirror mass degeneracy, provided tha
is already broken by the SSB parameters, it cannot prov
the required two or more orders of magnitude separation
tween the ordinary and mirror fermion spectra. As for t
SM fermions, in the limit that the gaugino-sfermion loo

FIG. 1. One-loop contribution to fermion mass from soft chir
symmetry breaking.
7-7
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dominates~or equivalently only its mirror loop dominates!
this reduces to the case studied in Ref.@15#, with distinctive
phenomenology and signatures. If both loop classes con
ute, the flavor structure becomes more complicated, but
model still maintains the same essential features and si
tures. We refer the interested reader to Ref.@15# for an ex-
tensive discussion.

We note in passing that even if right-handed neutrinos
introduced, the SM neutrinos would remain massless if
fermion spectrum is indeed generated via such~supersym-
metric! gauge loops, since the right-handed neutrino is
gauge singlet in the SM.~We return to the neutrinos in Sec
VIII. ! The lightness of the neutrinos could be explained
this context by extending the SM by an extremely wea
coupled Abelian factor under which the right-handed neu
nos are not singlets.

Radiative mass generation for the SM fermions must
hand in hand with a mechanism to lift the ordinary-mirr
matter mass degeneracy~and with a mechanism to lift the
t-quark mass!. Such mechanisms will be studied in the fo
lowing sections, and require one to consider a more gen
parametrization of supersymmetry breaking. We turn to
general classification of supersymmetry breaking opera
in the next section.

V. CLASSIFICATION OF SUPERSYMMETRY-BREAKING
OPERATORS

In Sec. IV, the possibility of radiatively induced Yukaw
couplings in the effective low-energy theory was shown
lead, regardless of its details, to a typical mass range
mq , mq8&(as /p)^H& for the ordinary and mirror quarks
and ml , ml 8&(a8/p)^H& for the ordinary and mirror lep-
tons. This is a natural and sufficient solution in the case
most of the ordinary fermions~we postpone that discussio
of the third family fermions to Sec. VII! but not in the case
their mirrors. The mirror fermion spectrum is constrained
experiment,mf 8.^H&, which implies tree-level effective
Yukawa couplings.~The constraints, however, are model d
pendent.! Typically, a Kahler functionK describing the ef-
fective low-energy theory includes tree-level no
renormalizable Yukawa operators, either supersymm
conserving, soft, or hard supersymmetry breaking. In or
to consider such operators one must step out of the so
broken MN2SSB framework of Sec. III and systematica
include all relevant supersymmetry breaking operators. T
will be done in this section. Concrete realizations of tre
level Yukawa couplings in the MN2SSM will be considere
in the next section.

Our classification applies to any theory which can effe
tively be described byN51 superfields, and will be adopte
to the N52 case only in the next section. In typicalN51
~high-energy! supergravity model building with supersym
metry breaking scaleF.MweakMPlanck, the Yukawa~and
quartic! operators listed below are proportional
(Mweak/MPlanck)

n, n51, 2, and hence are often omitte
†Nevertheless, even in that case such terms can shift
boundary conditions for the SSB byO(100%) @18#.‡ This
proportionality, however, cannot hold in theN52 case if it
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is to be phenomenologically viable. Requiring a viable ph
nomenology constrains the size and symmetries of the ef
tive Yukawa couplings, and hence the scales and symme
of the N52 theory and of the theory below the supersy
metry breaking scale. Indeed, since the gravitino masses
somewhat arbitrary in theN52 case@7#, there is no reason
to impose any relation analogous to the aboveN51 super-
gravity relation, even when gravity is introduced. After co
siderations of all operators we will set the supersymme
breaking scale simply by requiring sizable tree-level Yuka
couplings and stability of the theory against hard operato
and compare it to the requirement thatN52 supersymmetry
plays a role in the resolution of the hierarchy problem.~We
will find the two requirements to be consistent.!

In Secs. III and IV we adopted the description of sup
symmetry breaking in terms of an explicitly but softly bro
ken globalN51 theory with a second supersymmetry on
implicitly manifest in the symmetries of the~super!potential,
and its breaking corresponding to explicit breaking of t
relevant symmetries in the SSB potential. Though we
about to extend and generalize this description to inclu
dimensionlessN52 andN51 breaking couplings, the sam
modular description of supersymmetry breaking will pro
to be a powerful classification tool here as well. Its gener
zation corresponds to the replacement of explicit soft bre
ing terms with the spurion formalism@14#. A spurion field
X5u2FX parameterizes the manifestN51 breaking, and
non-renormalizable operators which coupleX to the
MN2SSM fields parameterize the explicitN52 ~exchange
symmetry! breaking. The non-renormalizable operators sc
as inverse powers of theN52 breaking scaleM. The con-
venient spurion formalism is available only in thisN51 for-
mulation.~Note that the spurionX is not to be confused with
the genericX superfield component of a hypermultiplet
Sec. II.!

Indeed, one could arbitrarily write down in the infrare
theory Yukawa and quartic couplings whose presence le
to quadratically divergent quantum correction to vario
two-point functions, and which are therefore said to be h
supersymmetry breaking. However, if one requires that
certainM→` the full ~global! N52 supersymmetry be re
covered, then these couplings must fall into certain cate
ries of non-renormalizable operators. It is further reasona
to assume that the Kahler potential~which is not protected
by non-renormalization theorems! rather than the superpo
tential accommodates these operators.1 ~As we shall see be-
low, both possibilities of Kahler or superpotential operato
lead in practice to couplings of the same size.! The non-
renormalizable Kahler potential operators which link t
spurion and the MN2SSM fields do not preserve the glo
symmetries of the fullN52 theory, which is equivalent to
the symmetry violations by the SSB potential in the previo

1These operators are induced, in principle, by the dynamics at
scaleM. The resulting low-energy effective Kahler potential is n
derived, in general, from a holomorphic prepotential functionP,
K(F)ÞIm@F†(]P/]F)#.
7-8
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sections. In addition, non-vanishing values ofX5u2FX pa-
rametrize the breaking of the manifestN51 supersymmetry
as well as replace the non-renormalizable operators with
plicit (N52 and N51) supersymmetry breaking terms
the low-energy potential. Note that the spurion and its mir
(X,X8) transform as a doublet under theSU(2)R exchangeR
symmetry, which implies that a non-vanishing VEV^FX&
automatically breaks it.@TheSU(2)R of N52 allows one to
rotate the supersymmetry breaking VEV such that the mi
FX850.# This parametrization has two breaking paramete
FX andM, corresponding to the spurion VEV and~inverse!
couplings, respectively. It corresponds to an one-step br
ing scenario,N52→N50, for FX.M2, which we will as-
sume.

We now turn to a general classification ofK operators.
We do not impose any of the global symmetries which
rametrize the second supersymmetry, a subset of which
survive its breaking.~This will be done in the next section.!
The effective low-energy Kahler potential of a rigidN51
supersymmetry theory is given by

K5K0~X,X†!1K0~F,F†!1
1

M
K1~X,X†,F,F†!

1
1

M2
K2~X,X†,F,F†!1

1

M3
K3~X,X†,F,F†,Da ,Wa!

1
1

M4
K4~X,X†,F,F†,Da ,Wa!1••• ~13!

whereX is the spurion andF are the~ordinary and mirror!
chiral superfields of the low-energy MN2SSM theory.Da is
the covariant derivative with respect to the~explicit! super-
space chiral coordinateua , andWa is the N51 gauge su-
permultiplet in its chiral representation,Wa;la1uaV.
Once a separation between supersymmetry breaking fieX
and low-energyF fields is imposed, there is no tree-lev
renormalizable interaction between the two sets of fields,
their mixing can arise only at the non-renormalizable le

TABLE V. The soft supersymmetry breaking terms as operat
contained inK1 andK2 . F5f1uc1u2F is a low-energy super-
field while X, ^FX&Þ0, parametrizes supersymmetry breaking.F†

5]W/]F.

Ultraviolet K operator InfraredLD operator

X

M
FF†1H.c.

AfF†1H.c.

XX†

M2
FF† 1 H.c.

m2

2
ff†1H.c.

XX†

M2
FF1H.c.

bff1H.c.

X†

M2
F2F†1H.c.

kf†fF1H.c.

yf†cc1H.c.
03500
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Kl>1. ~This separation is quite natural in the context ofN
52 if X and F transform under different gauge groups,
particular if X is a gauge singlet field.!

The superspace integrationLD5*d2ud2ūK reducesK1
andK2 to the usual SSB terms, as well as the superpoten
m parameterW;mF2, which were discussed in the previou
section. It also contains Yukawa operatorsW;yF3 which
can appear in the effective low-energy superpotential. Th
are summarized in Tables V and VI.~We did not include
linear terms that may appear in the case of a singlet su
field.! Finally, the last term in Table V contains correlate
but unusual quartic and Yukawa couplings. They are sof
they involve at most logarithmic divergences.

