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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 Hxakén
supersymmetry have been extensively studied and are phenomenologically successful. However, it could be
that an extende®=2 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 emergedNir 2 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. X, 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 d&tReramework
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 th&l=2 framework, in particular. Possibld=2 realizations of flavor symmetries and of
neutrino masses are also discussed.
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[. INTRODUCTION premature to draw conclusions from string theory regarding

Supersymmetry and its boson-fermion symmetry providethe nature of the weak-scale supersymmetry. Nevertheless, it
an attractive framework for embedding the standard modek an intriguing and highly interesting question to ask
of electroweak and strong interactiofSM) [1]. The elec- whether anN=2 supersymmetry extension of the SM at
troweak scale is understood in this framework as roughly theveak-scale energies is phenomenologically viable, what con-
scale of supersymmetry breaking in the global theory and istraints the infrared SM limit imposes on ultraviolet realiza-
protected, in general, from destabilization at the quantuntions of such a theory, and what would be its signatures.
level. In particular, softly broketN=1 supersymmetry pro- Here, as a first step towards addressing these questions, we
vides a phenomenologically successful extension of the Shvill investigate some of their more fundamental aspects, lay-
[2]. The particle content is the minimal one required bying the foundation for, and hopefully intriguing, further dis-
boson-fermion symmetry and, regardless of the exact detailsussion.
of the soft supersymmetry breakit§SB spectrum param- The phenomenology dil=2 supersymmetry and its ex-
eters, the corresponding functions predict gauge coupling tended spectrum were studied over the years by only a
unification at a scale of(10'%) GeV [3]. The theory tends couple of group$6—8|. Its “ultraviolet” elegance stemming
to decouple from most electroweak observallies spar-  from its constrained structurlgor example, there is only one
ticles of O(300) GeV [4] while the absence of flavor chang- coupling in the theory, the gauge coupling, and the theory is
ing neutral currents is a source of information about thenot renormalized beyond one Igodoes not translate to an
high-energy origins of the low-energy effective theory. At equivalent elegance in the infrared. On the contrary,Nhe
high energies, the rigid supersymmetry can be extended te2 intrinsic constraints make it difficult to reconcile the
supergravity| 1,2]: the first step towards gravity-gauge unifi- framework with the SM and with observations. Most nota-
cation and further embedding of the SM in a theory of quan-bly, the theory does not contain chiral Yukawa couplings or
tum gravity of which supergravity is the sub-Planckianany other source of chiral mass generation. Once supersym-
limit—for example, superstring theory. metry is broken the fermion mass issue can be resolved.

However, there exists a tension between a “bottom-up”’However, one then finds that tiidé=2 theory does not de-
approach, which beginning with the SM motivateshts- 1 couple from electroweak observablésor does it suggest
supersymmetry extension, and a “top-down” approach,gauge unification These issues place strong constraints on
which beginning with a superstring theory often suggestshe properties of the extended spectrum that2 supersym-
that an extendedN=2 supersymmetry is broken at some metry predicts.
energy directly taN=0 [5]. If supersymmetry is to stabilize Theories with two supersymmetries contain a rich spec-
the weak scale and resolve the hierarchy problem associatédim: While each SM fermiortbosor) is accompanied by a
with its instability in the SM, then the extended supersym-boson (fermion) superpartner to form a chiral or a vector
metry can be broken in this case only near that scale. Indeeduperfield in théN=1 extension, each chirbl=1 superfield
current knowledge of string theory is far from sufficient for is further accompanied by an anti-chiral superfield to form a
understanding its electroweak-scale limit or how the SMvector-like hypermultiplet in théN=2 extension. ArfN=1
would be embedded in such a theory, and therefore it iwector superfield is accompanied in the=2 extension by
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an N=1 chiral superfield in the appropriate representationfrum must be a result of supersymmetry breaking. Second,
the mirror gauge superfield. For example, a SM quark isthe two sectors have to be distinguished with sufficiently
partnered, in addition to the squark, also witmaror quark  heavy mirror fermions anédrelatively) light ordinary fermi-

and amirror squark. The gauge boson is partnered not onlyons, with any mixing between the two sectors suppressed, at
with the gaugino but also with a complex scalar and addi{east in the case of the first two families. In addition there are
tional Majorana fermion in the adjoint representationsin-  the issues of the heavy third family and of the very light

glets in the Abelian cage The number of particles is in- neutrinos in the ordinary sector and, subsequently, of flavor
creased 4 times with respect to the SM. symmetries and their relation to supersymmtry breaking. In

In describing the extended spectrum we usedNhkel  Order to address these issues we choose to formulate a global

superfield language. Indeed, it is possitdad we will do sp ~ N=2 theory as amN=1 theory with a second supersymme-
to formulate theN=2 framework in this language. In order ¥Y manifest only through globaR symmetries which are

; " _ ; e d on thé&=1 description[For example, th&U(2)x
to impose the additiondll=2 constraints one has to specify Impose o
a set of globaR symmetries. It includes a vectori8lu(2)g mentioned abovg.This is a standard proceduf®] that al-

i ! . lows, in our case, the use of the=1 spurion formalisni14]
exchangeR symmetry which forbids, as mentioned above,.n the construction of the fermion spectrum. Specifically, we

any chiral fermlon Yukawq or mass te.rms.. Once the vectoria ssume below the following:
symmetry is broken, all chiral and anti-chiral fermion masses (i) The matter content is that of the minimally extended

are proportional to the Higgs vacuum expectation vaIueNZZ supersymmetric SMMN2SSM) (and that of a flavor
(VEVs) which spontaneously break the S8U(2).. One  gacior if exists given in terms ofN=1 chiral and vector
expects that the new particles are entangled with the Ord'”a@uperfields.
SM fields, as the gauge symmetries do not forbid their mix- (ji) The N=2 imposed global symmetrie®r a subset
ing. This again provides an important set of constraints Ofhereof are explicitly broken by non-renormalizable terms in
the theory and on the dynamics that breaks it. It also prothe Kahler potential. These terms are characterized by a scale
vides clear tests of the framework. Most importantly, unliken | the limit M— o the full supersymmetry is restored.
a N=1 theory that must be discovered via its somewhat (ji) The only VEVs are K=1 breaking F-type VEVs
arbitrary predictions for the spectrum of new bosons andyhich generate all dimensionful and dimensionless cou-
Majorana fermions, aN=2 theory would be readily discov- pjings in the electroweak theoraside from the gauge cou-
ered or excluded in the next generation of hadron collider vigjing). Electroweak symmetry breaking VEM@nd flavor
its strongly constrained predictions of the mirfanti-chira) symmetry breaking VEVjsare then induced in the resulting
fermion spectrum, which is not expected to be much heaviegtfective theory.
than the top quark. Henceforth, a study of the-2 frame- (iv) To the most part we will also assume that some flavor
work is timely and well motivated. o _and “mirror” symmetries, which do not commute with the
The knowledgeable reader may be questioning the validy=2 R symmetries, are conserved in the resulting effective
ity of any such an extension which contains contributions ofhegry.
three anti-chiral families to the obliqué parameter[9] We will explore the chiral fermion spectrum within this
(which measures quantum corrections from new physics tgamework and establish phenomenologically viable low-
Z—y mixing). Usually, one assumes that mass-dependeminergy limits of theN=2 framework which could be probed,
terms are negligible, as is appropriate in the decoupling "mibiven the fermion spectrum, in the near future.
me >mz. In that case, the mass-independent contribution  \ye briefly review N=2 supersymmetry in Sec. II.
of each chiral or anti-chiral generation &is positive, con-  Though we do not focus on the boson spectrum and the
trary to current measurements which imp8<0 [10]. dimensionful SSB parameters, they are straightforward to
Therefore, one may argue th@texcludes extrdanti-)chiral  write in theN=1 formalism. This will be done as a warm-up
families. However, theN=2 spectrum is far too rich and exercise in Sec. ll{and again, using the spurion formalism,
complicated to allow for such arguments. Current data do naih Sec. V). The softly brokerN=2 model will be compared
exclude(though they do not suggedhree anti-chiral fami- to its N=1 equivalent. In Sec. IV we consider the possibility
lies if the spectrum of th&l=2 mirror fermions breaks the of breaking the chiral symmetries primarily in the SSB scalar
custodial SU(2) symmetry of the electroweak interactions potential, generating the fermion spectrum only radiatively
and is(at least partially “light” [11]. The situation is even [6,15]. While this option is viable in some cases for the SM
more arbitrary if the Majorana fermion spectrum, which alsospectrum, it cannot provide a consistent mirror fermion spec-
contains custodigbU(2) breaking mass terms, is consideredtrum. In Sec. V we exploit thél=1 spurion formalism to
[12]. We therefore proceed and investigdle=2 models, classify the most general supersymmetry breaking frame-
further discussing this and other phenomenological issues iwork, and in Sec. VI we use it to discuss a geneiat 2
a dedicated section. Our main focus, however, is establishinfjamework and the possible tree-level origins of the chiral
tools for the construction of the chiral fermion spectrum be-fermion spectrum. We find that certain Kahler operators can
low the N=2 breaking scale, while a careful investigation of generate such a spectrum as long as the supersymmtries are
the obliqueS, T, and U parameters will be reported in a broken at relatively low energies, which we will assume.
future article[13]. (Note that large parts of our discussion are applicable to
The fermion mass problems in these models have manlpw-energyN=1 supersymmetry breaking as wgllhe spe-
facets. First and foremost, the generation of any chiral speaial issue of the heavy SM third family fermions is addressed
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in Sec. VII. In Sec. VIII we comment on neutrino physics For each gauge boson and gaugino, therensireor gauge
within the context ofN=2 supersymmetry. Direct and indi- boson¢,, and amirror gaugino, .

rect signatures and other phenomenological issues are dis- The N=0 boson and fermion components of the hyper-
cussed in Sec. IX. UnlikdN=1 supersymmetryN=2 can- and vector-multiplet formSU(2)r representations. States
not escape detection in the next generation of hadrowith equal helicity form aSU(2)g doublet &,y") and an
colliders. We conclude with a summary, an outlook, and aanti-doublet ¢»,,\), while all other states ar8U(2)g sin-

comparison to previous constructions, in Sec. X. glets. In fact, the fullR symmetry isU(2)g of which the
exchangeSU(2)g is a subgroup. There are additional
Il. THE MN2SSM FRAMEWORK U(1)R~2, U(1)}=? subgroups such that tHe symmetry is

either SU(2)gx U(1)}~2 or in some cases only a reduced
U(1))=2xU(1)R"2. The different superfields X~x
+ 6y, etc., transform under th&(1) symmetries with

The N=2 supersymmetry algebra has two spinorial gen
eratorsQ!,, i=1,2, satisfying

{Q a}:g’# p &l 1) chargesR andJ given by
a’ g aa M7
where o* are, as usual, the Pauli matrices aRg is the R(X)=r=—R(Y), R(®y)=-2, ©)

momentum. The supercharg@$, form a doublet of theex-

change SU(2)r R symmetry, which must be imposed when JX)=-1=3(Y), J(Py)=0, ©)
using theN=1 formulation to describe Al=2 theory. The _ )

lowest N=2 spin representations, which are the relevan@ndR(W,)=J(W,)= —1. The(manifes} supercoordinate
ones for embedding the SM, are the hypermultiplet and veclwhich carries a chiral index, denoted explicitly in some
tor multiplet. Written in the familiaN=1 language, the hy- caseghas, as usual, chard¥(6)=J(6)=—1.

permultiplet is composed of twdl=1 chiral multipletsX The SU(2)rx U(1)R~? invariantN=2 Lagrangian can
=(X,4) andY=(y, ), with Y occupying representations be written in theN=1 language afL1,6]

‘R of the gauge groups which are conjugate to thatXpf

R(X)=R(Y"). Schematically, the hypermultiplet is de- 1 Y .
scribed by a “diamond” plot L= 8_g2[w W, e +[12igYOX]e+H.c.
2 +3 +[2TH®e29VD e 29V+ XTe29VX + YTe 29V y) ],
/ 4
X yi 0
v where ®,,=®{T? and V=VaT?, T2 being the respective
_ generators. The secoidterm is the superpotential. The only
Wy -3 free coupling is the gauge coupling constgntThe coupling

constant of the Yukawa term in the superpotential is fixed by
where the first, second and third rows correspond to helicit¢he gauge coupling due to a glob&U(2)g. In particular,
—1/2, 0, and+1/2 states. The vector multiplet contains athe SU(2)g symmetry forbids any chiral Yukawa terms so
N=1 vector multipletV=(V*,\), where\ is a gaugino and  that fermion mass generation is linked to supersymmetry
aN=1 chiral multiplet®,=(¢y,#y) in the adjoint repre-  breaking, as will be discussed in the following sections. Note
sentation of the gauge groupr a singlet in the Abelian that theU(1)}~2 forbids any mass term#&/~ u'XY (and
cas¢. Schematically, it is described by the full R symmetry forbids the usuaN=1 u term W
~uH.H, to be discussed later Unlike the SU(2)g,
V# 1 N=2 . .
U(1)g © can survive supersymmetry breaking.
/! The N=2 Lagrangian(4) contains several discrete sym-
metries, which may or may not be broken in the broken

A i : . - .
by 3 supersymmetry regime. There is a trivial extension of the
/! usualN=1 R-parity (Rp) Z, symmetry which does not dis-
tinguish the ordinary fields from their mirror partners:
by 0
where the first, second and third rows correspond to helicity 0——0, Xy——Xu, Yu——Yum, 5

0, 1/2, and 1 states. THé=1 superfields are given by the

two 45° sides of each diamorithdicated by arrows with ~ where all other supermultiplets aR even and where the
the gauge field arranging itself in its chiral representatiorhypermultiplets have been divided into the odd matter mul-
W,~\,+ 6,V. The particle content doubles in comparisontiplets (Xy,Yyw) and the even Higgs multipletsX(,Yy).

to theN=1 supersymmetry case and it is 4 times that of the(Note thatV is even buiW,, is odd) As in theN=1 case, all
SM. For each of the usual chiral fermiong, and its the ordinary and mirror quarks, leptons and Higgs bosons are
complex-scalar partneg, there is a conjugate mirror fermion Rp even, while the ordinary and mirror gauginos Bgeodd.

iy, and a complex scalay (so that the theory is vectorjal  Rp is conveniently used to define the superpartriersspar-
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TABLE I. Hypermultiplets and vector multiplets in the MN2SSM.