Integration overK3 produces the non-standard soft term
also discussed in the previous section. These are summa
in Table VII. It also generates contributions to the~‘‘stan-
dard’’! A and gaugino-mass terms. These terms could aris
lower orders inAF/M from integration over holomorphic
functions~and in the case ofA, also fromK1). However, this
is equivalent to integration overK if *d2ū(X†/M2).1. Note
that in the presence of superpotential Yukawa couplings

s TABLE VI. The effective renormalizableN51 superpotential
W operators contained inK1 and K2 , L5*d2uW. Symbols are
defined in Table V.

Ultraviolet K operator InfraredW operator

X†

M
F21H.c.

mF2

X†

M2
F31H.c.

yF3

TABLE VII. The non-standard or semi-hard supersymme
breaking terms as operators contained inK3. Here Wa is the N
51 chiral representation of the gauge supermultiplet andl is the
respective gaugino.Da is the covariant derivative with respect t
the ~explicit! superspace coordinateua . All other symbols are as in
Table V.

Ultraviolet K operator InfraredLD operator

XX†

M3
F31H.c.

Af31H.c.

XX†

M3
F2F†1H.c.

Af2f†1H.c.

XX†

M3
DaFDaF1H.c.

m̃cc1H.c.

XX†

M3
DaFWa1H.c.

Ml8cl1H.c.

XX†

M3
WaWa1H.c.

Ml

2
ll1H.c.
7-9
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Higgsinom̃ term can be rotated to a combination ofm andA
terms and vice versa. The two terms, however, are not n
essarily equivalent in our case sinceN52 forbids chiral su-
perpotential Yukawa couplings. In the case of the mir
gauginocV , our MN2SSM notation replacesm̃ with M 9/2.

Last, superspace integration overK4 leads to dimension-
less hard operators. These are summarized in Table V
~Hard operators were also summarized recently in Ref.@19#.!
Higher orders in (1/M ) can be safely neglected as supersy
metry and the superspace integration allow only a finite
pansion inAFX/M , that isL5 f @FX

n /Ml # with n<2 andl is

TABLE VIII. The dimensionless hard supersymmetry breaki
terms as operators contained inK4. Symbols are defined as i
Tables V and VII.

Ultraviolet K operator InfraredLD operator

XX†

M4
FDaFDaF1H.c.

yfcc1H.c.

XX†

M4
F†DaFDaF1H.c.

yf†cc1H.c.

XX†

M4
FDaFWa1H.c.

ȳfcl1H.c.

XX†

M4
F†DaFWa1H.c.

ȳf†cl1H.c.

XX†

M4
FWaWa1H.c.

ȳfll1H.c.

XX†

M4
F†WaWa1H.c.

ȳf†ll1H.c.

XX†

M4
F2F† 21H.c.

k(ff†)21H.c.

XX†

M4
F3F†1H.c.

kf3f†1H.c.
-

e
e
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the indexKl in expansion Eq.~13!. Hence, terms withl .4
are suppressed by at least (^X&/M ) l 24. We will assume the
limit ^X&!M for the N51 supersymmetry preserving VEV
^X&, i.e., X;u2FX , so that all such operators can indeed
neglected and the expansion is rendered finite.

It is useful for our purposes to identify those terms inK
which can break the chiral symmetries and generate the
sired Yukawa terms in the low-energy effective theo
Clearly, the relevant terms in Tables V and VII can be ide
tified with the chiral symmetry breakingA andA terms~with
any number of primes! which couple the matter sfermions t
the Higgs fields of electroweak symmetry breaking a
which were discussed in the previous section. Note that s
in N52 there are no chiral terms in the superpotential th
chiral-symmetry breakingA terms can only arise fromK3.
More importantly, and as advertised above, a generic Ka
potential is also found to contain tree-level chiral Yukaw
couplings. These includeO(FX /M2) supersymmetry con-
serving and soft couplings andO(FX

2/M4) hard chiral sym-
metry breaking couplings. The relative importance and
potentially destabilizing properties of the different operato
must be addressed before any symmetry-derived selec
rules are applied. Both issues point to the more fundame
questions that one needs to address: What are the scalesAFX
andM and what is their relation to the cutoff scaleL.

We haveAFX.M.O(TeV) from the requirement tha
N52 supersymmetry plays a role in the solution of the S
hierarchy problem. In addition, the cutoff scale for any su
calculation is the scale ofN52 restoration above which
FX50, i.e.,L.M . In this case, all of the dimensionful cou
plings could be in principle;O(1), regardless of their soft-
ness or order inFX /M2. This is desired for the Yukawa
couplings of the mirror fermions. It is important to not
however, that quartic couplings are also large.~We men-
tioned the latter effect in the previous section.! One has to
confirm that this choice is not destabilized when the h
operators, which are large, are included. In order to do
consider the implication of the hardness of the operators c
tained inK4. Yukawa and quartic couplings can destabili
the scalar potential by corrections to the mass termsDm2 of
the order of
Dm2;5
k

16p2
L2;

1

16p2

FX
2

M4
L2;

1

16p2

FX
2

M2
;

1

16p2cm

m2

y2

16p2
L2;

1

16p2

FX
4

M8
L2;

1

16p2

FX
4

M6
;

1

16p2cm

m2
m2

M2
,

~14!
from
.

of a
where we identifiedL.M andcm is a dimensionless coef
ficient omitted in Table V,m2/25cmFX

2/M2. The hard op-
erators were substituted by the appropriate powers ofFX /M2

@and are;O(1)]. OnceM is identified as the cutoff scal
above which the the full supersymmetry is restored, th
 n

these terms are harmless as the contributions are bound
above by the tree-level scalar squared-mass parameters

This observation is valid for theN51 case whether it is
constrained by theN52 symmetries or not~and extends to
the case of non-standard soft operators in the presence
7-10
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singlet!. In fact, such hard divergent corrections are w
known in N51 supergravity withL5M5MPlanck, where
they perturb any given set of tree-level boundary conditio
for the SSB parameters@18#. In theories with low-energy
supersymmetry breakingAFX.M.L.O(TeV), however,
it seems particularly difficult to reliably calculate the SS
parameters. Furthermore, if there are no tree-level sc
squared masses, then they may arise from such loops an
given, roughly, byM2/16p2 ~avoiding a potential need to
introduce a small coefficientcm in front of the squared mas
operators in Table V!.

We conclude that, in general, chiral Yukawa couplin
appear once supersymmetry is broken, and if it is broke
low energy AFX.M.L.O(TeV) then these coupling
could be sizabley.O(1) yet harmless.

VI. TREE-LEVEL YUKAWA COUPLINGS
FROM THE KAHLER POTENTIAL

In the previous section we classified all supersymme
breaking operators and set the supersymmetry breaking s
parameters toAFX.M.O(TeV). Large tree-level Yukawa
couplings~and trilinear mass parameters! appear in that case
in the effective theory. Though their parent operators as w
as their order inFX /M2 may be different, they are alla
priori of similar magnitude. The issue at hand is therefo
not finding possible operators. Rather, one must avoid ex
sive mixing between quarks~leptons! and their mirrors,
which could lead to disastrous contributions to flavor cha
ing neutral currents. For example, one obvious path
could take is to allow tree-level Yukawa couplings of t
same origin~i.e., which are derived from the same opera
class! for all matter fields. This, however, could exactly lea
to such mixing, and furthermore, does not offer any n
insight into the ordinary-mirror fermion mass hierarchy. W
therefore pursue a more motivated path in which the t
sectors are distinguished by the global symmetries of
effective theory, and the symmetries induce selection ru
which allow or forbid certain types of Yukawa and soft o
erators in the different sectors.2

This can be done by either exploiting the globalR sym-
metries which parametrize the hidden supersymmetry or
symmetries which do not commute with the former symm
tries and therefore characterize the supersymmetry brea
mechanism. One could also take a linear combination
these choices, both of which correspond to anomalous s
metries. In addition, a specific choice of a symmetry is be
motivated if it can provide a hint as for the origin of th
ordinary-mirror fermion mass hierarchy. The model and o
parametrizations already direct one toward the poss
paths:

~i! Recalling that the hard chiral symmetry breaking o
erators are already distinguished by the presence of cova
superspace derivatives, which transform under any cont

2The heaviness of the ordinary third family fermions may seem
challenge some of the resulting frameworks. We postpone this
cussion to the next section.
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ous or discreteR symmetry, suggests choosing anR symme-
try ~though this choice is not unique!.

~ii ! While theSU(2)R symmetry must be broken~or the
fermion and mirror fermion remain degenerate in mass!, the
U(1)R of N52 may be preserved and provide the desir
selection rules. In fact, aU(1)2 subgroup of the complete
U(2)R can survive, where the otherU(1) is U(1)J .

~iii ! Mirror parity is a useful tool which enables one
distinguish matter from mirror matter, and may provide
alternate set of selection rules.

In order to illustrate the richness of the possible fram
works we use two distinct sets of selection rules, correspo
ing to the symmetry classes mentioned above: The
group of symmetries is based on theN52 preserving
(A) U(1)R

N523Z2
M P ; the second one is based on an Abeli

R-symmetry extension of mirror parity (B) U(1)R
M P which

explicitly breaksN52. The latter example could be an ‘‘ac
cidental’’ symmetry related to the supersymmetry break
mechanism. We note that it can be mapped to a disc
Z33Z2 R symmetry where theZ2 is the usual mirror parity
and the chiral coordinateu and the mirror matter fields al
transform as (1/3)2. ~Note that once the transformatio
properties of one matter field and its mirror are fixed, t
N52 superpotential fixes the charge ofFV and, as a result
of all other ordinary-mirror bilinears.! The symmetry assign
ments and the corresponding selection rules appear in Ta
IX and X. For illustration, the quark~super!fields uL anduR
(Q andU) and their mirrors are substituted in the operato
However, we assume identical transformation properties
all quark and lepton fields so that any other~gauge invariant!
combination of fields could be substituted instead.@It is pos-
sible to choose slightly more complicated examples w
~SM! charge and flavor dependent symmetry assignmen#

o
s-

TABLE IX. The U(1)R
N523Z2

M P assignment for the variousN
51 superfields.R(ua)521 and all matter superfields are charg
as the quark doubletQ.

Field Assignment Assignment for mirror
Case I Case II Case I Case I

Hi 01 211 02 112

Q 111 1
1
2

1 212 2
1
2

2

FV 222 222

TABLE X. The U(1)R
M P assignment for the variousN51 su-

perfields.R(ua)521 and all matter superfields are charged as
quark doubletQ.

Field Assignment Assignment for mirror

Hi 0 21

Q 0 21

FV 21
7-11
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Finally, for completeness we list both operators which
holomorphic~Table XI! or non-holomorphic~Table XII! in
the Higgs fields, though the latter do not add any intrinsica
new possibilities. Note that it is assumed that only ordin
Higgs doublets, but not their mirrors or any other field
participate in electroweak symmetry breaking.~In particular,
mirror parity or its extensions are not broken spontaneou
by electroweak Higgs VEVs.!

A clear tree of possibilities emerges:
~1! Assume that tree-level mirror-fermion masses ar

from the hard supersymmetry breaking operators, which
curs naturally in the examples given here.

~2! The chiral symmetries of the ordinary matter fiel
may then be broken in the scalar potential, leading to ra
tive ~ordinary! fermion masses. Alternatively, an effectiv
N51 Yukawa tree-level superpotential is generated for
ordinary fields.

~3! The symmetry properties of both SSB and supersy
metry conserving operators imply that either both possib
ties for the ordinary fermion mass generation are allowed
that both are forbidden, as long as the spurion is not char
under the globalR-symmetries.

~a! If both are allowed, a charge assignment for a spur
field could forbid the supersymmetry conserving operat
and, as a result, forbid tree-level masses for the ordin

TABLE XI. Low-energy chiral operators, which are holomo
phic in the low-energy fields, and their symmetry properties. T
first, second, and third classes of operators are soft supersymm
breaking, hard supersymmetry breaking, and supersymmetry
serving, respectively. Allowed operators~assumingRX50 or RX

52) are underlined.

Operator class Operator Case A1 Case A2 Case

XX†F3
AH2Q̃Ũ 121 01 0

AH1Q̃8Ũ8 221 221 22

AH18Q̃Ũ 122 122 21

AH28Q̃8Ũ8 222 02 23

XX†FDaFDaF yH2uLuR 141 121 12

yH1uL8uR8 01 01 0

yH18uLuR 142 142 11

yH28uL8uR8 02 122 21

X†F3 yH2uLuR (122RX)1 (02RX)1 02RX

yH1uL8uR8 (222RX)1 (222RX)1 222RX

yH18uLuR (122RX)2 (122RX)2 212RX

yH28uL8uR8 (222RX)2 (02RX)2 232RX
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fermions. This provides a simple explanation of the matt
mirror mass hierarchy as a loop factor.

~b! If both are forbidden, a charge assignment for a s
rion field could allow the supersymmetry conserving ope
tors and as a result, for tree-level masses for the ordin
fermions. The ordinary-mirror mass hierarchy can now
explained by the hierarchy between the charged and ne
spurion supersymmetry breaking VEVsFX1

/FX2
. ~Note that

^FX2
& itself breaks theR symmetry if X2 is neutral, while

^FX1
& may or may not break it.! Alternatively, it could al-

ways be that one class of operators~the hard operators, in
this case! appears at the tree level while the other class~the
superpotential operators! appears only radiatively so that th
hierarchy is imprinted in the coefficients of the different o
erators inK.

Many other examples can be constructed along th
lines.

The symmetry principles nicely arrange the different fe
mion mass operators. They also carry implications to mos
the other operators. The scalar squared masses are ge
cally insensitive and may arise from tree-level operator w
relatively small coefficientscm , from quadratically divergent
loop corrections, or from gauge~ino! renormalization. On the
other hand~and similarly to N51 supergravity! gaugino
mass terms break any AbelianR symmetry, so that there
must be a spurion combination such thatR(X1X2

†)512,
consistent with our proposals above. Our speculation that
^F& of the charged spurion corresponds to a lower sc
could lead to suppression of gaugino masses. Another gr

e
try
n-

TABLE XII. As in Table XI but for operators which containF†.

Operator class Operator Case A1 Case A2 Cas

XX†F†F2 AH1
†Q̃Ũ 121 121 0

AH2
†Q̃8Ũ8 221 01 22

AH28
†Q̃Ũ 122 02 11

AH18
†Q̃8Ũ8 222 222 21

XX†F†DaFDaF yH1
†uLuR 141 141 12

yH2
†uL8uR8 01 21 0

yH28
†uLuR 122 122 13

yH18
†uL8uR8 02 02 11

X†F†F2 yH1
†uLuR (122RX)1 (122RX)1 02RX

yH2
†uL8uR8 (222RX)1 (02RX)1 222RX

yH28
†uLuR (122RX)2 (02RX)2 112RX

yH18
†uL8uR8 (222RX)2 (222RX)2 212RX
7-12
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of operators of phenomenological relevance are the opera
corresponding to Higgs mixing at the electroweak scale,W

;mH2H1 and VSSB;bH2H11m̃H̃2H̃1. Assigning R(X)
5R(H2H1) always allows for the superpotentialm term.
~See Table VI.! If there is only one spurion, the SSB Higg
~Table V! and Higgsino~Table VII! mixing operators are
independent of the~single! spurion charge and cannot b
allowed simultaneously. In the case of a multi-spurion s
nario, if the spurions carry differentR charges, then both
could co-exist.~Phenomenologically, both Higgsino ma
and Higgs boson mixing in the scalar potential are requi
in order to avoid very light Higgs nd Higgsino particles
the spectrum.!

VII. HEAVY GENERATION

In our discussion so far we distinguished ordinary fro
mirror matter, but did not distinguish, for example, light a
heavy SM~ordinary! fermions. That is, if one of the mecha
nisms to render ordinary fermions light relative to the mirr
fermion is realized, thenall of the ordinary fermions will be
light with masses of roughly the same order of magnitu
However, the SM fermion spectrum contains two spec
cases: The first case is that of the top quark~or, for that
matter, of all of the third family! whose mass is of the orde
of the mirror fermion masses. The second case is that of
nearly massless neutrinos. We postpone discussion of
neutrinos to the next section and focus here on the cas
heavy SM fermions.

While in some cases an internal hierarchy within the S
sector can be put in by hand, it is not always sufficient. F
example, if the SM fermion mass is generated radiative
vacuum stability constraints make it very unlikely that t
top (t) in the quark~lepton! sector receives its mass radi
tively ~with a large trilinear parameter put in by hand!. This
would require hard quartic couplings of orderk*4p. An
alternative tree-level mechanism may exist, particularly
the latter case. One obvious candidate for such a mecha
is mirror-symmetry breaking in the third family and, cons
quently, mass mixing between ordinary and mirror third fa
ily fermions. As long as such mixing is constrained to on
the third family, the implications to flavor changing neutr
currents are generically within experimental constraints. M
ror parity breaking in such a scenario is intimately linked
the flavor symmetry structure. We first discuss the pheno
enology of such a mechanism, and then speculate on its
sible origin from a spontaneously broken Abelian flav
~gauge! symmetry.

If one allows MPV in the third family, then there could b
tree-level mixing between the fermions and their mirrors. F
explicitness, let us concentrate on the case of the top q
and its mirror with mixing terms:m̃L8 tLtL8 and m̃R8 tRtR8 . For
simplicity, let us further assume that the usual quark m
term tLtR is small and can be taken to be zero. The mirror
quark, on the other hand, has a mass termMtL8 tR8 , which is
assumed to arise at the tree level andM.Mweak. (M here is
not the supersymmetry breaking scale but simply the la
mass parameter in the fermion mass matrix,M[M f

L8 f
R8
.! A
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similar structure holds for the bottom sector, with identic
m̃L8 @from the SM SU(2)L symmetry# for the left-handed

bottoms but with independentm̃R8 andM parameters.
Defining

c j
15S tL

tR8
D , c j

25S tL8

tR
D , j 51,2, ~15!

the mass matrix can be written as

~c1c2!S 0 XT

X 0 D S c1

c2D 1H.c., ~16!

where

X5S m̃L8 M

0 m̃R8
D , ~17!

and we neglected a pure SM top mass.~The MPV mixing
may be SSB orN51 supersymmetric, though here we u
the SSB notation.! The mass eigenstatesx6 are readily
found:

x i
15Vi j c j

15S cosf1 sinf1

2sinf1 cosf1
D S tL

tR8
D ,

x i
25Ui j c j

25S cosf2 sinf2

2sinf2 cosf2
D S tL8

tR
D . ~18!