X,V Y, ®y
Notation Fields (SU(3)c,SU(2),,U(1)y) Notation Fields (SU(3)c,SU(2).,U(1)y)
Q@Y (323) Q" (a.Q) (32-35)
Matter U (u,0) (31,-% U’ (u',0) (3,1,%)
D (d,B) @1 D' (d'.B) (31,-3)
multiplets L (,0) (1,2,-3) L’ (') (124
E (e,E) (1,1,1) E’ CH=) (1,1,-1)
Higgs Hi  (Hy,Fy (1.2.-3) Hi  (HLAD (1,23
multiplets  H,  (H,,H,) 12,3 Hy  (H,,AY) (1,2,-3)
Vector g (9,9) (8,1,0) Oy (g1 1g) (8,1,0)
multiplets W (W, W) (1,3,0) Dy (dw,tw) (1,3,0)
B (B,B) (11,0) ®g  (¢s.¥8) (11,0)

ticles) as theRp-0dd particleg16]. The lightest superparticle Yukawa coupling is related to supersymmetry breaking and,

(LSP) is stable ifRp remains unbroken. unlike in the N=1 case with high-energy supersymmetry
A second parity, called mirror parityMp), distinguishes breaking, is not necessarily constrained by holomorphjcity.
the mirror particles from their partners: For the above particle content, and imposing the full
U(2)g on the superpotential, the theory is scale invariant and
0—0, Yy——Yu, Yy——Yy, Py—=—>y, © is given by the superpotentighfter phase redefinitions

and all other superfieldéncluding W,) are M even. It is W/\2=g4(Q'®,Q+U'd,U+D’'d D)
convenient to use mirror parity to define the mirror particles g g g

as theM p-odd particles[This definition should not be con- +09,(Q' P Q+L ' dPyL+H;PWH+HDywH,)
fused with other definitions of mirror particles used in the

literature and which are based on a left-right group +0.(:Q' ®gQ—3U'PgU+ D' dgD— 3L Pl
SU(2).XSU(2)g or a mirror world which interacts only -

gravitationally with the SM world. The lightest mirror parity +E'®gE—3H ®gH 1+ 3H,PgH)). (8

odd particle(LMP) is also stable in a theory with unbroken
mirror parity. However, if supersymmetry breaking does notAfter substitution in the Lagrangiat4), the superpotential
preserve mirror parity, mixing between the ordinary matter(8) gives rise in the usual manngt,2] to gauge-quartic and
and the mirror fields is allowed. gauge-Yukawa interactions. All interactions are gauge inter-
There is also a reflectiofexchangg symmetry (which  actions. Table | and the superpotentié8) define the
must be broken at low energigshe mirror exchange sym- MN2SSM (in the supersymmetric limit
metry:
XY, CI)V<—><D$, Ves T 7) Ill. SOFTLY BROKEN N=2
Once the MN2SSM is written as ai=1 theory with
As in the case of this continuoBU(2)R, if the reflection  appropriate spectrum and global symmetries, as explained
symmetry remains exact after supersymmetry breaking, theabove, supersymmetry breaking translates to the introduction
for each left-handed fermion there would be a degeneratef (a) SSB dimensionful parameters, which lift the boson-
right handed mirror fermion in the conjugate gauge represerfermion degeneracy and could also break the continl®us
tation, which is phenomenologically not acceptable. symmetries, andb) dimensionless parameters, which spoil
For easy reference, we list in Table | the minimal particlethe constrainedi=2 relations between gauge, Yukawa and
content of the MN2SSM, where a mirror partngér(®d.) quartic couplings. We postpone discussion of the latter to
exists for every ordinary superfieM (V) of the minimalN Sec. V, where we also write all parameters as polynomials in
=1 supersymmetric extension of the standard modethe supersymmetry breaking VEVs. The theory studied in
(MSSM). We could eliminate one Higgs hypermultiplet and this section is thggloba) N=2 SM, the MN2SSM, with
treatH, andH, as mirror partners. However, this could lead explicitly and softly broken supersymmetries. The breaking
to the spontaneous breaking of mirror parity when the Higgss parametrized by the familiar SSB termghich also pa-
bosons acquire VEVs and, as a result, to a more complicataémetrize supersymmetry breakinghh=1 theorie$. These
radiative structure than the theory with two Higgs hypermul-terms are soft in the sense that the theory is at most logarith-
tiplets.(We note, however, that it is possible in these theoriesnically divergent even after their introduction. The SSB
that only one Higgs doublet acquires a VEV as the chiraterms can be chosen to preserve or to break the global sym-
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TABLE Il. The N=1 MSSM (Rp even soft supersymmetry breaking terms and thdis even mirrored

versions.
N=1 SSB Mirror term
Scalar masses m—éé*@,m%ﬁ*ﬁ,méﬁ*ﬁ, mé,é'T@’,m%,D’TU’,mé,ﬁ’ I
(Hypermultiplets m?L T, meEE, m?, U1 m2 BB,
m?, HIHL,mi HIH, maiHiTHi ,maéH{rHé

Gaugino masses M,BB,M,WW,M,gg M1sie  Mothwibw, Mgt
Trilinear operators AH,QU,AH,QD,AH,LE AH,Q'U ATH,Q' D’ ALH,L'E

AMHIQU,AMHIDB AHTE  AHIQT, AHIDB AHIT B
Bilinear scalar operators bHH, b"HiH;
Bilinear fermion operators wHH, w'RAY

metries of theN=2 theory. However, we leave this issue MSSM case are listed in Table Il. Along side are listed their
aside, imposing none of the continudRsymmetries on the “mirrored versions,” where in accordance with mirror parity
SSB terms; i.e., we assume for now maximal breaking. Weonservation two of the fields in the operators are substituted
concentrate instead di those SSB terms that are unique to by their mirror partners. ISU(2)g is conserved, then the
N=2 theories andii) those that break the chiral symmetries different SSB(and 1) parameters are related to each other
(in the SSB scalar potentjalin order to control radiative with a significantly smaller number of free parameters. Note
mixing between the sectors as well as lepton and baryothat we included also the non-standard non-holomorphic tri-
number violation we assume that thg mirror andR parities linear A terms and the SSB Higgsino-maﬁsterm. (The

arel conservgd, unles; r?theTW'Se Spe.c'f'ed' . h SSB Higgsino mass can be absorbed into a redefinitigm of
n accordance with mirror parity conservation, the;, o gynerpotential and in the SSB scalar potentiaThe

MN2SSM contfeuns in each sect(_ue., theM-even ordinary next group of SSB operators are thddg-even terms which
andMp-odd mirror sectorsgaugino mass termsV(, ), SCa-  5ra pew to theN=2 models due to its unique spectrum.

lar mass termsrofﬁ), gauge invariant scalar and fermion bi- These are listed listed in Table Il

linear terms b, often denoted aBu, and u, respectively If mirror parity andU(1)N~2 are not conservetsee Sec.
and trilinear(A) terms. These terms are the the SSB termsy||), the effective superpotential could contait=u'XY
familiar from theN=1 MSSM, only in two “copies.” In  terms with ' being an arbitrary mass parameter. In addi-
addition, trilinear terms can couple an ordinary particle totjon, mirror parity violating(MPV) SSB terms can also mix
two mirror particles. The\"y; ¢yx; and.AVy; d’VXjT termsin  the two sectors. For completeness, we list the MPV SSB
the scalar potential are an example of such inter-sector cowperators in Table IV. The mixing terntgq’, uu’ for the
plings. In addition, a dimensionful mirror parity conserving third family can play an important role in generating the
effective superpotential=—uH;H,—u"HiH, may also  heavy top mass. Similarly|’ mixing can play a role in the
arise, providing the usual MSSIM term and its mirror. The generation of light neutrino masses. This will be discussed in
SSBs that may be familiar to the reader from tNe=1  detail in Secs. VII and VIII, respectively. Otherwise, such

TABLE lll. SSB operators which are unique to the mirror sector in the MN2SSM.

Mirror gauge scalar masses mfﬁgqﬁ;qﬁg ,mfﬁw¢§v¢w,m$3¢£¢a
Trilinear scalar operators A3Q’' $,Q.AFU’ ¢,U,AZD’ ¢,D
A‘S’@’¢WQAW’¢WEIA\AV1H£¢WH1,A‘szHétﬁsz

A(Bgé' $sQ.A5U" ¢gU,AZD’ 65D APL' pgU, AZE’ $oE
AjHi¢eH1, Al HadsH,

AWH pyH ABH  peH]
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TABLE IV. Mirror parity violating SSB operators in the MN2SSM.

Trilinear operators A/H;QU,A/H,QD,AHLLE
AYH,Q'U’ AJHQ'D' ALHIL'E’
AHL'QU, A H,QD, AH,TTE

Aﬁ/Hib’O,,Ag/HéTb’BI,Ag/HéTE,E’

Scalar mixing bf, HiH1 by, HoH5 boQQ",b,UT " by DD b/ LT ,beEE’
Chiral fermion mixing ﬁﬁlﬁlﬁi vﬁﬁlﬁzﬁé ,ﬁ[‘qq’.ﬁ;uu’,ﬁc’,dd’,ﬁ(ll ' lee
Gauge fermion mixing Mé@«//g MWy M Bos

terms are assumed to be absent. This completes the listing ofasses via the usual Higgs mechanism and(8qreduces
(dimensionfu] SSB terms in the MN2SSM. to its MSSM form, the softly broken MN2SSM contains no
The softly broken MN2SSM resembles, not surprisingly, mass terms for the usual and mirror fermions. This is due to
an extended MSSM. For example, consider electroweakhe absence of tree-level Higgs Yukawa couplings. Is this
symmetry breakindEWSB). In theN=1 MSSM EWSB is  naive MSSM-like softly broken MN2SSM in which super-
triggered by the SSB terms in the Higgs potential. EWSB insymmetry is broken only by dimensionful parameters then
the MN2SSM can be induced, in general, by any combinayjable? The key to the answer lies with the trilinear terms,
tion of the four Higgs doublets and the tripkgf, . However,  yhich are the only terms that break the chiral symmetries in
mirror parity conservation allows only the ordinary MSSM e scalar potential and can therefore induce fermion masses

Higgs doubletdH; andH, to acquire VEVs(Independently at the quantum levelycAm, , A'm,, (where the gaugino
v

of the parity considerations, a triplet VEV is strongly con- ) . . .
i€ party b gy : ﬁnd mirror gaugino masses are responsible for the breaking

of fermion numbey, and similarly for the mirror fermions.