HereU andV are the unitary matrices chosen to diagonal
the mass matrix:

U* XV15MDirac. ~19!

The mass eigenvaluesMDirac1,2

2 are

MDirac1,2

2

5
M21m̃L8

21m̃R8
27A~M21m̃L8

21m̃R8
2!224m̃L8

2m̃R8
2

2
,

~20!

while the mixing anglesf1 andf2 can be written as

tanf15
m̃R8

21M22m̃L8
22A~M21m̃L8

21m̃R8
2!224m̃L8

2m̃R8
2

2m̃L8M
~21!

tanf2

5
m̃R8

22M22m̃L8
22A~M21m̃L8

21m̃R8
2!224m̃L8

2m̃R8
2

2m̃R8M
.

~22!
7-13
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The mass splitting between the ordinary and mir
quarks is a function ofm̃L8 , m̃R8 and M. Two limits are of
particular interest:

~i! m̃L8 , m̃R8 and M are all of the same order of magnitud

Assume, as an example,m̃L85m̃R85M . In this limit,
MDirac1,2

are of the same order of magnitude and there
large mixing between the ordinary SM quarks and their m
ror partners:

MDirac1,2
5S 37A5

2 D 1/2

M5H 0.62 M

1.62 M
, tanf65

2A561

2
.

~23!

This case is relevant for the top sector. The top quark can
its large mass while the mirror top is sufficiently heavy
evade current experimental limits that may apply.

~ii ! The MPV mixing between the ordinary quarks and
mirror partners is much smaller than M.

Assume, without loss of generality,m̃R8!M . One has, to

leading order inm̃R8 /M ,

MDirac1
5

m̃R8 m̃L8

AM21m̃L8
2

5

m̃L8!M m̃L8m̃R8

M
, ~24!

MDirac2
5AM21m̃L8

2 S 11
m̃R8

2M2

2~M21m̃L8
2!2D

5

m̃L8!M S 11
m̃L8

21m̃R8
2

2M2 D . ~25!

The mixing angles in this limit can be similarly obtained a
read

tanf152
m̃L8

M S 12
m̃R8

2

M21m̃L8
2D 5

m̃L8!M

2
m̃L8

M S 12
m̃R8

2

M2 D
~26!

tanf252
~M21m̃L8

2!

M m̃R8
S 12

m̃L8
2m̃R8

2

~M21m̃L8
2!2D

5

m̃L8!M

2
M

m̃R8
S 11

m̃L8
2

M2 D . ~27!

As one expects, one of the eigenstates becomes light w
one of the mass mixings is small, while the heavy m
eigenvalues is still;O(M ). The fraction of the usual right
handed quark in the light eigenstate, sinf2 , is always large
since tanf2 is much larger than 1. However, the fraction
the usual left-handed quark, cosf1 , depends on the ratio o
m̃L8 /M . It is large whenm̃L8 is much smaller thanM. Alterna-
tively, one can have large mixing between the ordinary a
mirror quarks whenm̃L8 and M are of the same order. A
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similar situation happens whenm̃R8 is of the same order o

magnitude asM while m̃L8 is much smaller.
The latter limit enables one to realize simultaneously

heavy top quark mass and a few GeV bottom quark ma

The parameterm̃L8 is the same for both the top and botto
sectors and should be of the order ofMt

L8 t
R8

so that the top

quark is sufficiently heavy. However,m̃R8 and M could be

different for the two sectors. As long as (m̃R8 /M )b is
‘‘small,’’ the contribution to the bottom quark mass
‘‘small.’’ The most attractive choice is to haveMb

L8b
R8

;Mt
L8 t

R8
;m̃L8@(m̃R8 )b . Another possibility is to takeMb

L8b
R8

@Mt
L8 t

R8
;m̃L8;(m̃R8 )b . This is, however, more difficult to re

alize since it is difficult to obtain such a large value f
Mb

L8b
R8

which is proportional to the Higgs VEV.

We conclude that once MPV mixing is allowed, it is po
sible to realize heavy and highly mixed ordinary and mirr
top quarks simultaneously with a relatively light~and rela-
tively non-mixed! SM bottom quark. The question we woul
like to consider next is with regard to the possible mec
nisms that give rise to such a mixing. Various possibiliti
exist, for example, a ‘‘flavored spurion’’ such thatX†QiQj8
terms are allowed in the Kahler potential fori 5 j 53. Mirror
symmetry could be viewed in this case an accidental sy
metry of the first two generations or as a flavor symmet
~Note that only vector-like mixing terms are allowed by th
SM gauge symmetries.! Here, however, we will present
different toy model in which mirror symmetry breaking is
result of a spontaneous breaking of a gauged flavor sym
try.

Assume an additional~horizontal! U(1)H gauge factor.
The superpotential contains, for example, the te
gHhQQ3FHQ38 , assuming thatQ3 andQ38 are charged unde
the horizontal gauge symmetry with charge6hQ , andgH is
the horizontal gauge coupling.FH is a gauge singlet con
tained in theU(1)H N52 vector multiplet. If it develops a
VEV ^FH&, it would create a mixing parametermQ8
5gHhQ^FH&. In this example, the Kahler potential can st
preserve the mirror symmetry, which is broken sponta
ously by ^FH&. ~Note that the flavor symmetry itself is no
broken by thê FH& VEV.! This proposal provides a simpl
framework for the generation of the mixing terms employi
generation-dependentU(1) symmetries. However, one mu
overcome certain difficulties before such a proposal can
realized. We outline those difficulties and the possible cu
below.

First, the relative size of the mixing parameter is prop
tional to the hypermultiplet horizontal charge. It may not
straightforward to find an anomaly-free combination th
naturally produces the desired hierarchy. Certain fields, h
ever, could be singlets~for example,D3). Also, a combina-
tion of different M parameters could also contribute to th
hierarchy.

Second, there is the issue of the mixing of the third ge
eration quarks with the two light generation quarks. If t
third family quarks are charged under any symmetry wh
7-14
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the light quarks and the Higgs bosons are neutral, then
inter-family mixing is forbidden. This can be resolved, f
example, by the introduction of a SM singlet hypermultip
S which is also charged underU(1)H so that an appropriate
chiral symmetry breaking term is allowed in Kahler pote
tial, e.g.,X†SH1Q3D2, which could lead to anA term or a
Yukawa coupling proportional tôFS& and^S&, respectively.
In the case that onlyA terms arise, then the intergeneration
mixing is naturally suppressed as the square of the loop
tor. The S-VEVs are induced by the dynamics below th
supersymmetry breaking scale, e.g., the SSB potential,
are therefore suppressed. AnS-VEV breaks the horizonta
symmetry spontaneously and its size is constrained by
usual considerations related to the presence of an extra
tral Z8 gauge boson@20#.

Last, consider the operators X†FHQ2Q28 ,
XX†FHDaQ2DaQ28 etc. While the former operator can b
forbidden by theR symmetry, the latter is allowed by th
symmetries. If such operators arise, they could lead
ordinary-mirror matter mixing in all three generations. T
supersymmetry dynamics must therefore be constrained
to generate such vector-hypermultiplet mixed operators.

The proposed toy model serves to illustrate that the fla
symmetry may be intimately linked to the details of t
breaking of supersymmetry and of the global symmetrie
induces. In particular, the heaviness of the third family m
stem from the heaviness of the mirror fermions, in whi
case either mirror symmetry plays the role of a flavor sy
metry or the flavor symmetry breaks the mirror symmetry

VIII. NEUTRINO MASSES

Recent results from the atmospheric and solar neut
oscillation experiments indicate non-zero neutrino mas
although extremely small with respect to the charged lept
@21#. The mass squared difference between two neut
mass eigenstates is of the order of 1023 eV2 from atmo-
spheric neutrino oscillation data~and 1025 eV2 for solar neu-
trinos!. The smallness of neutrino masses can be expla
most simply by the seesaw mechanism@22#, where a right-
handed sterile neutrinoNR with a Majorana massM is intro-
duced.~Again, M here is the large mass parameter in t
fermion mass matrix,M[MN .) Assuming a Dirac mass
mDNRnL and that there is no Majorana mass for the le
handed neutrinos, the light mass eigenvalue ism;mD

2 /M .
For mD of the order of the electroweak scale, the tiny ne
trino masses can be obtained ifM;1015 GeV is of the order
of the unification scale.