10].) From the discussion of the effective Yukawa couplings
[10]) Scusst Ve YLkawa couping The viability of this mechanism is discussed in the next sec-

it will become evident that in fact it is sufficient that only
one Higgs doublet acquires a VEV, which can then be truly'®"-

identified with the SM Higgs boson. However, here we as-

sume, for simplicity, that the MSSM realization of EWSB

with two Higgs doublets is reproduced with the usual Higgs IV. RADIATIVE FERMION MASSES

doubletsH, and H, receiving non-zero VEV®, and vy, We begin the discussion of fermion mass generation with
respectively. This is achieved by adjusting the soft ParaMihe discussion of radiative fermion massédore general
eters which enter the Higgs potential such thabi(  mechanisms will be discussed in Sec. VI, following the gen-
+,u2)(mﬁ2+,u2)<|b|2. Though introduced here by hand, eralization of the softly broken MN2SSM in Sec.)Vlhe

this relation could be satisfied via a generalization of theobservation that chiral symmetries could be primarily broken
MSSM radiative symmetry breaking mechanig#]. How-  in the scalar potential .and thgt _the fermion spectrum in su-
ever, since we do not discuss any specific pattern of th@ersymmetry could arise radiatively was first made in the
boundary conditions to the SSB parameters, we postpore@ntext ofN=2 supersymmetry6], though it was studied
discussion of their renormalization for future works. Defin- Most extensively in the case bf=1 supersymmetry15]. It
ing, as usual, taf=v,/v,, the Z boson massn, is then Provides an avenue for the generation of fermion masses in
given by the softly broken MN2SSM which was discussed in the pre-
vious section. Such a mass generation mechanism has the
2 _ 2 o0 advantage that it could be accommodated in any scenario of
1+Apan 2_mH1 My, 1@ B 2 9 SSB which includes the generation of trilinear terms. On the
ZRa— B—1 s © " other hand, it is highly constrained.
At one loop, the extended supersymmetry gauge interac-

whereA .4 contains the effects of hard-supersymmetry cor-t'ons_ lead to loops such as, n Fig. 1, W't,h external Qrdlnary
rections to the quartic terms in Higgs potential, which areférmions where the sfermiofi and gauginox (or mirror
discussed in Sec. V. In the softly broken MN2SSM,,q  sfermionf’ and mirror gauginajy) propagate in the loop.
=0. Equivalent loops exist with external mirror fermions. The
There is, however, an important difference between thefermion left-right mixing termsnf(SB proportional toA(H),
MSSM and the MN2SSM. While the gauge bosons getwhereA here is a chiral symmetry breaking trilinear param-
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eter and(H) is a SU(2),-breaking Higgs(double} VEV,  which generalizes the expressions given in Reg]. (m?,
generates a finite contribution to the chiral fermion mass, » ) ) . !
mz, are the sfermion and mirror sfermion mass eigenvalues

ag 2 2 ” "
—my=5—Ci[misgMal(m; .m; \M3) andm?gg=A"(H).)
The first and second terms in EQ.0) correspond to the
+ mf(gBMg I(m-fg, m-fg \M"3)] strong(gluino and mirror gluinpand hyperchargéhe B-ino
P neutralino and its mirrgrcontributions, respectively, where
o 2 2 2 42 and «’ are the strong and hypercharge couplinGs,
+EYfLYfR[meslvll|(m;l,m;2,|v|l) As o g yp g plinGs

=4/3,0 for quarks and leptons, respectively, andis the
fermion hypercharge. We assume, for simplicity, no neu-
tralino mixing. The function is the loop function

" " 2 2 "
+m>2(SBM1'(m?11m?;M12)]- (10

2 2 212 2 2 21 ~A2 2 A2 2 2
2 o oM mzIn(m3/m3) + mz myIn(mz/ms,) + mj;, miln(mj/my)
I(m7,m3,my)= ,

(m?—m2)(mZ—m?)(m3,—m2) (1)

which typically behaves as-O(1/max(mi,m5,m3)). The It was recently noted15] that the scalar potential may be

dependence on the left—right squark or slepton mixingstabilize.d if effec.tive quarti_c coupl.ings are generated by the
m)z(SB: A(H,) and its mirrorming A"(H.), and on the chi- decoupling of chiral supc_erﬁelds with masses of the order o_f
ral violation arising from the gaugino and mirror-gaugino (N SSB parameters or in the presence of non-holomorphic

Majorana massed/;,M4, and/orM ;,M/ , is explicitly dis- trilinear termsAH J{QU etc. (which do not correspond to flat

played in Eq.(10). directions of the scalar potentiaEven though the potential
By observation, the natural size of the resulting fermionis Stable in this case, requiring color and charge conservation
mass is in the global(or meta-stableminimum still constraing\/m;

from above.(See Fig. 7 of Ref[15].) In the next section we
’ will show that in theories with low-energy supersymmetry

%(H)s@(loo MeV) lepton, breaking there could also appear arbitrary and hard super-
symmetry breaking quartic couplings which could further
m;~ (12 stabilize the potential. Nevertheless, given the stability con-
2a, straintsk= \/§A/rrrf [17,15, A cannot be sufficiently large to
3, (H)=0(1 Gev) quark, accommodate the heavy mirror fermioffer perturbative

values of the quartic couplings

- . . . . We conclude that radiative fermion mass generation leads
and similarly for the mirror fermions. This is the appropriate : ; . :
to a viable scenario only in the case(afost of the ordinary

mass range for most of the ordinary fermions, but not for th%ermions. In particular, even though the gauge loop can

mirror fermions(andt quark, whose masses are given by a break the ordi o d ided that it
similar expression. In the approximati¢h?) it was implic- . reax the ordinary-mirror mass degeneracy, provided that |
) is already broken by the SSB parameters, it cannot provide
ity assumed that all of the SSB parameters are of thet-he requi . : i

) 5 2 2 o quired two or more orders of magnitude separation be
same order of magnitude, e.gm\sgM\I(M; Mz M) qyeen the ordinary and mirror fermion spectra. As for the
=(H)x (1), and therefore cannot change the order of SM fermions, in the limit that the gaugino-sfermion loop
magnitude of the resulting fermion mass.

More generally, however, the fermion mass can grow as ®
|A/max(my, my)| or |A/max(my: m¢v)|. Thus, it may ap- :
pear that the fermion mass could in fact be as large as ;
O((H)), which is the correct mass range for the mirror fer- .
mions, provided that the size of the trilinear coupling fu. fr v ™~ fr. [R
roughly equals in size to the inverse of a loop factor. Unfor- N
tunately, this cannot be the case. As already noted in Ref. : % :

[6], |r_1_the relevant limit of no t_r_ee-level Yukawa couplings fL(fi) h\pv fr (fr)

the trilinear parameters destabilize the scalar potetaiahg

the equal field direction leading to color and charge break-  FIG. 1. One-loop contribution to fermion mass from soft chiral
ing. In particular, the trilinear couplings cannot be too large.symmetry breaking.
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dominates(or equivalently only its mirror loop dominates is to be phenomenologically viable. Requiring a viable phe-
this reduces to the case studied in Ré&b], with distinctive  nomenology constrains the size and symmetries of the effec-
phenomenology and signatures. If both loop classes contriliive Yukawa couplings, and hence the scales and symmetries
ute, the flavor structure becomes more complicated, but thgf the N=2 theory and of the theory below the supersym-
model still maintains the same essential features and signgnetry breaking scale. Indeed, since the gravitino masses are
tures. We refer the interested reader to R&8§] for an ex-  somewnhat arbitrary in thti=2 case[7], there is no reason
tensive discussion. o _ to impose any relation analogous to the abdice 1 super-
. We note in passing that even if right-handed neutrinos arg ity relation, even when gravity is introduced. After con-
mtroduced, the SM nleutrlnos would remain massless if thesiderations of all operators we will set the supersymmetry
frﬁrerpr:g)n sapuectrlljm IS mqleed t%ene_raﬁﬁg V'g thpetr_symt breaking scale simply by requiring sizable tree-level Yukawa

gauge oops, since the mght-nandec Neutino 1s 6Eouplings and stability of the theory against hard operators,
gauge singlet in the SMWe return to the neutrinos in Sec. . .

and compare it to the requirement tis= 2 supersymmetry

VIIl.) The lightness of the neutrinos could be explained in | le in th uti f the hi h bleky.
this context by extending the SM by an extremely weaklyp ays a ol in the resolution ot the hierarchy pro dine
will find the two requirements to be consistent.

coupled Abelian factor under which the right-handed neutri- o
In Secs. Il and IV we adopted the description of super-

nos are not singlets. e 1
Radiative mass generation for the SM fermions must gymMmetry breaking in terms of an explicitly but softly bro-

hand in hand with a mechanism to lift the ordinary-mirror ken globalN=1 theory with a second supersymmetry only
matter mass degenera¢gnd with a mechanism to lift the implicitly manifest in the symmetries of thsupejypotential,
t-quark masps Such mechanisms will be studied in the fol- and its breaking corresponding to explicit breaking of the
lowing sections, and require one to consider a more gener&glevant symmetries in the SSB potential. Though we are
parametrization of supersymmetry breaking. We turn to aabout to extend and generalize this description to include
general classification of supersymmetry breaking operatordimensionlestN=2 andN= 1 breaking couplings, the same
in the next section. modular description of supersymmetry breaking will prove
to be a powerful classification tool here as well. Its generali-
zation corresponds to the replacement of explicit soft break-
ing terms with the spurion formalisiii4]. A spurion field
X=6°Fy parameterizes the manifedt=1 breaking, and

In Sec. IV, the possibility of radiatively induced Yukawa Non-renormalizable operators which coupl¢ to the
couplings in the effective low-energy theory was shown toMN2SSM fields parameterize the explidit=2 (exchange
lead, regardless of its details, to a typical mass range cfymmetry breaking. The non-renormalizable operators scale
My, My =<(as/m)(H) for the ordinary and mirror quarks, as inverse powers of the=2 breaking scalé/. The con-
andm,, m;,<(a'/7)(H) for the ordinary and mirror lep- Vvenient spurion formalism is available only in tiNis= 1 for-
tons. This is a natural and sufficient solution in the case ofmulation.(Note that the spurioiX is not to be confused with
most of the ordinary fermion&ve postpone that discussion the genericX superfield component of a hypermultiplet in
of the third family fermions to Sec. Vilbut not in the case Sec. II)
their mirrors. The mirror fermion spectrum is constrained by Indeed, one could arbitrarily write down in the infrared
experiment,m;,=(H), which implies tree-level effective theory Yukawa and quartic couplings whose presence leads
Yukawa couplings(The constraints, however, are model de-to quadratically divergent quantum correction to various
pendent. Typically, a Kahler functionk describing the ef- two-point functions, and which are therefore said to be hard
fective low-energy theory includes tree-level non- supersymmetry breaking. However, if one requires that in
renormalizable Yukawa operators, either supersymmetrgertainM—co the full (globa) N=2 supersymmetry be re-
conserving, soft, or hard supersymmetry breaking. In ordefovered, then these couplings must fall into certain catego-
to consider such operators one must Step out of the Somgies of non-renormalizable operators. It is further reasonable
broken MN2SSB framework of Sec. Ill and systematicallyt0 assume that the Kahler potentiahich is not protected
include all relevant supersymmetry breaking operators. Thi§y non-renormalization theoremsather than the superpo-
will be done in this section. Concrete realizations of tree-tential accommodates these operatofss we shall see be-
level Yukawa couplings in the MN2SSM will be considered low, both possibilities of Kahler or superpotential operators
in the next section. lead in practice to couplings of the same sizEhe non-

Our classification app“es to any theory which can effec-renormalizable Kahler pOtential Operators which link the
tively be described bi\= 1 superfields, and will be adopted Spurion and the MN2SSM fields do not preserve the global
to theN=2 case on|y in the next section. In typ|d§|:1 Symmetries of the fulN=2 theory, which is equivalent to
(high-energy supergravity model building with supersym- the symmetry violations by the SSB potential in the previous
metry breaking scald-=M ,caM planck» the Yukawa(and
quartiog operators listed below are proportional to
(Myea!Mpiancd”™, N=1,2, and hence are often omitted. IThese operators are induced, in principle, by the dynamics at the
[Nevertheless, even in that case such terms can shift anytaleM. The resulting low-energy effective Kahler potential is not
boundary conditions for the SSB (100%) [18].] This  derived, in general, from a holomorphic prepotential functiyn
proportionality, however, cannot hold in ti=2 case if it  K(®)#Im[DT(aP/oD)].

V. CLASSIFICATION OF SUPERSYMMETRY-BREAKING
OPERATORS
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TABLE V. The soft supersymmetry breaking terms as operators TABLE VI. The effective renormalizabl®& =1 superpotential
contained inK; andK,. ®= ¢+ 8+ 6°F is a low-energy super- W operators contained iK; and K,, £=/d?6W. Symbols are
field while X, (Fy)# 0, parametrizes supersymmetry breakiRg.  defined in Table V.

=dW/od.

Ultraviolet K operator InfraredV operator
Ultraviolet K operator InfraredC operator

Xt ud?
X A¢FT+H.c. MCIDZ—FH.C.
—ddT+H.c.
M

3
XxT m2 XJr yq>
—od" + Hec. 7¢¢T+ H.c. — ®3+H.c.
M2 M2
x Xt bop+H.c.
_ZCI)(I)+ H.c. ) ) ) ) )
M K,=1. (This separation is quite natural in the contextNof
Xt kT GF+H.c. =2 if Xand® transform under different gauge groups, in
W@anu H.c. particular if X is a gauge singlet fiely.
yo'yy+H.c. The superspace integratiof, = [d?6d?6K reducesK

andK, to the usual SSB terms, as well as the superpotential
) . o ) o parameteW~,u<1>2, which were discussed in the previous
sections. In addition, non-vanishing valuesyof 6°Fx pa-  gection. It also contains Yukawa operatdis-y®3 which
rametrize the breaking of the maniféét=1 supersymmetry  can appear in the effective low-energy superpotential. These
as well as replace the non-renormalizable operators with €X3re summarized in Tables V and MVWe did not include
plicit (N=2 andN=1) supersymmetry breaking t€rms in |inear terms that may appear in the case of a singlet super-
the low-energy potential. Note that the spurion and its mirrofie|q ) Finally, the last term in Table V contains correlated
(X,X") transform as a doublet under t8&J(2)g exchang&R ¢ ynusual quartic and Yukawa couplings. They are soft as
symmetry, which implies that a non-vanishing VE¥x)  they involve at most logarithmic divergences.

automatically breaks if.The SU(2)g of N=2 allows one to Integration ovelK ; produces the non-standard soft terms,
rotate the supersymmetry breaking VEV such that the mirropsq discussed in the previous section. These are summarized
Fx=0.] This parametrization has two breaking parametersiy Taple VII. It also generates contributions to thetan-

Fx andM, corresponding to the spurion VEV arfithverse  gard”) A and gaugino-mass terms. These terms could arise at
couplings, respectively. It correspon(gs to an one-step breakver orders inyF/M from integration over holomorphic
ing scenarioN=2—N=0, for Fx=M<, which we will as-  f,nctions(and in the case ok, also fromK,). However, this
sume. is equivalent to integration ovés if fd?6(XT/M?)=1. Note

We now tum to a general classification f operators. that in the presence of superpotential Yukawa couplings, a
We do not impose any of the global symmetries which pa- P Perp piings,

rametrize the second supersymmetry, a subset of which can
survive its breaking(This will be done in the next section.
The effective low-energy Kahler potential of a righil=1
supersymmetry theory is given by

TABLE VII. The non-standard or semi-hard supersymmetry
breaking terms as operators containedKis Here W* is the N
=1 chiral representation of the gauge supermultiplet and the
respective gaugind , is the covariant derivative with respect to
the (explicit) superspace coordinatg, . All other symbols are as in

1
K=Ko(X, X" +Ko(P,dT)+ MKl(x,xf,op,qﬂ) Table V.
1 1 Ultraviolet K operator InfraredCp operator
+ WKZ(X,XT,d),d)T)+WK3(X,XT,<I>,<D*,DQ,Wa) XX Ad*+H.cC.
—SCI) +H.c.
M
1
— T t e xx* A¢?pT+H.c.
+M4K4(X,X ,®,®",D,,W,)+ (13 27 20"+ He.
M
whereX is the spurion andb are the(ordinary and mirror ~ XX' wig+H.c.

chiral superfields of the low-energy MN2SSM theoby, is WD%DQCDJFH'C'

the covariant derivative with respect to ttexplicit) super- )
space chiral coordinaté,, andW, is the N=1 gauge su- X—XTD“fI)W tHC Mi¥A+H.c.
permultiplet in its chiral representatiodV,~\,+ 6,V. M3 ©
Once a separation between supersymmetry breaking Xield

_ . .. . _ XXT M}\
and low-energy® fields is imposed, there is no tree-level 28 WW tH.C — M +H.c.
renormalizable interaction between the two sets of fields, anql3 “

their mixing can arise only at the non-renormalizable level
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TABLE VIII. The dimensionless hard supersymmetry breaking the indexK, in expansion Eq(13). Hence, terms withh>4
terms as operators contained iy. Symbols are defined as in are suppressed by at Iea@({}/M)"“. We will assume the

Tables V and VII.

Ultraviolet K operator

InfraredCp operator

ol yoypp+H.c.
W(I)DH(I)D(I(I)'FH.C.

XXt yp'yytH.c.
Wc1>TDﬂc1>Dac1>+H.c.

XXt YA +H.cC.

limit (X)<M for the N=1 supersymmetry preserving VEV
(X), i.e., X~ 6%Fy, so that all such operators can indeed be
neglected and the expansion is rendered finite.

It is useful for our purposes to identify those termskin
which can break the chiral symmetries and generate the de-
sired Yukawa terms in the low-energy effective theory.
Clearly, the relevant terms in Tables V and VIl can be iden-
tified with the chiral symmetry breakindyand.A4 terms(with
any number of primgswhich couple the matter sfermions to
the Higgs fields of electroweak symmetry breaking and

—— ®D*PW,+H.c.
M* which were discussed in the previous section. Note that since
in N=2 there are no chiral terms in the superpotential then
chiral-symmetry breakind\ terms can only arise frorks.
More importantly, and as advertised above, a generic Kahler
potential is also found to contain tree-level chiral Yukawa
couplings. These includ®(Fy/M?) supersymmetry con-
serving and soft couplings ar(d(Fi/M“) hard chiral sym-

ol yoTyn+H.c.
THha
T O'D*dW,+H.c.

xxt YA\ +H.c.
W‘DW W,+H.c.

X_XTq)TW‘,W He yé AN +H.c. metry breaking couplings. The relative importance and the
M* o potentially destabilizing properties of the different operators
2 must be addressed before any symmetry-derived selection
x X' k(pdp")“+H.c. . . .
22 p2pt 24 He. rules are applied. Both issues point to the more fundamental
M* questions that one needs to address: What are the sfajes
k3T +H.c. andM and what is their relation to the cutoff scale

We have Fy=M=0O(TeV) from the requirement that
N=2 supersymmetry plays a role in the solution of the SM
hierarchy problem. In addition, the cutoff scale for any such
calculation is the scale oN=2 restoration above which

L~ L Fx=0, i.e.,A=M. In this case, all of the dimensionful cou-
Higgsino term can be rotated to a combinationofindA plings could be in principle- O(1), regardless of their soft-

terms and vice versa. The two terms, however, are not N€gyess or order iFy/M2. This is desired for the Yukawa
essarily equivalent in our case sindle=2 forbids chiral su-  coyplings of the mirror fermions. It is important to note,
perpotential Yukawa couplings. In the case of the mirrorhowever, that quartic couplings are also lar¢é/e men-
gauginogy,, our MN2SSM notation replaces with M”/2. tioned the latter effect in the previous sectjo®ne has to

Last, superspace integration ou€j leads to dimension- confirm that this choice is not destabilized when the hard
less hard operators. These are summarized in Table Vlloperators, which are large, are included. In order to do so,
(Hard operators were also summarized recently in R&.)  consider the implication of the hardness of the operators con-
Higher orders in (M) can be safely neglected as supersym-tained inK,. Yukawa and quartic couplings can destabilize
metry and the superspace integration allow only a finite exthe scalar potential by corrections to the mass tekms of
pansion in\Fy/M, that isC=f[F}/M'] with n<2 andl is  the order of

XXt
— Pt +H.c.
M4

kK o, 1 Fgy ., 1 Fx 1
~ — AN~ —~ m
A2 1672 1672 M4 1672 M?  167%c,
m~ 14
y? 1 Fy 1 Fy 1 m? (14
2 X A2 X 2

~ —~ m
1672 1672 M8 1672 M®  167%c,, M?

where we identified\=M andc,, is a dimensionless coef- these terms are harmless as the contributions are bound from
ficient omitted in Table Vm?/2=c,F2/M?. The hard op- above by the tree-level scalar squared-mass parameters.
erators were substituted by the appropriate poweFs,gM? This observation is valid for thbl=1 case whether it is
[and are~O(1)]. OnceM is identified as the cutoff scale constrained by th&l=2 symmetries or notand extends to
above which the the full supersymmetry is restored, therthe case of non-standard soft operators in the presence of a
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singled. In fact, such hard divergent corrections are well TABLE IX. The U(1)R >xZ}'" assignment for the various
known in N=1 supergravity WithA=M =M pjancee Where =1 superfieldsR(6,)=—1 and all matter superfields are charged
they perturb any given set of tree-level boundary conditiongs the quark doubled.

for the SSB parametergl8]. In theories with low-energy

supersymmetry breaking/F_XZM ~A=0O(TeV), however, Field  Assignment Assignment for mirror
it seems particularly difficult to reliably calculate the SSB Casel  Casell Case | Case ll
parameters. Furthermore, if there are no tree-level scalgy 0+ 1 0~ i1

squared masses, then they may arise from such loops and be

given, roughly, byM?/16x (avoiding a potential need to Q 41t L1+ _1- .
introduce a small coefficientt,, in front of the squared mass 2 z
operators in Table )/ _o- _o-

We conclude that, in general, chiral Yukawa couplingsq)v
appear once supersymmetry is broken, and if it is broken at
low energy VFy=M=A=(@(TeV) then these couplings

ous or discretd&k symmetry, suggests choosing Rrsymme-

could be sizabley=0O(1) yet harmless. try (though this choice is not unigue
(i) While the SU(2)g symmetry must be brokefor the
VI. TREE-LEVEL YUKAWA COUPLINGS fermion and mirror fermion remain degenerate in matse
FROM THE KAHLER POTENTIAL U(1)gr of N=2 may be preserved and provide the desired

H 2
In the previous section we classified all supersymmetry>€lection rules. In fact, &(1)" subgroup of the complete
breaking operators and set the supersymmetry breaking scatd{2)r €an survive, where the other(1) is U(1);.
parameters ta/Fy=M=0O(TeV). Large tree-level Yukawa (iit) Mirror parity is a useful tool which enables one to
couplings(and trilinear mass parametggmpear in that case distinguish matter from mirror matter, and may provide an

in the effective theory. Though their parent operators as wel?lt?matg sett ofllse[[ecttlo?hrule;sh £ 1h ible f
as their order inFx/M? may be different, they are ah n order 1o lustrate the richness of the possible frame-

priori of similar magnitude. The issue at hand is thereforeWOrks We use two distinct sets of selection rules, correspond-

not finding possible operators. Rather, one must avoid excedd 10 the SymmeW c_Iasses mentioned above: The first
sive mixing between quarkg¢leptons and their mirrors, group oszs%/mmMel;mes is based on thé=2 preserving
which could lead to disastrous contributions to flavor chang{#) U(1)r "X Z3™"; the second one is based oh an Abelian
ing neutral currents. For example, one obvious path on&Symmetry extension of mirror parityB) U(1)g "~ which
could take is to allow tree-level Yukawa couplings of the explicitly breaksN=2. The latter example could be an “ac-
same origin(i.e., which are derived from the same operatorcidental” symmetry related to the supersymmetry breaking
class for all matter fields. This, however, could exactly lead Mechanism. We note that it can be mapped to a discrete
to such mixing, and furthermore, does not offer any newZsxZz R symmetry where the, is the usual mirror parity
insight into the ordinary-mirror fermion mass hierarchy. Weand the chiral coordinaté and the mirror matter fields all
therefore pursue a more motivated path in which the twdransform as (1/3). (Note that once the transformation
sectors are distinguished by the global symmetries of th@roperties of one matter field and its mirror are fixed, the
effective theory, and the symmetries induce selection rule®l=2 superpotential fixes the charge®f, and, as a result,
which allow or forbid certain types of Yukawa and soft op- of all other ordinary-mirror bilinearsThe symmetry assign-
erators in the different sectofs. ments and the corresponding selection rules appear in Tables
This can be done by either exploiting the glolabym-  IX and X. For illustration, the quarksupeifieldsu, andug
metries which parametrize the hidden supersymmetry or byQ andU) and their mirrors are substituted in the operators.
symmetries which do not commute with the former symme-However, we assume identical transformation properties for
tries and therefore characterize the supersymmetry breakirg)! quark and lepton fields so that any otligauge invariant
mechanism. One could also take a linear combination ogombination of fields could be substituted instefdtlis pos-
these choices, both of which correspond to anomalous synsible to choose slightly more complicated examples with
metries. In addition, a specific choice of a symmetry is bettefSM) charge and flavor dependent symmetry assignmients.
motivated if it can provide a hint as for the origin of the
ordinary-mirror fermion mass hierarchy. The model and our TABLE X. The U(1)§" assignment for the various=1 su-
parametrizations already direct one toward the possibl@erfields.R(6,)=—1 and all matter superfields are charged as the

paths: quark double®Q.