The extended neutrino sector in the MN2SSM is stron
constrained by experiment. There are six active neutrin
the three ordinary neutrinosn and their mirror partnersn8,
all of which couple to the electroweak gauge bosons. Gi
the constraints from the invisibleZ-boson width on the num
ber of active neutrinos inZ decays,Nn52.99460.012@10#,
the mirror neutrinos cannot be light: Any additional acti
neutrinos such asn8 must be heavier thanmZ/2. ~If there are
additional sterile neutrinos, there could be more than th
light active neutrinos as the couplingZn̄ in i , n i being the
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mass eigenstate, is suppressed by mixing angles. Neve
less, we assume only three light active neutrinos.! As an
obvious consequence from the last statement, the obse
neutrino oscillations cannot be explained byn→n8 and must
occur among the ordinary neutrinos. In the following, w
will only address the question of obtaining the small ordina
neutrino masses while keeping the mirror neutrinos hea
The mixing between the light neutrino mass eigenstates
an explanation of the oscillation data require a more care
model building ~for example, the generational structure
the matrices discussed below needs to be addressed!, which
is left to future studies. We therefore discuss only one g
eration of neutrinos.

Clearly, the seesaw mechanism described above does
generalize toN52 supersymmetry: If the small neutrin
mass is generated by the usual seesaw mechanism, the s
neutrino must be heavy, with its mass above theN52 break-
ing scale. The mirror sterile neutrino must have the sa
mass because the exchange symmetry is a good symm
above theN52 breaking scale. The mirror neutrino mass
are then also suppressed by the see-saw mechanism,mn8
;^H&2/M!mZ/2, which is below experimental bound
Therefore, the Majorana mass for the sterile neutrino can
be much larger than theN52 breaking scale, which in the
framework of 232 see-saw leads to heavy neutrinos~unless
the Yukawa couplings are fine-tuned!. ~We note in passing
that if the three right-handed neutrinos remain as light as
the left-handed neutrinos, one can explore an explanatio
the oscillation data involving alsonLi

→NRj
transitions.!

If mirror parity is conserved, there is no mixing betwee
the usual and mirror neutrinos. The mass matrix is reduce
two diagonal blocks for the usual and mirror sectors. On
sterile neutrinos are introduced, the mirror neutrino mass
be generated via effective tree level Yukawa coupling as
the other mirror fermions. The ordinary neutrino mass,
the other hand, cannot be generated radiatively since
right-handed neutrino is a gauge singlet. Common te
niques like the radiative generation of neutrino masses
the introduction of a chargedSU(2) singlet and a second
Higgs doublet or tree-level neutrino mass by a Higgs trip
@23# may be exploited to give the small neutrino mass
particularly since such fields are available in the spectru
~One could also introduce by hand tiny tree-level effect
Yukawa couplings for the neutrinos or extend the SM gro
as discussed in Sec. IV.! Here, we will explore a different
source of neutrino masses inN52 scenarios, a 333 seesaw
mechanism which is induced by a small breaking of the m
ror parity.

With only the minimal spectrum~no sterile neutrinos! but
with MPV mixing between the usual and mirror neutrin
m̃n8nn8, the neutrino mass matrix is given by

S 0 m̃n8

m̃n8 0
D ~28!

in the basis of (n,n8). In this simplest framework one ha
two degenerate mass eigenstates and no mass hierarch
tween the mass eigenstates can be generated.
7-15
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Let us then consider a more generalN52 neutrino sector.
~For simplicity, we only consider one generation.! Consider
the following:

~i! Two sterile neutrino superfields,N and its mirror part-
ner N8, with massesMN and MN8 , respectively.~We omit
hereafter theR index.!

~ii ! Dirac masses for the usual and mirror sectormDNn,
mD8 N8n8.

~iii ! Mirror parity violating termsm̃n8nn8,m̃N8 NN8.

~iv! Dirac-type mixingm̃Nn8
8 Nn8,m̃N8n

8 N8n.
Under these assumptions the 434 neutrino mass matrix

reads

~n,N,n8,N8!S 0 mD m̃n8 m̃N8n
8

mD MN m̃Nn8
8 m̃N8

m̃n8 m̃Nn8
8 0 mD8

m̃N8n
8 m̃N8 mD8 MN8

D S n

N

n8

N8

D .

~29!

However, it is simplified under a well-motivated set
assumptions which we consider for the purpose of illus
tion:

~i! There is no Dirac mass in the usual neutrino sec
mD50. This is true, for example, if the ordinary sector fe
mion masses originate from radiative corrections.

~ii ! There is no mixing between the sterile neutrinosN and
N8, m̃N8 50. This is the case if the mixing arises from th
VEV of some mirrorU(1) gauge boson singlet̂FU(1)n

&,
while N andN8 are singlets underU(1)n .

~iii ! There is no Dirac-type mixing,m̃Nn8
8 5m̃N8n

8 50. As-
suming that Higgs couplings preserve mirror parity, tho
terms could only arise from Yukawa terms in the Kah
potential involving the superfield combinationsH18LN8,
H28

†LN8 and H28L8N, H18
†L8N, once the mirror Higgs

bosons acquire VEVs. However, we assume that EWSB
induced only by the ordinary MSSM Higgs doublets,
^H18&5^H28&50 and such Yukawa terms do not genera
mixing.

The usual sterile neutrino now decouples, and one is
with a 333 mass matrix with only three parameters:

S 0 m̃n8 0

m̃n8 0 mD8

0 mD8 MN8
D . ~30!

In the relevant limit one hasm̃n8!mD8 !MN8 ; i.e., the MPV

parameterm̃n8 is small and the Dirac mass for the mirro
neutrinos,mD8 ;^H&, is small with respect to sterile neutrin
massMN8 which is of the order of theN52 breaking scale.
The mass eigenvalues in this limit are approximately

m1;
m̃n8

2

m2
, m2;

mD8
2

MN8
, m3;MN8 . ~31!
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The smallness of the lightest neutrino masses can be
trolled by the small MPV parameterm̃n8 , while the second
lightest neutrino remains heavy as long asmD8/MN8 is not
too small. It is, however, in the mass range implied by el
troweak data~see the next section! and a candidate for the
LMP. Notice thatMN8 cannot be too large or the mirror neu
trino mass would be suppressed below the experime
lower limit. As an example, takingMN8 51000 GeV,mD8

5300 GeV andm̃n8;1026–1024 GeV, the neutrino masse
read

m1;102521021 eV, m2;90 GeV, m3;1000 GeV.
~32!

This model is a variation of the seesaw mechanism where
small mirror parity violating parameterm̃n8 plays the role of
the usual Dirac masses.

In conclusion, The neutrino sector inN52 supersymme-
try is strongly constrained as one needs to not only gene
the small neutrino masses to fit the neutrino oscillation da
but also to maintain a large mass hierarchy between the
dinary and mirror sectors. Here, we presented a sim
model for theN52 neutrino sector which relies on sma
MPV. The model is successful though it is far from uniq
and other possibilities need to be explored.

IX. PHENOMENOLOGY OF NÄ2 SUPERSYMMETRY

Given its extended spectrum, the phenomenology of
MN2SSM is particularly rich. Its effects are both indire
~electroweak physics! and direct ~collider phenomenology
and new particle searches!. Although many predictions de
pend on the details of the model, important conclusions
be drawn based only on the general structure of theN52
framework. While some of the MN2SSM characteristi
only provide a variation on the phenomenology of theN
51 MSSM, many other features are unique toN52, and
provide the smoking gun signals for the discovery ofN52
supersymmetry. In this section we review some of the m
interesting aspects, both indirect and direct, ofN52 super-
symmetry.

A. Electroweak and Higgs physics

As mentioned in the Introduction, additional chiral quar
and leptons can lead to large positive contribution to
oblique parameterS @9#, which is phenomenologically unfa
vorable, if not excluded@10#. A dedicated electroweak analy
sis including all mirror particles is well motivated~though
technically complicated! and it is currently underway@13#.
~It will be reported elsewhere@13#.! A preliminary investiga-
tion @13# concludes that the correlations between the obliq
parameters~rather thanS itself! place probably the stronges
constraints on the MN2SSM. Consistency requires so
relatively light mirror particles, for example, some combin
tion of relatively light mirror neutrinos and mirror Higgsinos
This is not surprising: The well-known result that each n
fermion generation leads to a12/3p contribution toS @9#
holds only if the extra generation is degenerate in mass w
7-16
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mf new
@mZ . In the case ofN52 and the MN2SSM, the

masses of the mirror matter fermions are related to
EWSB Higgs VEVs, and somf 8.mZ . Furthermore, the ori-
gin of its mass is similar to that of the ordinary fermio
~supersymmetry breaking operators in the Kahler poten!
and there is no reason to assume degeneracy. IndeedS is
found to be negative in certain regions of the parame
space. Therefore, the constraints emerge not from a si
oblique parameter but from the correlation between the
ferent parameters@13#.

In fact, it was already shown in Ref.@11# that electroweak
precision data can accommodate extra generations if t
exist heavy~active! neutrinos with masses close to 50 Ge
@while their chargedSU(2)L partners are with masse
slightly above 100 GeV and the extra quarks are degener#.
Mass dependent terms are important in this case, and in
dition the non-colored spectrum breaks the custodialSU(2)
symmetry of the electroweak interactions. This scenario
be naturally fulfilled in the MN2SSM: An example of a mi
ror neutrino in this mass range was given in the previo
section. In addition, Ref.@11# has also found that extra gen
erations may be accommodated if charginos and neutral
have masses close to 60 GeV. This is an example of nega
contributions toS from custodialSU(2) breaking Majorana
masses@12#. In N52 such Majorana masses arise natura
for example, there are mixing terms between the mir
Higgsino doublets andcW . This again can lead to a negativ
or vanishing value ofS.3

Another issue of importance to electroweak physics is
mass of the Higgs boson. The MN2SSM Higgs sector is
as constrained as in the MSSM or otherN51 frameworks.
The number of Higgs doublets participating in EWSB cou
vary, in principle, between 1 and 4.4 Here we assume two
H1 and H2, as in the MSSM. Even within this MSSM-like
framework of two Higgs doublets participating in EWSB
there is no upper bound on the mass of lightest Higgs bo
This is because tree-level Higgs quartic couplingsl arise not
only from supersymmetric termsl;g2 as inN51, but also
from hard supersymmetry breaking operators in the Kah
potentiall;g21k. ~See Sec. V.! Consequently, the mini-
mization of the Higgs potential leads to a modified formu
for relating mZ , mH1,2

2 , tanb, and m, as in Eq.~9!. More

importantly, because of its dependence on the arbitrary h
couplings k, the tree-level light Higgs boson massmh

2

3Additional gauged~flavor! U(1), assuggested in Sec. VII, can
also contribute negatively toS, depending on the mixing betwee
the extra gauge bosonZ8 and the ordinaryZ @20#.

4Note that theN51 anomaly cancellation requirement of an ev
number of Higgs superfields is automatically satisfied inN52 for
any number of Higgs hypermultiplets. TheN51 requirement of at
least two Higgs superfields with opposite hypercharge acqui
VEVs ~from fermion mass generation! is relaxed in the framework
of low-energy supersymmetry breaking and the MN2SSM due
the appearance of non-holomorphic Yukawa terms. Therefore, t
could be, in principle, only one Higgs hypermultiplet with only th
Higgs, not its mirror, acquiring a VEV.
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2) is not bound from above bymZ ~or by 130 GeV
at loop order! as in the MSSM. This observation is no
unique toN52 but rather to theories with low-energy supe
symmetry breaking wherek;O(1) is possible. It carries
important implications for defining theoretically motivate
mass range for future Higgs boson searches.

Other indirect implications arise from the fact that th
ordinary quark and lepton masses~except the third genera
tion! may arise radiatively, which by itself has interestin
consequences@15#. A general feature in theories with radia
tive fermion masses is that the anomalous magnetic mom
are not suppressed by a loop factor relative to the respec
fermion mass:af;mf

2/m̃2, wherem̃ is the mass of the heav
particles running in the loop. This has particular relevance
the case of the muon whose magnetic moment is well m
sured and further improvement in its measurement is
pected in the near future@24#, allowing for such effects to be
observed@15#.

The light mirror fermions, the possibility of hard Yukaw
and quartic couplings as well as of radiative Yukawa co
plings, and the large number of new degrees of freedom
imply that the MN2SSM interacts with the SM and ele
troweak physics more strongly than the MSSM and leads
quite different predictions for various observables.

B. Collider phenomenology

The experimental limits on the extra heavy quarks a
leptons are based on searches for the fourth generatio
e1e2 and pp̄ colliders: mn8*40 GeV, ml 8*80 GeV, and
mb8*128 GeV@10#. These lower mass bounds may or m
not apply to theN52 mirror quarks and leptons, as the
depend on the decay modes of the heavy fermions. Ne
theless, such limits are easily satisfied forA^FX&;M , corre-
sponding to effective tree level Yukawa couplings for t
mirror fermions of the order of unity. On the other hand, t
mirror fermion masses are proportional to the EWSB Hig
VEV and therefore cannot be much larger than the el
troweak scalemf 8.^H&5174 GeV.~In addition, the oblique
Sparameter also constraints some of the masses from ab!
This upper bound ensures that mirror fermions can be c
ously produced at any machine that produces a large num
of top quark pairs: the Tevatron, CERN’s Large Hadron C
lider ~LHC! and future lepton colliders. The MN2SSM an
the N52 framework can be confirmed or excluded shor
after the next energy frontier is reached.

The experimental signals largely depend on whether
mirror parity M P and/or the usualR parity RP are broken
below theN52 breaking scale. Given both parities, there a
three special particles that play an important role in de
mining the phenomenology: the lightestRP-odd ~supersym-
metric! particle ~LSP!, the lightestM P-odd ~mirror! particle
~LMP!, and the lightest mirror supersymmetric partic
~LMSP!, which is odd under both parities. The LMSP cou
be the LSP, the LMP both or neither one. If both parities
preserved, the LSP and LMP are stable. In addition, th
could also be a third stable particle whose decay into the L
and LMP is kinematically forbidden.~For example, this
could be the LMSP if it is not the LMP or the LSP and it
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NIR POLONSKY AND SHUFANG SU PHYSICAL REVIEW D63 035007
not heavy enough to decay into them.! A stable charged
~electromagnetic or color! particle is excluded up to
;O(20 TeV) cosmologically from failure of terrestria
searches for anomalously heavy isotopes of various elem
@25#. The only possible massive stable particles are there
the mirror neutrinos; sneutrinos and mirror sneutrinos;
Higgsinos, mirror Higgsinos and mirror Higgs;fg andcg ;
andfZ andcZ ~where we rotated the electroweak group
its SM basis!. Note that even if the LSP is not stable due
the brokenRP ~RPV!, there could still exist a stable neutr
LMP, which could be the candidate for dark matter.

Particle decays in the MN2SSM can be classified as
lows. Define the following:

~i! (1,1) to denote SM particles~quarksq, leptons l,
Higgs bosonsH, and gauge bosonsg,W,B).

~ii ! (2,1) to denote ordinary supersymmetric particl
~squarksq̃, sleptonsl̃ , HiggsinosH̃, and gauginosg̃,W̃,B̃).

~iii ! (1,2) to denote SM mirror particles~mirror squarks
q8, mirror sleptonsl 8, mirror Higgs bosonsH8, and mirror
gauge bosonsfV).

~iv! (2,2) to denote mirror sparticles~mirror squarksq̃8,
mirror sleptonsl̃ 8, mirror HiggsinosH̃8, and mirror gaugi-
noscV).

Here the first sign in the parentheses is the particle’sRP
charge, while the second sign is itsM P charge. The allowed
two-body decays are then

~1,1 !→~1,2 !~1,2 !,~2,1 !~2,1 !,~2,2 !~2,2 !,

~1,1 !~1,1 !, ~33!

~2,1 !→~2,2 !~1,2 !,~2,1 !~1,1 !, ~34!

~1,2 !→~2,2 !~2,1 !,~1,2 !~1,1 !, ~35!

~2,2 !→~2,1 !~1,2 !,~2,2 !~1,1 !. ~36!

Three-body and many-body decays can be classified by
plying the two-body channels to off-shell processes.~Quartic
couplings need also to be considered it some cases.!

As a concrete example, consider a case with a top sq
t̃ as the lightest ordinary sparticle, which is heavier than
LSP ~taken to be the mirror sneutrino which is also t
LMSP, as an example! and LMP ~taken to be mirror neu-
trino!. A possible decay chain of the top squark ist̃→bW̃

→bl8ñ8→blfZñ8→blnn8ñ8, if it is kinematically allowed.
~Intermediate steps could be on or off shell.! The final state
contains in this case ab jet, a charged lepton, and missin
energy. Alternatively, it could decay via a trilinear couplin
t̃→b̃8H81, leading to a similar final statebl(3n)n8ñ8. The
neutrinos and the neutral LMPs and LSPs all lead in this c
to a missing energy signal, as in the usualN51 MSSM case.

Since the masses of the mirror~matter! fermions are re-
lated to the electroweak symmetry breaking scale and wo
be at most a couple hundred GeV, they are most likely to
the first mirror particles to be produced at the colliders a
are candidates for the LMP. The mirror quarks particula
deserve attention. They can be copiously pair produced a
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LHC and the Tevatron via gluon fusion. If a mirror neutrin
is the LMP and all the superparticles are heavier, each mi
quark can either decay through an on-shell electroweak m
ror gauge boson,qi8→qifZ ,qifg ,qjfW , where fZ,g

→nn8, fW→ ln8, if kinematically allowed, or it directly de-
cays intoqinn8,qj ln8 through an off-shell process. A typica
event has to two energetic jets~two charged leptons, in som
cases! and a missing energy. If the superparticles are not
heavy, mirror quarks can alternatively decay through sup
symmetric channels. In addition to the jets and leptons,
final state could have in this case at least two LSPs.~The
event reconstruction is more difficult in this case.!