(i) Recalling that the hard chiral symmetry breaking op-— - : :
erators are already distinguished by the presence of covariahte!d Assignment Assignment for mirror
superspace derivatives, which transform under any continq;h 0 -1

Q 0 -1
2The heaviness of the ordinary third family fermions may seem to
challenge some of the resulting frameworks. We postpone this disd,, -1

cussion to the next section.
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TABLE XI. Low-energy chiral operators, which are holomor- TABLE XII. As in Table XI but for operators which contaid® .
phic in the low-energy fields, and their symmetry properties. The
first, second, and third classes of operators are soft supersymmet@perator class Operator Case Al Case A2 CaseB
breaking, hard supersymmetry breaking, and supersymmetry corn-

tpTPH2 =~ + +
serving, respectively. Allowed operatofassumingRy=0 or Ry =~ XX'® @ AHIQU +2 +2 0
=2) are underlined.
AT -2 .
Operator class Operator  Case Al Case A2 CaseB _
XX @3 AHOU — +2° 0* 0 AHYBT 27 0" +1
AHQ'TT 27 —2* -2 AH{'QTT -2 -27 -1
o XX'®'D*®D ,® yHlu ug +4* +4% +2
AH]QU +27 +27 -1
s .- o . yH3u{ug 0" 2" 0
AHéQrur —_ p—
H,Tu u +2° +2° +3
XX'®dD*®D,» yH,u, ug +47 +2+ 42 yHz u ug
Hi'uluf 0~ 0~ +1
yHyu{ Uk o+ o+ 0 yHp U ug
— - - XTp T2 yHIuug (+2-Ry)™ (+2-Ry* 0—Ry
yHiu ug +4- +4” +1
yHiu{ur (=2-R9™ (0-R)* —2-Rx
yH5u[ ug 0~ +2° -1
Hyfuug (+2—Ry)~ (0—Ry)~ +1-R
XTcD3 yHZULuR (+2_RX)+ (O_RX)+ O_RX YH3 ULUR ( X) ( X) X

H:Tulusk (m2—-Ry)~ (m2-Ry)~ —1-R
yH1U|’_U|;a (_2_RX)+ (_2_RX)+ _2_RX yHy U ug ( X) ( X) X

Hiuug (+2—-Ry)™ (+2-Ry)~ —-1-R
YHiuUR ( 0 ) X fermions. This provides a simple explanation of the matter-

mirror mass hierarchy as a loop factor.

(b) If both are forbidden, a charge assignment for a spu-
rion field could allow the supersymmetry conserving opera-
. , . tors and as a result, for tree-level masses for the ordinary
Finally, for completeness we list both operators which arggrmions. The ordinary-mirror mass hierarchy can now be
holomorph!c(TabIe Xl) or non—holomorphldTabIe_XI!) n explained by the hierarchy between the charged and neutral
the nggs'flg!cb, though the I'at_ter do not add any mtrlns[callyspurion supersymmetry breaking VE¥ /Fy . (Note that
E?W possibilities. Note that Itis assumed that only or(_ilnary<Fx ) itself breaks theR symmetry if X, is neutral, while

iggs doublets, but not their mirrors or any other fields,® ~2 , .
participate in electroweak symmetry breakifig. particular,  (Fx,) may or may not break it.Alternatively, it could al-
mirror parity or its extensions are not broken spontaneouslyays be that one class of operatdtise hard operators, in
by electroweak Higgs VEV3. this casg¢ appears at the tree level while the other cléks

A clear tree of possibilities emerges: superpotential operatgrappears only radiatively so that the

(1) Assume that tree-level mirror-fermion masses arisehierarchy is imprinted in the coefficients of the different op-
from the hard supersymmetry breaking operators, which ocerators inK.
curs naturally in the examples given here. Many other examples can be constructed along these

(2) The chiral symmetries of the ordinary matter fields lines.
may then be broken in the scalar potential, leading to radia- The symmetry principles nicely arrange the different fer-
tive (ordinary fermion masses. Alternatively, an effective mion mass operators. They also carry implications to most of
N=1 Yukawa tree-level superpotential is generated for théhe other operators. The scalar squared masses are generi-
ordinary fields. cally insensitive and may arise from tree-level operator with

(3) The symmetry properties of both SSB and supersymyelatively small coefficients,,, from quadratically divergent
metry conserving operators imply that either both possibili-loop corrections, or from gaugeo) renormalization. On the
ties for the ordinary fermion mass generation are allowed opther hand(and similarly to N=1 supergravity gaugino
that both are forbidden, as long as the spurion is not chargehass terms break any AbelidR symmetry, so that there
under the globaR-symmetries. must be a spurion combination such tH¢X;X})=+2,

(a) If both are allowed, a charge assignment for a spuriorconsistent with our proposals above. Our speculation that the
field could forbid the supersymmetry conserving operatorsF) of the charged spurion corresponds to a lower scale
and, as a result, forbid tree-level masses for the ordinargould lead to suppression of gaugino masses. Another group

yHu{uR (—2-R9~ (0-Ry)~ —3-Ry

035007-12



LOW-ENERGY LIMITS OF THEORIES WITH TWO . .. PHYSICAL REVIEW 63 035007

of operators of phenomenological relevance are the operatossmilar structure holds for the bottom sector, with identical
corresponding to Higgs mixing~aj the electroweak scdle, ;' [from the SM SU(2), symmetry for the left-handed
~uHoH, and Vgsg~bHoH +uH,H;. Assigning R(X)  pottoms but with independent;, andM parameters.

=R(H,H,) always allows for the superpotential term. Defining
(See Table V). If there is only one spurion, the SSB Higgs
(Table V) and Higgsino(Table VII) mixing operators are t, t/
independent of thesingle spurion charge and cannot be l!/j+=( ,), j=( . =12, (15
allowed simultaneously. In the case of a multi-spurion sce- tr tR
nario, if the spurions carry differeR charges, then both . .
could co-exist.(Phenomenologically, both Higgsino mass (e mass matrix can be written as
and Higgs boson mixing in the scalar potential are required T 4
in order to avoid very light Higgs nd Higgsino particles in () 0 X\ (¥ THe (16)
the spectrum. AR P% 0/\¢~ o
where
VIl. HEAVY GENERATION

In our discussion so far we distinguished ordinary from X = pe M (17)

mirror matter, but did not distinguish, for example, light and 0 ﬁ,; ’

heavy SM(ordinary fermions. That is, if one of the mecha-

nisms to render ordinary fermions light relative to the mirrorand we neglected a pure SM top magghe MPV mixing
fermion is realized, theall of the Ordinary fermions will be may be SSB oN=1 Supersymmetric, though here we use

|Ight with masses of roughly the same order of magnitudethe SSB notation. The mass eigenstateﬁt are readily
However, the SM fermion spectrum contains two speciakgyng:

cases: The first case is that of the top quéwk for that
matter, of all of the third familywhose mass is of the order cos¢,. sing.\ [t
of the mirror fermion masses. The second case is that of the Xi =Vij¥; =( . )( )
nearly massless neutrinos. We postpone discussion of the —Sing, cos¢,
neutrinos to the next section and focus here on the case of .

heavy SM fermions. Cosgp_  sing_ ) ( tﬁ)

tr

While in some cases an internal hierarchy within the SM xi =Ujj ‘ﬂf:( —sing_  cos¢_ (18)

sector can be put in by hand, it is not always sufficient. For

example, if the SM fermion mass is generated radiativelyHere U andV are the unitary matrices chosen to diagonalize

vacuum stability constraints make it very unlikely that thethe mass matrix:

top (7) in the quark(lepton sector receives its mass radia-

tively (with a large trilinear parameter put in by handhis U*XV* =M pjrac. (19

would require hard quartic couplings of ordeE4m. An

alternative tree-level mechanism may exist, particularly inThe mass eigenvalued

the latter case. One obvious candidate for such a mechanism

is mirror-symmetry breaking in the third family and, conse-_ ,

guently, mass mixing between ordinary and mirror third fam-"" Dirac,

ily fermions. As long as such mixing is constrained to only - - = = ==

the third family, the implications to flavor changing neutral B M2+ %+ ugl = V(M2+ o e P

currents are generically within experimental constraints. Mir- 2 '

ror parity breaking in such a scenario is intimately linked to

the flavor symmetry structure. We first discuss the phenom- (20

enology of such a mechanism, and then speculate on its pos- . - n _ .

sible %Xigin from a spontaneously brokepn Abelian 1‘IavF(;rWhIIe the mixing angles)™ and ¢~ can be written as

(gauge symmetry. ~2 2_ 72 240 T2 T2N2_ AT 12702
If one allows MPV in the third family, then there could be MR TM == V(M TR AR R

tree-level mixing between the fermions and their mirrors. Fortan‘i’+ - 2 M

explicitness, let us concentrate on the case of the top quark - (21)

and its mirror with mixing termsu, t,t, and witgts. For

simplicity, let us further assume that the usual quark massang_

termt tg is small and can be taken to be zero. The mirror top

quark, on the other hand, has a mass ténjty,, which is 2= M2= 02— M2+ 2+ ) — An 2 l?

tr

2
Diracly2 are

assumed to arise at the tree level &hekM ,ca- (M here is ~
not the supersymmetry breaking scale but simply the large
mass parameter in the fermion mass malﬁb(,EMfﬁf&.) A (22
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The mass splitting between the ordinary and mirrorsimilar situation happens whemy is of the same order of
quarks is a function ofu; , ug andM. Two limits are of  magnitude asd while %/ is much smaller.
partllcglar Interest: . The latter limit enables one to realize simultaneously a
(i) u( , ngr and M are all of the same order of magnitude. heavy top quark mass and a few GeV bottom quark mass.
Assume, as an examplgy[=ug=M. In this limit,  The paramete, is the same for both the top and bottom

Mbpirac, , are of the same order of magnitude and there issectors and should be of the orderMf, . so that the top
large mixing between the ordinary SM quarks and their mir-
ror partners:

3% \/g) 1/2

M Dirac ,~ ( 2

quark is sufficiently heavy. Howeveﬁg and M could be

different for the two sectors. As long as,],’Q/M)b is
0.62 M _—\/§t1 “small,” the contribution to the bottom quark mass is
1.62 M’ tand.. = 2 “small.” The most attractive choice is to haVMbl’_bé

23 My ~n{>(i)p. Another possibility is to takevyy

_This case is releva_nt for the_top sector. Thg top quark can get v,/ ~ )~ (g, - This is, however, more difficult to re-
its large mass while the mirror top is sufficiently heavy to_ . R N .
evade current experimental limits that may apply. alize since |t' is dlfflcqlt to obtain guch a large value for
(i) The MPV mixing between the ordinary quarks and theMb;b;, Which is proportional to the Higgs VEV.
mirror partners is much smaller than M We conclude that once MPV mixing is allowed, it is pos-
Assume, without loss of generality,,<M. One has, to sible to realize heavy and highly mixed ordinary and mirror
leading order ifu4/M top quarks simultaneously with a relatively ligend rela-
R ’ . . h
tively non-mixed SM bottom quark. The question we would
r~ like to consider next is with regard to the possible mecha-
L , (24) nisms that give rise to such a mixing. Various possibilities
M exist, for example, a “flavored spurion” such thxf Q;Q;
terms are allowed in the Kahler potential fer j = 3. Mirror

~
~r m <M ’
MRML - MR

M birac, = =
c =
VMZ+ /2

_ WZM?2 symmetry could be viewed in this case an accidental sym-
M birac, = VM2+7/2 =5 metry of the first two generations or as a flavor symmetry.
2(M*+ (Note that only vector-like mixing terms are allowed by the

SM gauge symmetrigsHere, however, we will present a
different toy model in which mirror symmetry breaking is a
result of a spontaneous breaking of a gauged flavor symme-
try.

Assume an additionalhorizonta) U(1), gauge factor.
The mixing angles in this limit can be similarly obtained and The superpotential contains, for example, the term
read g1hoQ3®1Q3, assuming tha®; andQ; are charged under
the horizontal gauge symmetry with chargd,, andgy is
the horizontal gauge couplingdy, is a gauge singlet con-
tained in theU(1)y N=2 vector multiplet. If it develops a
VEV (®y), it would create a mixing parameteng
=gnuho(Py). In this example, the Kahler potential can still
preserve the mirror symmetry, which is broken spontane-
ously by (d). (Note that the flavor symmetry itself is not
broken by the/® ) VEV.) This proposal provides a simple
framework for the generation of the mixing terms employing
generation-dependeht(1) symmetries. However, one must
overcome certain difficulties before such a proposal can be
(27) realized. We outline those difficulties and the possible cures

below.