If one of the parities is violated, there is only one stab
particle, and if both are violated, all the particles will eve
tually decay into SM jets and leptons. The LSP and LM
lifetimes depend in this case on the extent of the respec
parity violation. If the LMP decays outside the detector,
appears in the detector as a stable particle. Consider a m
fermion as the~meta-stable! LMP. A neutrino~or any other
neutral! LMP leads in this case as well to a missing ener
signal. Mirror charged lepton LMPs leave a track in the ce
tral tracking chamber and hit the muon chamber, with le
activity in the calorimeters. A muon and a mirror charg
lepton can be distinguished by the ionization ratedE/dx
since the mirror particle is much heavier. If a mirror quark
the LMP and stable inside the detector, it will form a quark
nium or combine with the ordinary quarks to form a mirr
hadron. Such states will lead to hadron showers in the had
calorimeters, and can be distinguished from a regular had
shower by the wider shower opening angle@26#. If a mirror
gauge boson is the LMP~and stable in the detector!, the
signals will be similar to those mentioned above, depend
on whether it is neutral, charged and/or carrying color. If t
LMP decays inside the detector, the heavy mirror parti
can decay into jets, leptons, or lighter supersymmetric p
ticles. A missing energy signal is still possible if the usuaR
parity is exact. Otherwise, the signal mimics those of the S
heavy fourth family quarks and leptons and of the RP
MSSM.

We conclude that once the center of mass energy of
future colliders is sufficient to produce the mirror fermion
they can hardly escape detection. Since future colliders
effectively provide top quark factories, sufficient energi
will be reached, providing an ideal environment for searc
ing for the N52 mirror quarks~which cannot be much
heavier than the top quark!.

Higgs boson production is also affected by the MN2SS
spectrum. The existence of extra heavy mirror quarks
greatly enhance the single-Higgs-boson production rate
hadron colliders through gluon and quark fusions, since
effective Yukawa coupling is of the order of unity. Neutr
Higgs bosons can be produced radiatively viagg→H0

through heavy quark loop@27#. Higgs-strahlung associat
production rates for both neutral@28# and charged@29# Higgs
bosons through 2→3 processesgg, qq→q8q8H ~and in the
case of MPV also 2→2 processesqg→q8H) can also in-
crease greatly. For example, Ref.@30# argued that one gen
eration of mirror heavy quarks can increase the Higgs bo
production cross section forgg→H0 by a factor of 6–9. In
7-18
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Ref. @28# the contributions of large Yukawa couplings
associated Higgs boson production was shown for the cas
large tanb and of RPV. In addition, decay channels of~a
sufficiently heavy! Higgs boson to mirror fermions are als
expected to be important. Last, if there are radiative Yuka
couplings, they also affect the Higgs phenomenology a
create a misalignment between on-shell and mass (mf /^H&)
Yukawa couplings of the Higgs boson@15#.

The sparticle phenomenology is also richer than in
MSSM. For example, consider the~eight Majorana! neutrali-
nos and~four Dirac! charginos. If mirror parity is unbroken
there are two diagonal blocks in the neutralino and charg
mass matrices, each of which is an analogue of the usuN
51 case. TheM P-even neutralino block could provide th
LSP while that odd block could provide the LMSP~which
may or may not be the LMP and/or LSP!. Each sector could
decay, however, to particles in the other sector viaM P con-
serving couplings such asH̃ i8fZH̃i . If mirror parity is vio-
lated, then there are off-diagonal mixing terms between
ordinary and the mirror Higgsinos and gauginos, which le
to complicated mixing patterns. Similarly, the mixing pa
terns of squarks and sleptons are also complicated in
presence of MPV terms, while new production and dec
channels~and complicated cascades! are open whetherM P is
conserved or violated.

X. CONCLUSIONS

In this paper we have formulated a low-energyN52 su-
persymmetric framework in whichN52 supersymmetry is
preserved down to TeV energies. The minimalN52 realiza-
tion of the SM, the MN2SSM, was presented and its prop
ties studied. While from the low-energy point of view th
models do not have a clear added benefit in compariso
the N51 MSSM to justify the extended spectrum, it is u
traviolet constructions that suggest the possibility ofN52
→N50 supersymmetry breaking@5#. Therefore, it is impor-
tant to examine the viability of such a scenario, address
issues it raises~particularly its non-chiral nature!, and inves-
tigate its signatures. The next generation of hadron collid
in which top quark pairs will be produced in abundance
ideal to test theN52 framework via its mirror quark sector
adding urgency to such an investigation. To conclude,
review the main issues studied in this paper, comment
some other issues such as unification and cosmology, c
pare our framework to previous proposals, and propose
ther avenues for investigation of theN52 framework.

A. Framework

N52 supersymmetry was assumed in this work to bre
to N50 at low energies. We chose, however, to formulat
as anN51 theory, constrained by a set of globalR symme-
tries which preserve theN52 structure. The spectrum is tha
given by embedding the SM inN52 hyper- and vector mul-
tiplets, but it was written in terms of theirN51 superfield
components. The minimal embedding corresponds to
MN2SSM: Each MSSM superfield is accompanied by amir-
ror superfield in the conjugate gauge representation. ThN
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52 symmetries, in turn, constrain the superpotential desc
ing these superfield component interactions. In particular
exchange symmetry between a particle and its mirror and
Abelian R symmetry imply that the superpotential does n
contain chiral Yukawa terms and mass terms, respectiv
~Note that theory considered is a globalN52 described in
the N51 language; i.e., gravity was not introduced.!

TheN51 language allows one to use the spurion form
ism and supersymmetry breaking is parametrized by two
dependent parameters, the spurion auxiliaryF-VEV and a
mass parameterM which suppresses explicit breaking of th
global symmetries in the Kahler potential, withF.M2. If
supersymmetry is to play a role in resolution of the S
hierarchy problem, thenM.O(TeV). Hence, supersymme
try is broken at low energy and one has to consider all
erators to orderF2/M4 in the Kahler potential. The effective
theory below the supersymmetry breaking scale conta
various quartic and Yukawa terms and theN52 andN51
relations between couplings are broken. Even though s
breaking is hard, it does not destabilize the theory but o
affects the calculability of dimensionful parameters.

Below the supersymmetry breaking scale, some of theN
52 global symmetries may be preserved and could dis
guish the SM matter from its mirror. In addition, parity sym
metries, which do not commute with supersymmetry, may
admitted by the supersymmetry breaking mechanism.R par-
ity and mirror parity were used to define sparticles~as in the
MSSM! and mirror particles, respectively. If preserved, ea
parity corresponds to a stable neutral particle, the LSP
LMP, respectively.

B. Fermion mass generation

The explicit supersymmetry breaking terms in the Kah
potential must also break the vectorial symmetries impo
by the N52 global R symmetries so that chiral Yukaw
couplings can be generated. This can be done byN51 pre-
serving, softly breaking, or hard breaking tree-level operat
;(F/M2)n, n51, 2. It can also be achieved by first breakin
the symmetries by trilinear terms in the scalar potential a
generating the Yukawa terms at one loop. The latter lead
O~GeV! quark masses while the former, in principle, cou
lead to dangerous mixing between the SM fermions and t
mirrors. However, by invoking the global~R! symmetries,
one can distinguish between operators which generate
SM fermion masses from those generating the mirror sp
trum so that the former is proportional to suppressed Yuka
couplings or given by loop corrections while the latter
given byO(1) Yukawa couplings. In particular, a large ma
hierarchy between the SM fermions and the mirror fermio
can be achieved and the mixing between the sectors ca
suppressed or~if mirror parity is exact! even forbidden. The
SM fermion spectrum is controlled, as usual, by sm
Yukawa couplings while the mirror fermion spectrum is co
strained from above by the electroweak scalemf 8;^H&.

The heavy SM third family~especially the top quark! is
an exception as its mass range is closer to that of the m
fermions than to that of the lighter SM generations. Thou
such an hierarchy can be imposed by hand, here we con
7-19
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ered the possibility that a mirror symmetry also plays
role of a SM flavor symmetry, allowing for mirror parit
violating mixing in the third family. The heavy top quark
then explained by the heaviness of the third generation m
ror top. A toy model with an Abelian flavor symmetry wa
given along these lines.

A very small violation of mirror parity may also play
role in the smallness of neutrino masses. We suggested
the small neutrino masses can arise from a variation on
see-saw mechanism in which the SM neutrino mass is c
trolled by the small mixing parameter between the ordin
and mirror neutrinos. The mirror neutrinos must be heav
than mZ/2, as required by the invisibleZ width, but could
explain the smallness of the oblique parameterS if they are
not much heavier than that. This in fact occurs in the sa
framework as the second eigenvalue is given by;^H&2/M .

C. Signals and constraints

The contributions to the obliqueS parameter from the
extra three chiral generations provides a strong constrain
the MN2SSM. In particular, it implies that the mirror ferm
ons cannot be degenerate in mass and cannot~all! be too
heavy; for example, the mirror neutrino may be relative
light. In addition, it also suggests light neutralinos and mir
neutralinos ~with significant custodial-symmetry-breakin
mixing!. A dedicated fit to electroweak data in the MN2SS
framework is necessary, but is beyond the scope of
work. It is currently underway and will be reported els
where@13#.