As one expects. one of the eigenstates becomes light when First, the relative size of the mixing parameter is propor-
P ' - - €19 : 9 $onal to the hypermultiplet horizontal charge. It may not be
one of the mass mixings is small, while the heavy mass

) o . . straightforward to find an anomaly-free combination that
eigenvalues |s_st|ll~ O.(M)' The fract|on_ of_the usual right- naturally produces the desired hierarchy. Certain fields, how-
handed quark in the light eigenstate, &in, is always large

since tanp_ is much larger than 1. However, the fraction of ever, could be singletor example,Ds). Also, a combina-

the usual left-handed quark, c@s , depends on the ratio of E?enrac;zﬁ;ﬁerentM parameters could also contribute to the

(/M. Itis large whery( is much smaller tham. Alterna- Second, there is the issue of the mixing of the third gen-
tively, one can have large mixing between the ordinary angration quarks with the two light generation quarks. If the
mirror quarks wheny, and M are of the same order. A third family quarks are charged under any symmetry while

<M ~2, 712
Mt
= [t @

~
ML

tang . = — W

~
~2 m =M~y
MR
1_

M2+ ®
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the light quarks and the Higgs bosons are neutral, then anmass eigenstate, is suppressed by mixing angles. Neverthe-
inter-family mixing is forbidden. This can be resolved, for less, we assume only three light active neutrinds an
example, by the introduction of a SM singlet hypermultiplet obvious consequence from the last statement, the observed
Swhich is also charged undér(1)y so that an appropriate neutrino oscillations cannot be explained by »’ and must
chiral symmetry breaking term is allowed in Kahler poten-occur among the ordinary neutrinos. In the following, we
tial, e.g.,X"SH;Q3D,, which could lead to am term or a  will only address the question of obtaining the small ordinary
Yukawa coupling proportional t6F5) and(S), respectively. neutrino masses while keeping the mirror neutrinos heavy.
In the case that onbj terms arise, then the intergenerational The mixing between the light neutrino mass eigenstates and
mixing is naturally suppressed as the square of the loop fa@n explanation of the oscillation data require a more careful
tor. The SVEVs are induced by the dynamics below the model building (for example, the generational structure of
supersymmetry breaking scale, e.g., the SSB potential, arttie matrices discussed below needs to be addrgssaith
are therefore suppressed. AWVEV breaks the horizontal is left to future studies. We therefore discuss only one gen-
symmetry spontaneously and its size is constrained by theration of neutrinos.
usual considerations related to the presence of an extra neu- Clearly, the seesaw mechanism described above does not
tral Z' gauge bosof20]. generalize toN=2 supersymmetry: If the small neutrino
Last, consider the operators X'®;Q,Q), mass is generated by the usual seesaw mechanism, the sterile
xX'®,D*Q,D,Q5 etc. While the former operator can be neutrino must be heavy, with its mass aboveNhe2 break-
forbidden by theR symmetry, the latter is allowed by the ing scale. The mirror sterile neutrino must have the same
symmetries. If such operators arise, they could lead tdnass because the exchange symmetry is a good symmetry
ordinary-mirror matter mixing in all three generations. Theabove theN=2 breaking scale. The mirror neutrino masses
supersymmetry dynamics must therefore be constrained néfe then also suppressed by the see-saw mechanism,
to generate such vector-hypermultiplet mixed operators. ~ ~(H)*M<mz/2, which is below experimental bounds.
The proposed toy model serves to illustrate that the flavol herefore, the Majorana mass for the sterile neutrino cannot
symmetry may be intimately linked to the details of the be much larger than thd=2 breaking scale, which in the
breaking of supersymmetry and of the global symmetries iframework of 2<2 see-saw leads to heavy neutrifasless
induces. In particular, the heaviness of the third family maythe Yukawa couplings are fine-tunedWe note in passing
stem from the heaviness of the mirror fermions, in whichthat if the three right-handed neutrinos remain as light as the
case either mirror symmetry plays the role of a flavor sym-+he left-handed neutrinos, one can explore an explanation of
metry or the flavor symmetry breaks the mirror symmetry. the oscillation data involving alse, —Ng, transitions)
If mirror parity is conserved, there is no mixing between
the usual and mirror neutrinos. The mass matrix is reduced to
VIIl. NEUTRINO MASSES two diagonal blocks for the usual and mirror sectors. Once
sterile neutrinos are introduced, the mirror neutrino mass can

Recent results from the atmospheric and solar neutrln%e generated via effective tree level Yukawa coupling as for

oscillation experiments indicate non-zero neutrino Massesy . “oiher mirror fermions. The ordinary neutrino mass, on
although extremely small with respect to the charged Iepton,ghe other hand. cannot Be generated radiatively sincé the

[21]. The mass squared difference between two neumn?ight-handed neutrino is a gauge singlet. Common tech-

mass eigenstates Is Of_ the order Org?tm\f from atmo- niques like the radiative generation of neutrino masses via
spherlc neutrino oscillation da(?”d 10" eV=for solar NEU- ~ the introduction of a charge8U(2) singlet and a second
trinos). .The smaliness of neutrino masses can be e_xplalneg”ggs doublet or tree-level neutrino mass by a Higgs triplet
most 3|mply_ by the seesaw mecha_mlgm], where_ a right- [23] may be exploited to give the small neutrino masses,
handed sterllle neutrmNR with a Majorana masM is Intro- particularly since such fields are available in the spectrum.
duce_d.(Agam, M he_re is the large mass parar_neter In the(One could also introduce by hand tiny tree-level effective
fermion mass matnxJ\/IE_MN.) A;summg a Dirac mass Yukawa couplings for the neutrinos or extend the SM group
mpNgr, and _that there_ls no Ma]or_ana mass_forzthe Ieﬂ'as discussed in Sec. IVHere, we will explore a different
handed neutrinos, the light mass eigenvaluenismp/M. o rce of neutrino masseshi=2 scenarios, a 8 3 seesaw
Formp of the order of the electroweak scale, the tiny neu-mechanism which is induced by a small breaking of the mir-
trino masses can be obtainedf~ 10'° GeV is of the order ror parity.

of the unification scale. With only the minimal spectruntno sterile neutringsbut

The extended neutrino sector in the MN2SSM is stronglyith MPV mixing between the usual and mirror neutrinos

constrained by experiment. There are six active neutrinos7,w, the neutrino mass matrix is given b
the three ordinary neutrinos and their mirror partnerg’, HoVV 9 y

all of which couple to the electroweak gauge bosons. Given o T
the constraints from the invisibl&-boson width on the num- My (28)
ber of active neutrinos i@ decaysN,=2.994+0.012[10], ILL 0

the mirror neutrinos cannot be light: Any additional active

neutrinos such as’ must be heavier thalmlzlz (lf there are in the basis of (/,V/). In this Simp|est framework one has
additional sterile neutrinos, there could be more than thre@yo degenerate mass eigenstates and no mass hierarchy be-
light active neutrinos as the couplingv,v;, v; being the tween the mass eigenstates can be generated.
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Let us then consider a more genexst 2 neutrino sector. The smallness of the lightest neutrino masses can be con-
(For simplicity, we only consider one generatio@onsider  trolled by the small MPV parametgt/,, while the second
the following: _ _ o lightest neutrino remains heavy as longrag’/M, is not

(i) Two sterile neutrino superfielddl and its mirror part- 156 small. It is, however, in the mass range implied by elec-
ner N, with massesMy and My, respectively.(We omit  roweak dataisee the next sectiprand a candidate for the

hereafter theR index) _ LMP. Notice thatM, cannot be too large or the mirror neu-
,(“), [?lrac masses for the usual and mirror seat@®Nv,  tino mass would be suppressed below the experimental
mpN"v". _ _ lower limit. As an example, takingvl\=1000 GeV,mp’
(iif) Mirror parity violating terms, vv’, uyNN'. =300 GeV andu,~10 5-10"* GeV, the neutrino masses
(iv) Dirac-type mixinguy,, Nv',uy, N’ v. read
Under these assumptions thex4 neutrino mass matrix
reads m;~10"°-10"! eV, m,~90 GeV, m;~1000 GeV.
(32
0 mo m ow\ gy Thi : o .
is model is a variation of the seesaw mechanism where the
mp My ,TL,’\,V ﬁ,’\j N small mirror parity violating paramete]’v plays the role of
(v,Nov' N~ -, ) aE the usual Dirac masses.
Moy By 0 Mo g In conclusion, The neutrino sector k=2 supersymme-
ZL’/\I/V IZLI,\I my, M N’ try is strongly constrained as one needs to not only generate

(29) the small neutrino masses to fit the neutrino oscillation data,
but also to maintain a large mass hierarchy between the or-
However, it is simplified under a well-motivated set of dinary and mirror sectors. Here, we presented a simple
assumptions which we consider for the purpose of illustramodel for theN=2 neutrino sector which relies on small
tion: MPV. The model is successful though it is far from unique
(i) There is no Dirac mass in the usual neutrino sectorand other possibilities need to be explored.
mp=0. This is true, for example, if the ordinary sector fer-

mion masses originate from radiative corrections. IX. PHENOMENOLOGY OF N=2 SUPERSYMMETRY

(i) There is no mixing between the sterile neutrimband ) )
Given its extended spectrum, the phenomenology of the

\N/E’V’u gf_s(()).rnzhlrii:fotrrbe(lc? seag tgebgjslglnn%ir?”lse{i; fron; the MN2SSM is particularly rich. Its effects are both indirect

, ) gaug 9 u@),/ (electroweak physigsand direct(collider phenomenology
while N andN" are singlets undeld(1),. and new particle searchesAlthough many predictions de-

(iii) There is no Dirac-type miXing,L,,\lV,:/.L,,\‘,V:O. As-  pend on the details of the model, important conclusions can
suming that Higgs couplings preserve mirror parity, thosebe drawn based only on the general structure ofNke2
terms could only arise from Yukawa terms in the Kahlerframework. While some of the MN2SSM characteristics
potential involving the superfield combinatiortd;LN’, only provide a variation on the phenomenology of tRe
HgTLN’ and H,L'N, HiTL’N, once the mirror Higgs =1 MSSM, many other features are uniqueNe-2, and
bosons acquire VEVs. However, we assume that EWSB igrovide the smoking gun signals for the discoveryhof 2
induced only by the ordinary MSSM Higgs doublets, sosupersymmetry. In this section we review some of the more
(H;)=(H5)=0 and such Yukawa terms do not generateinteresting aspects, both indirect and direct\of 2 super-

mixing. symmetry.
The usual sterile neutrino now decouples, and one is left
with a 3X3 mass matrix with only three parameters: A. Electroweak and Higgs physics
0o T 0 As mentioned in the Introduction, additional chiral quarks
My and leptons can lead to large positive contribution to the
w0 mh|. (30  oblique paramete® [9], which is phenomenologically unfa-
) j vorable, if not excludefi1l0]. A dedicated electroweak analy-
0 mp My sis including all mirror particles is well motivate@hough

_ technically complicatedand it is currently underway13].

In the relevant limit one hag,<my<My; i.e., the MPV (It will be reported elsewhergl3].) A preliminary investiga-
parameterﬁ,’, is small and the Dirac mass for the mirror tion [13] concludes that the correlations between the oblique
neutrinosm’~(H), is small with respect to sterile neutrino Parametergrather tharSitself) place probably the strongest
massM/, which is of the order of th&l=2 breaking scale. constraints on the MN2SSM. Consistency requires some

The mass eigenvalues in this limit are approximately rglatlvely Ilght mirror pe_lrtlcles, fo_r example,.some.combma—
tion of relatively light mirror neutrinos and mirror Higgsinos.

~2 m.2 This is not surprising: The well-known result that each new
my~ Ky ' m2~_D” my~M/,. (31  fermion ge_neration leads to -@2/3_77 contribution_toS 9] _
my My holds only if the extra generation is degenerate in mass with
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m; _>m;z. In the case ofN=2 and the MN2SSM, the ~N(¥£+15) is not bound from above by, (or by 130 GeV
masses of the mirror matter fermions are related to th&t l00p order as in the MSSM. This observation is not
EWSB Higgs VEVSs, and so;.=m, . Furthermore, the ori- Unidue toN=2 but rather to theories with low-energy super-
gin of its mass is similar to that of the ordinary fermions SYMMetry breaking whera~O(1) is possible. It carries

(supersymmetry breaking operators in the Kahler pote)ntialimportant implications f_or defining theoretically motivated
and there is no reason to assume degeneracy. In&eisd, mass range for future Higgs boson searches.

T . . Other indirect implications arise from the fact that the
found to be negative in certain regions of the parameter . .
! .~ —ordinary quark and lepton massesxcept the third genera-
space. Therefore, the constraints emerge not from a sing

bli but f h lation b he dif ?on) may arise radiatively, which by itself has interesting
oblique parameter but from the correlation between the di consequenced5]. A general feature in theories with radia-

ferent parameterfl 3]. , tive fermion masses is that the anomalous magnetic moments
In fact, gv;/as already showz ": R{ftl] that elect:.trowgflih are not suppressed by a loop factor relative to the respective
cxist heavy(aciiva neutrinos with masses close to 50 Gey =/IoN MAsSay ~MI/TE, wherein is the mass of the heavy.
particles running in the loop. This has particular relevance in

[while their chargedSU(2), partners are with masses : : )
slightly above 100 GeV and the extra quarks are degerieratethe case of the muon whose magnetic moment is well mea

. L . ured and further improvement in its measurement is ex-
Mass dependent terms are important in this case, and in aﬁ b

dition the non-colored spectrum breaks the custo8id(2) Oggt;(\j/é&tlr;]a near futui@4], allowing for such effects to be

symmetry of the electroweak interactions. This scenario can The light mirror fermions, the possibility of hard Yukawa

be natura_llly f_u|f|||er in the MN2SSM: An exar_nple ofa M and quartic couplings as well as of radiative Yukawa cou-

i)lings, and the large number of new degrees of freedom, all
imply that the MN2SSM interacts with the SM and elec-
FFoweak physics more strongly than the MSSM and leads to
Vd'?hite different predictions for various observables.

section. In addition, Ref.11] has also found that extra gen-
erations may be accommodated if charginos and neutralin
have masses close to 60 GeV. This is an example of negati
contributions toS from custodialSU(2) breaking Majorana

masse$12]. In N=2 such Majorana masses arise naturally;
for example, there are mixing terms between the mirror
Higgsino doublets angh,, . This again can lead to a negative =~ The experimental limits on the extra heavy quarks and

or vanishing value o8> leptons are based on searches for the fourth generation at

Another issue of importance to electroweak physics is thete~ and pB colliders: m,, =40 GeV,m;»=80 GeV, and
mass of the Higgs boson. The MN2SSM Higgs sector is nofn,, =128 GeV[10]. These lower mass bounds may or may
as constrained as in the MSSM or ottiér=1 frameworks. not apply to theN=2 mirror quarks and leptons, as they
The number of Higgs doublets participating in EWSB coulddepend on the decay modes of the heavy fermions. Never-
vary, in principle, between 1 and™4Here we assume two, theless, such limits are easily satisfied {{Fy)~M, corre-

H; andHo, as in the MSSM. Even within this MSSM-like sponding to effective tree level Yukawa couplings for the
framework of two Higgs doublets participating in EWSB, mirror fermions of the order of unity. On the other hand, the
there is no upper bound on the mass of lightest Higgs bosomwirror fermion masses are proportional to the EWSB Higgs
This is because tree-level Higgs quartic couplingarise not  VEV and therefore cannot be much larger than the elec-
only from supersymmetric terme~g? as inN=1, but also  troweak scalen;, =(H)=174 GeV.(In addition, the oblique
from hard supersymmetry breaking operators in the Kahlesparameter also constraints some of the masses from above.
potential \ ~g*+ . (See Sec. V. Consequently, the mini- This upper bound ensures that mirror fermions can be copi-
mization of the H|ggS pOtential leads to a modified formulaous|y produced at any machine that produces a |arge number
for relating mz, mﬁlz, tang, and u, as in Eq.(9). More  of top quark pairs: the Tevatron, CERN’s Large Hadron Col-
importantly, because of its dependence on the arbitrary haréfer (LHC) and future lepton colliders. The MN2SSM and
couplings «, the tree-level light Higgs boson magﬁﬁ the N=2 framework can be confirmed or excluded shortly
after the next energy frontier is reached.

The experimental signals largely depend on whether the
mirror parity M and/or the usuaR parity Rp are broken
below theN=2 breaking scale. Given both parities, there are
three special particles that play an important role in deter-
mining the phenomenology: the lightdRp-odd (supersym-

B. Collider phenomenology

3Additional gaugedflavorn U(1), assuggested in Sec. VII, can
also contribute negatively t8, depending on the mixing between
the extra gauge bosafY and the ordinanZ [20].

4 . .
Note that theN=1 anomaly cancellation requirement of an even . . ; . :
number of Higgs superfields is automatically satisfiedNi 2 for metric) particle (LSP), the lightestM p-odd (mirror) particle

any number of Higgs hypermultiplets. The=1 requirement of at (LMP), and the lightest mirror supersymmetric particle
least two Higgs superfields with opposite hypercharge acquiringLMSP), which is odd under both parities. The LMSP could
VEVs (from fermion mass generatipis relaxed in the framework P€ the LSP, the LMP both or neither one. If both parities are
of low-energy supersymmetry breaking and the MN2SSM due tdPreserved, the LSP and LMP are stable. In addition, there
the appearance of non-holomorphic Yukawa terms. Therefore, ther@ould also be a third stable particle whose decay into the LSP
could be, in principle, only one Higgs hypermultiplet with only the and LMP is kinematically forbidden(For example, this
Higgs, not its mirror, acquiring a VEV. could be the LMSP if it is not the LMP or the LSP and it is
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not heavy enough to decay into thenfA stable charged LHC and the Tevatron via gluon fusion. If a mirror neutrino
(electromagnetic or color particle is excluded up to isthe LMP and all the superparticles are heavier, each mirror
~O(20TeV) cosmologically from failure of terrestrial quark can either decay through an on-shell electroweak mir-
searches for anomalously heavy isotopes of various elemenggr gauge boson,q —qi¢z,di¢,.q;dw, Where ¢z,
[25]. The only possible massive stable particles are therefore, ;" dw—1v', if kinematically allowed, or it directly de-
the mirror neutrinos; sneutrinos and mirror sneutrinos; theays intog; »»',q;l ' through an off-shell process. A typical
Higgsinos, mirror Higgsinos and mirror Higggi, and¢,;  event has to two energetic jetsvo charged leptons, in some
and ¢, and s (where we rotated the electroweak group tocasesand a missing energy. If the superparticles are not too
its SM basis. Note that even if the LSP is not stable due to heavy, mirror quarks can a|ternative|y decay through super-
the brokenRp (RPV), there could still exist a stable neutral symmetric channels. In addition to the jets and leptons, the

LMP, which could be the candidate for dark matter. final state could have in this case at least two LSPhe
Particle decays in the MN2SSM can be classified as foleyent reconstruction is more difficult in this case.

lows. Define the following: If one of the parities is violated, there is only one stable
(i) (+,+) to denote SM particlesquarksq, leptonsl,  particle, and if both are violated, all the particles will even-

Higgs bosongH, and gauge bosorgs W, B). tually decay into SM jets and leptons. The LSP and LMP

(i) (—,+) to denote ordinary supersymmetric particles|ifetimes depend in this case on the extent of the respective
(squarksg, sleptonsl, HiggsinosH, and gauginog,W,B).  parity violation. If the LMP decays outside the detector, it

(i) (+,—) to denote SM mirror particlegnirror squarks appears in the detector as a stable particle. Consider a mirror
q’, mirror sleptond’, mirror Higgs bosongd’, and mirror  fermion as themeta-stableLMP. A neutrino(or any other
gauge bosonsg,)). neutra) LMP leads in this case as well to a missing energy

(iv) (—,—) to denote mirror sparticlenirror squarksy’, signal. Mirror charged lepton LMPs leave a track in the cen-
tral tracking chamber and hit the muon chamber, with less
activity in the calorimeters. A muon and a mirror charged
lepton can be distinguished by the ionization ralte/dx
since the mirror particle is much heavier. If a mirror quark is
the LMP and stable inside the detector, it will form a quarko-
nium or combine with the ordinary quarks to form a mirror

mirror sleptons~|’, mirror Higgsinosﬁ’, and mirror gaugi-
nos ).

Here the first sign in the parentheses is the partidRys
charge, while the second sign is ks, charge. The allowed
two-body decays are then

(+,4)=(+,=)(+,=), (= )=, +), (=, =)=, —), hadron. Such states will lead to hadron showers in the hadron

calorimeters, and can be distinguished from a regular hadron
(+,H)(+,+), (33)  shower by the wider shower opening anfé]. If a mirror

gauge boson is the LMPand stable in the deteciorthe

(=, )= (=, =) (+,=), (=, H)(+,+), (34  signals will be similar to those mentioned above, depending
on whether it is neutral, charged and/or carrying color. If the

(+,=)=(—,=)(—,+),(+,=)(+,+), (355  LMP decays inside the detector, the heavy mirror particle
can decay into jets, leptons, or lighter supersymmetric par-

(=, =)= (=, +)(+,=), (=, =)(+,+). (36) ticles. A missing energy signal is still possible if the usRal

parity is exact. Otherwise, the signal mimics those of the SM

Three-body and many-body decays can be classified by afpeavy fourth family quarks and leptons and of the RPV

plying the two-body channels to off-shell proces¢@uartic =~ MSSM.

couplings need also to be considered it some cases. We conclude that once the center of mass energy of the
AsS a concrete examp|e1 consider a case with a top Squamture colliders is sufficient to produ(.:e the mirror fe_l’mionsl,

T as the lightest ordinary sparticle, which is heavier than théhey can hardly. escape detection. S.mce futqrg colliders .W'”

LSP (taken to be the mirror sneutrino which is also theeffectlvely provide to_p.quark 'factones,' sufficient energies

LMSP, as an exampleand LMP (taken to be mirror neu- will be reached, providing an ideal environment for search-

~ ~ ing for the N=2 mirror quarks(which cannot be much
trino). A possible decay chain of the top squarktissbW Ihegavier than the toplquarzu (wh )

—bl"v'—blgzr'—blvy'v', if it is kinematically allowed. Higgs boson production is also affected by the MN2SSM

(Intermediate steps could be on or off shelihe final state  spectrum. The existence of extra heavy mirror quarks can

contains in this case hjet, a charged lepton, and missing greatly enhance the single-Higgs-boson production rate in

energy. Alternatively, it could decay via a trilinear coupling, hadron colliders through gluon and quark fusions, since the

t—Db'H’*, leading to a similar final statel(3v)»'7»'. The  effective Yukawa coupling is of the order of unity. Neutral

neutrinos and the neutral LMPs and LSPs all lead in this caskliggs bosons can be produced radiatively gg— H°

to a missing energy signal, as in the ushat 1 MSSM case. through heavy quark loop27]. Higgs-strahlung associate
Since the masses of the mirr@matte) fermions are re- production rates for both neutrid@8] and chargedi29] Higgs

lated to the electroweak symmetry breaking scale and woultbosons through 2-3 processegg, qq—q’q’H (and in the

be at most a couple hundred GeV, they are most likely to bease of MPV also 2:2 processesjg—q’'H) can also in-

the first mirror particles to be produced at the colliders anccrease greatly. For example, REB0] argued that one gen-

are candidates for the LMP. The mirror quarks particularlyeration of mirror heavy quarks can increase the Higgs boson

deserve attention. They can be copiously pair produced at theroduction cross section fayg—H? by a factor of 6-9. In
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Ref. [28] the contributions of large Yukawa couplings to =2 symmetries, in turn, constrain the superpotential describ-
associated Higgs boson production was shown for the case @fg these superfield component interactions. In particular, an
large tan@ and of RPV. In addition, decay channels @ exchange symmetry between a particle and its mirror and an
sufficiently heavy Higgs boson to mirror fermions are also Abelian R symmetry imply that the superpotential does not
expected to be important. Last, if there are radiative Yukawaontain chiral Yukawa terms and mass terms, respectively.
couplings, they also affect the Higgs phenomenology angnote that theory considered is a globat=2 described in
create a misalignment between on-shell and magd(H))  the N=1 language; i.e., gravity was not introduced.
Yukawa couplings of the Higgs bos¢@s]. _ TheN=1 language allows one to use the spurion formal-
The sparticle phenome_nology IS also.ncher than n th&sm and supersymmetry breaking is parametrized by two in-
MSSM. For example, consider ttieight Majorananeutrali- dependent parameters, the spurion auxiliBYEV and a

nos andfour Dirac) charginos. If mirror parity is unbroken, : o .
there are two diagonal blocks in the neutralino and chargingnass parametevl which suppresses explicit breaking of the

mass matrices, each of which is an analogue of the usual global symmetru_es in the Kahler p_otentlal, W'Fh:M =
=1 case. TheM p-even neutralino block could provide the sgpersymmetry is to play a role in resolution of the SM
LSP while that odd block could provide the LMS®hich  nierarchy problem, themM=0O(TeV). Hence, supersymme-

may or may not be the LMP and/or LSFEach sector could try is broken at low energy and one has to consider all op-
decay, however, to particles in the other sectorMia con- ~ ators 10 ordeF?/M* in the Kahler potential. The effective

. . ~ o~ _ L theory below the supersymmetry breaking scale contains
serving couplings such as; ¢zH; . If mirror parity is vio-  \arjous quartic and Yukawa terms and tHe=2 andN=1

lated, then there are off-diagonal mixing terms between theg|ations between couplings are broken. Even though such
ordinary and the mirror Higgsinos and gauginos, which leady eaking is hard, it does not destabilize the theory but only

to complicated mixing patterns. Similarly, the mixing pat- aftects the calculability of dimensionful parameters.

terns of squarks and sleptons are also complicated in the ggiow the supersymmetry breaking scale, some ofNhe
presence of MPV terms, while new production and decay_, giopal symmetries may be preserved and could distin-
channeldand complicated cascadese open whethévlpis 4 ,ish the SM matter from its mirror. In addition, parity sym-

conserved or violated. metries, which do not commute with supersymmetry, may be
admitted by the supersymmetry breaking mechanRipar-
X. CONCLUSIONS ity and mirror parity were used to define sparticlas in the

MSSM) and mirror particles, respectively. If preserved, each

In this paper we have formulated a low-enefdy-2 su-  harity corresponds to a stable neutral particle, the LSP and
persymmetric framework in whichNN=2 supersymmetry is | pp respectively.