On the other hand, due to the low-energy supersymm
breaking, the Higgs boson mass is not constrained fr
above as in the MSSM since its mass could be proportio
to an arbitrary quartic couplings. The Higgs sector co
contain two or four doublets, any number of which cou
participate in supersymmetry breaking. Choosing the MS
limit of two ordinary Higgs doublets acquiring VEVs, w
find a Higgs potential which is more similar to that of
generic two-Higgs-doublet model than to the MSSM.

The spectrum of new particles is very rich, and conta
three new sectors~sparticles, mirror matter, mirror spa
ticles!, which do not mix with each other, and two~in some
cases even three! stable particles. If eitherR or mirror parity
is broken, mixing is introduced and the number of sta
neutral particles is reduced respectively. The most obvi
candidates for discovery are the relatively lightO~100–300!
GeV mirror quarks, while any stable particles are likely
correspond to missing energy.

The extra generations of mirror quarks and leptons at
electroweak scale provide the smoking gun for testing
N52 framework at the LHC and the Tevatron. Typic
events consist of jets1 leptons1 missing~transverse! en-
ergy. The missing energy is generally greater than in thN
51 supersymmetry ‘‘events,’’ as the final states could
clude two or more neutral heavy stable particles.~If mirror
parity is slightly violated, there still is a stable particle as
the usualN51 case, as long asR parity is preserved and vic
versa.! Detailed study of the collider phenomenology of lo
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energy N52 theories is also called upon, but clearly,
would be difficult forN52 to escape discovery if realized a
TeV energies.

We note that aside from direct searches for mirror p
ticles, extra generations of heavy quarks could greatly
crease the Higgs boson production at hadron colliders
gluon fusion; both single boson production and production
association with quarks are, in principle, enhanced. The
fore, an enhanced Higgs boson production cross sectio
hadron colliders could be a hint for the existence of mir
particles. In addition, if the SM Yukawa couplings are rad
tive, it carries strong implications to Higgs physics, such
misalignment of mass and on-shell Yukawa couplings,
well as to low-energy observables such as an enhancem
by an inverse loop factor of the anomalous muon magn
moment.

The phenomenological implications ofN52 supersym-
metry are rich. Here we focused on those which could
studied in a relatively model-independent fashion. Howev
the details of the model, for example, the extent of mir
parity violation~if any! and the flavor theory, can determin
many aspects of the model phenomenology such as the s
particles, the cascade chains, and indirect effects in l
energy and electroweak SM observables.

D. Other issues of interest

The high precision in which the SM gauge couplings a
currently measured strengthens the successful gauge
pling unification picture inN51 theories.~See, for example,
Ref. @3#.! Unfortunately, MSSM-like Planckian unification o
the gauge couplings seems inconsistent with the framew
of low-energyN52. Since there are no higher-loop corre
tions in N52, it is sufficient to examine unification at one
loop order. The one-loop beta function coefficients of t
SM gauge couplings in the MN2SSM are large and positi

b1
N525

66

5
, b2

N52510, b3
N5256. ~37!

Taking M as before to be theN52 breaking scale, above
which one has theN52 MN2SSM spectrum, while betwee
mZ andM resides either theN51 MSSM orN50 SM spec-
trum, we find thatM has to be of the order of 1014 GeV ~for
N51 below M @31#! or 1011 GeV ~for N52 breaking di-
rectly to N50) for MSSM-like unification to hold. This is
inconsistent with the assumption that theN52 breaking
scale is near the electroweak scale.~The situation does no
improve if there is only one Higgs doublet hypermultiple!
Alternatively, the MN2SSM implies unification 2–4 orde
of magnitude above its scaleM, i.e., at intermediate energies
Indeed, given the non-asymptotically free behavior of t
gauge couplings it is hard to imagine that there is a t
desert between a low-energyN52 breaking scale and th
sub-Planckian MSSM unification scale of 1016 GeV. New
physics may manifest itself as an extended gauge group,
thresholds, or even an extendedN54 supersymmetry~which
is finite!, and could play a role in resolving the unificatio
issue. Note that the embedding inN54 must involve also
7-20
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extending the gauge group as all of the SM representat
must be embedded in that case in the adjoint representa
~of an extended gauge group!, which is an interesting possi
bility.

Another issue of interest that we did not pursue here is
cosmological and astrophysical implications of such s
narios. It is interesting to revisit issues such as electrow
scale inflation@32# and electroweak scale baryogenesis@33#
which can be sensitive to the new rich electroweak struct
In particular, we expect baryogenesis constraints to be
fected by the presence of large Yukawa couplings and
large number of Majorana fermions and of singlet fields@34#.
A detailed study of neutrino mass and mixing patterns is a
of great interest.~Here we only addressed the question of t
overall scale of neutrino masses.!

We also note in passing that the cosmological constan
zero in theN52 limit. If the leading contribution from su-
persymmetry breaking is then of the order ofM8/MPlanck

4 ~in
particular, theM4 terms are canceled!, where gravitational
corrections assumed to be suppressed by inverse powe
MPlanck, it leads to values of the cosmological constant co
sistent to the currently preferred value of;(1023 eV)4 @35#.
The MN2SSM can provide a natural realization of the ge
eral arguments for such a framework@36#.

E. Previous works

Previous attempts to constructN52 models were base
on either quantum correction orN52 gauge-Yukawa cou
plings @6#. The former was described in detail in Sec. I
Although the masses for the usual quarks and leptons~except
the third generation! can be generated at the right order
magnitude, the mirror quarks and leptons are typically
light.

Realizing that the radiatively generated mass is not su
cient for the mirror fermions, it was proposed@6# that the
mirror fermion mass may be generated at the tree level
the only Yukawa term@YFVX#F in the superpotential if the
SM SU(2)L is extended toSU(4)LR . The gauge group is
SU(3)c3SU(4)LR3U(1)Y ~3-4-1! and the ordinary and
mirror matter representations are

X5S XL

ȲR
D ;~1 or 3,4,QY!,

Y5S YL

X̄R
D ;~1 or 3̄,4̄,2QY!, ~38!

whereXL ,YL are the ordinary and mirrorSU(2)L doublets,
while X̄R ,ȲR are SU(2)R doublets and their mirrors. Her
QY and 2QY are theU(1)Y hypercharge of the superfield
XL and YL , respectively. Note that conventional ordina
and mirror particles mix inX andY. By appropriately arrang-
ing the parameters in the scalar potential, theSU(4) mirror
gauge bosonF4 acquires off-diagonal VEVs, which give
masses to the mirror quarks and leptons, while the us
matter fields are kept massless:
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mXY8 5A2YS 0 0 n 0

0 0 0 n

0 0 0 0

0 0 0 0

D X. ~39!

One shortcoming of this approach is that the mirror f
mion masses are constrained by the EWSB scale,

mU8
21mD8

252MW
2 , ~40!

which is not consistent with experiment~based on fourth
family searches!. Another crucial drawback is that all of th
SM fermions have only loop masses, which is unaccepta
in the case of the top quark~and thet lepton!. A realization
of the 3-4-1 scenario was derived more recently from a sp
taneously brokenN52 supergravity@7#.

Our approach relies instead on low-energy supersym
try breaking and on the tree-level operators it induces. I
more accommodating for embedding the SM than either
pure loop approach or the 3-4-1 approach and it retain
sufficient predictive power.

F. Outlook

In this paper we addressed some of the more fundame
issues such as the scale of supersymmetry breaking, ferm
mass generation, constraints and discovery prospects. In
of these areas there is clearly room for further study a
exploration, as indicated in the discussions above, in part
lar, a consistent analysis of all constraints on the one ha
and of collider signals~including the Higgs sector! on the
other.

While we focused on mirror symmetries and on dist
guishing matter from mirror matter, we only briefly touche
upon the issue of flavor symmetries. In fact, flavor symm
tries may be entangled with the mirror symmetries, render
the heavy SM fermions ‘‘more similar to’’ the mirror fermi
ons. This is a new paradigm for flavor symmetries whi
offers new avenues for construction of theories of flav
which were not yet explored.

Here we subscribed to an effective approach, allowing
most general Kahler potential, which is constrained only
the symmetries. Ultimately, one would like to derive a su
able Kahler potential~and find the necessary terms! from a
spontaneously brokenN52 supergravity theory, and perhap
from a more fundamental theory.~This was done in Ref.@7#
for the 3-4-1 framework of Ref.@6#.! The scale of the more
fundamental theory needs also to be explored and it is s
gestive that some new physics exists only a few orders
magnitude above the supersymmetry breaking scale.
embedding ofN52 extensions of the SM in theories wit
extra large spatial dimensions~where N52 naturally ap-
pears! and/or strongly interacting string theories is al
worth exploring.

All in all, the viability and richness ofN52 extensions of
the SM introduce many questions worth pursuing, from m
ror quark searches to Kahler potential construction in
case of low-energy supersymmetry breaking. These are i
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gral parts of the MN2SSM construction, but their implic
tions extend beyond it: Search algorithms in models with t
stable particles and limits on the Higgs boson mass inN
51 models with low-energy supersymmetry breaking
examples of issues that are both central to the MN2S
phenomenology and extend beyond theN52 framework and
should be explored both within and independently of
MN2SSM.
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