preserved down to TeV energies. The minifat+ 2 realiza-
tion of the SM, the MN2SSM, was presented and its proper-
ties studied. While from the low-energy point of view the
models do not have a clear added benefit in comparison to The explicit supersymmetry breaking terms in the Kahler
the N=1 MSSM to justify the extended spectrum, it is ul- potential must also break the vectorial symmetries imposed
traviolet constructions that suggest the possibilityNof2 by the N=2 global R symmetries so that chiral Yukawa
—N=0 supersymmetry breakiri§]. Therefore, it is impor- ~couplings can be generated. This can be doné&/byl pre-
tant to examine the viability of such a scenario, address th&erving, softly breaking, or hard breaking tree-level operators
issues it raisefparticularly its non-chiral natuyeand inves-  ~(F/M?)", n=1, 2. It can also be achieved by first breaking
tigate its signatures. The next generation of hadron collidethe symmetries by trilinear terms in the scalar potential and
in which top quark pairs will be produced in abundance, isgenerating the Yukawa terms at one loop. The latter leads to
ideal to test thN=2 framework via its mirror quark sector, O(GeV) quark masses while the former, in principle, could
adding urgency to such an investigation. To conclude, wéead to dangerous mixing between the SM fermions and their
review the main issues studied in this paper, comment ofnirrors. However, by invoking the globdR) symmetries,
some other issues such as unification and cosmology, congne can distinguish between operators which generate the
pare our framework to previous proposals, and propose furSM fermion masses from those generating the mirror spec-
ther avenues for investigation of tie=2 framework. trum so that the former is proportional to suppressed Yukawa
couplings or given by loop corrections while the latter is
given byO(1) Yukawa couplings. In particular, a large mass
hierarchy between the SM fermions and the mirror fermions
N=2 supersymmetry was assumed in this work to brealcan be achieved and the mixing between the sectors can be
to N=0 at low energies. We chose, however, to formulate itsuppressed aiif mirror parity is exact even forbidden. The
as anN=1 theory, constrained by a set of glollRsymme- SM fermion spectrum is controlled, as usual, by small
tries which preserve thid=2 structure. The spectrum is that Yukawa couplings while the mirror fermion spectrum is con-
given by embedding the SM iN=2 hyper- and vector mul- strained from above by the electroweak saale~(H).
tiplets, but it was written in terms of theM=1 superfield The heavy SM third familyespecially the top quaykis
components. The minimal embedding corresponds to then exception as its mass range is closer to that of the mirror
MN2SSM: Each MSSM superfield is accompanied byiae  fermions than to that of the lighter SM generations. Though
ror superfield in the conjugate gauge representation. Nhe such an hierarchy can be imposed by hand, here we consid-

B. Fermion mass generation

A. Framework
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ered the possibility that a mirror symmetry also plays theenergy N=2 theories is also called upon, but clearly, it
role of a SM flavor symmetry, allowing for mirror parity would be difficult forN=2 to escape discovery if realized at
violating mixing in the third family. The heavy top quark is TeV energies.
then explained by the heaviness of the third generation mir- We note that aside from direct searches for mirror par-
ror top. A toy model with an Abelian flavor symmetry was ticles, extra generations of heavy quarks could greatly in-
given along these lines. crease the Higgs boson production at hadron colliders via
A very small violation of mirror parity may also play a 9luon _fusion; t_)oth single boso_n pro_duption and production in
role in the smallness of neutrino masses. We suggested th@gsociation with quarks are, in principle, enhanced. There-
the small neutrino masses can arise from a variation on th{oré, an enhanced Higgs boson production cross section in
see-saw mechanism in which the SM neutrino mass is Cor{]adron coIhders_ goulq be a hint for the existence of mirror
trolled by the small mixing parameter between the ordinar)Part'Cles' In addition, if the SM Yukawa couplings are radia-

and mirror neutrinos. The mirror neutrinos must be heavielt'v.e’ i.t carries strong implications to Higgs physics, .SUCh as
than m;/2, as required by the invisibl& width, but could misalignment of mass and on-shell Yukawa couplings, as

wlain the smalln f the obli ramed th ; well as to low-energy observables such as an enhancement
expla € smallneéss of In€ oblique para hey are by an inverse loop factor of the anomalous muon magnetic
not much heavier than that. This in fact occurs in the sam

fhoment
: - 2 i
framework as the second eigenvalue is given~byH)</M. The phenomenological implications &f=2 supersym-

. . metry are rich. Here we focused on those which could be
C. Signals and constraints studied in a relatively model-independent fashion. However,

The contributions to the obliqué parameter from the the_details pf the model, for example, the extent of mi'rror
extra three chiral generations provides a strong constraint op@!ty violation(if any) and the flavor theory, can determine
the MN2SSM. In particular, it implies that the mirror fermi- many aspects of the model phenomenol(_)gy such as the stable
ons cannot be degenerate in mass and cafaibtbe too particles, the cascade chains, and indirect effects in low-
heavy; for example, the mirror neutrino may be relativelyenergy and electroweak SM observables.
light. In addition, it also suggests light neutralinos and mirror
neutralinos (with significant custodial-symmetry-breaking
mixing). A dedicated fit to electroweak data in the MN2SSM  The high precision in which the SM gauge couplings are
framework is necessary, but is beyond the scope of thisurrently measured strengthens the successful gauge cou-
work. It is currently underway and will be reported else- pling unification picture ilfN=1 theories(See, for example,
where[13]. Ref.[3].) Unfortunately, MSSM-like Planckian unification of

On the other hand, due to the low-energy supersymmetr&he gauge couplings seems inconsistent with the framework
breaking, the Higgs boson mass is not constrained fron®f low-energyN=2. Since there are no higher-loop correc-
above as in the MSSM since its mass could be proportiondfons inN=2, it is sufficient to examine unification at one-
to an arbitrary quartic couplings. The Higgs sector couldloop order. The one-loop beta function coefficients of the
contain two or four doublets, any number of which could SM gauge couplings in the MN2SSM are large and positive:

participate in supersymmetry breaking. Choosing the MSSM

limit of two ordinary Higgs doublets acquiring VEVs, we b)=2=
find a Higgs potential which is more similar to that of a

generic two-Higgs-doublet model than to the MSSM.

The spectrum of new patrticles is very rich, and containsTaking M as before to be th&l =2 breaking scale, above
three new sectorgsparticles, mirror matter, mirror spar- which one has th&l=2 MN2SSM spectrum, while between
ticles), which do not mix with each other, and tWm some my; andM resides either thBl=1 MSSM orN=0 SM spec-
cases even threstable particles. If eitheR or mirror parity  trum, we find thatM has to be of the order of 1#bGeV (for
is broken, mixing is introduced and the number of stableN=1 below M [31]) or 10'* GeV (for N=2 breaking di-
neutral particles is reduced respectively. The most obviousectly to N=0) for MSSM-like unification to hold. This is
candidates for discovery are the relatively ligh{t00—300  inconsistent with the assumption that the=2 breaking
GeV mirror quarks, while any stable particles are likely toscale is near the electroweak scdlEhe situation does not
correspond to missing energy. improve if there is only one Higgs doublet hypermultiplet.

The extra generations of mirror quarks and leptons at thélternatively, the MN2SSM implies unification 2—4 orders
electroweak scale provide the smoking gun for testing thef magnitude above its scald, i.e., at intermediate energies.
N=2 framework at the LHC and the Tevatron. Typical Indeed, given the non-asymptotically free behavior of the
events consist of jets leptons+ missing(transversgen-  gauge couplings it is hard to imagine that there is a true
ergy. The missing energy is generally greater than inNhe desert between a low-energy=2 breaking scale and the
=1 supersymmetry “events,” as the final states could in-sub-Planckian MSSM unification scale of #0GeV. New
clude two or more neutral heavy stable particlgsmirror physics may manifest itself as an extended gauge group, new
parity is slightly violated, there still is a stable particle as inthresholds, or even an extendde- 4 supersymmetriwhich
the usuaN=1 case, as long & parity is preserved and vice is finite), and could play a role in resolving the unification
versa) Detailed study of the collider phenomenology of low issue. Note that the embedding M=4 must involve also

D. Other issues of interest

5 bY=2=10, b} ?=86. (37)
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extending the gauge group as all of the SM representations 00 » O

must be embedded in that case in the adjoint representation 00 0

(of an extended gauge groypvhich is an interesting possi- o= 2y X 39

bility. m=V2Y| o g g X 39
Another issue of interest that we did not pursue here is the 0 00 O

cosmological and astrophysical implications of such sce-

narios. It is interesting to revisit issues such as electroweak o, shortcoming of this approach is that the mirror fer-

scale inflation[32] and electroweak scale baryogend$&ig] mion masses are constrained by the EWSB scale,
which can be sensitive to the new rich electroweak structure.

In particular, we expect baryogenesis constraints to be af-
fected by the presence of large Yukawa couplings and the

large number of Majorana fermions and of singlet i1 which is not consistent with experimefibased on fourth

A detailgd study of neutrino mass and mixing patterns s als?amily searches Another crucial drawback is that all of the
of great interest(Here we only addressed the question of theSM fermions have only loop masses, which is unacceptable

overall scale of neutrino Masses. . in the case of the top quafknd ther lepton. A realization
We also note in passing that the cosmological constant is ) .
; S . oo of the 3-4-1 scenario was derived more recently from a spon-

zero in theN=2 limit. If the leading contribution from su-

L 4 . taneously brokemN=2 supergravity7].
pers_ymmetry brizaklng is then of the OrderM?/MP'_a“C'f(m Our approach relies instead on low-energy supersymme-
particular, theM*® terms are cancelgdwhere gravitational

" d 1o b dbyi try breaking and on the tree-level operators it induces. It is
corrections assumed 1o beé Suppressed Dy INVErse POWers g, .o accommodating for embedding the SM than either the
M pianck it leads to values of the cosmological constant con

: pure loop approach or the 3-4-1 approach and it retains a
sistent to the currently preferred value-e{10 2 eV)* [35]. Eufﬁcientpprepcpi)ictive power PP
The MN2SSM can provide a natural realization of the gen- '

eral arguments for such a framewdi6].

mi?+ np®=2My, (40

F. Outlook

E. Previous works In this paper we addressed some of the more fundamental
issues such as the scale of supersymmetry breaking, fermion
mass generation, constraints and discovery prospects. In each
of these areas there is clearly room for further study and

Althouah th tor th I K ql " exploration, as indicated in the discussions above, in particu-
ough the masses for the usual quarks and leptexsep lar, a consistent analysis of all constraints on the one hand,

the third generationcan be generated at the right order of and of collider signalgincluding the Higgs sectpron the

magnitude, the mirror quarks and leptons are typically 00, ther
light. :

Realizing that th diativel q . - While we focused on mirror symmetries and on distin-
_ Realizing that the radiatively generated mass Is not suffly ;ishing matter from mirror matter, we only briefly touched
cient for the mirror fermions, it was proposé¢€l] that the

upon the issue of flavor symmetries. In fact, flavor symme-

mirror fermion mass may be generated at the tree level Vigjes may be entangled with the mirror symmetries, rendering
the only Yukawa terni Y®yX]g in the superpotential if the o haayy SM fermions “more similar to” the mirror fermi-

SM SU(2), is extended tBU(4) . The gauge group is ,ng This is a new paradigm for flavor symmetries which
SU(3)c X SU(4)LrxU(1)y (3-4-1 and the ordinary and qfers new avenues for construction of theories of flavor
mirror matter representations are which were not yet explored.
Here we subscribed to an effective approach, allowing the
X most general Kahler potential, which is constrained only by
X:(_L> ~(1 or 340y, the symmetries. Ultimately, one would like to derive a suit-
R able Kahler potentialand find the necessary terjrfsom a
spontaneously broke= 2 supergravity theory, and perhaps
\a L from a more fundamental theorgThis was done in Ref7]
Y= <_ )~(1 or 3,4,—Qy), (38)  for the 3-4-1 framework of Ref6].) The scale of the more
Xr fundamental theory needs also to be explored and it is sug-
_ ) gestive that some new physics exists only a few orders of
whereX .Y are the ordinary and mirrd8U(2), doublets, magnitude above the supersymmetry breaking scale. The
while Xg,Yg are SU(2)g doublets and their mirrors. Here embedding ofN=2 extensions of the SM in theories with
Qy and — Qy are theU(1)y hypercharge of the superfields extra large spatial dimensionsvhere N=2 naturally ap-
X, and Y_, respectively. Note that conventional ordinary pears and/or strongly interacting string theories is also
and mirror particles mix irX andY. By appropriately arrang- worth exploring.
ing the parameters in the scalar potential, $1é(4) mirror All'in all, the viability and richness olN=2 extensions of
gauge bosorb, acquires off-diagonal VEVs, which give the SM introduce many questions worth pursuing, from mir-
masses to the mirror quarks and leptons, while the usuabr quark searches to Kahler potential construction in the
matter fields are kept massless: case of low-energy supersymmetry breaking. These are inte-

Previous attempts to construdt=2 models were based
on either quantum correction &f=2 gauge-Yukawa cou-
plings [6]. The former was described in detail in Sec. IV.
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