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Small neutrino masses from supersymmetry breaking
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An alternative to the conventional seesaw mechanism is proposed to explain the origin of small neutrino
masses in supersymmetric theories. The masses and couplings of the right-handed neutrino field are suppressed
by supersymmetry breaking, in a way similar to the suppression of the Higgs doublefumbigsv mecha-
nisms for light Majorana and Dirac neutrinos arise, depending on the degree of suppression. Superpartner
phenomenology is greatly altered by the presence of weak scale right-handed sneutrinos, which may have a
coupling to a Higgs boson and a left-handed sneutrino. The sneutrino spectrum and couplings are quite unlike
the conventional case—the lightest sneutrino can be the dark matter and predictions are given for event rates
at upcoming halo dark matter direct detection experiments. Higgs boson decays and search strategies are
changed. Copious Higgs boson production at hadron colliders can result from cascade decays of squarks and
gluinos.
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I. INTRODUCTION dimension 5 operator dfl). Right-handed neutrino fields
are introduced, with Majorana masskksand couplings to
Why are neutrinos much lighter than charged leptons, buthe lepton doublets:
not absolutely massless? It is universally recognized that this
can be S|mply and elegantly understood in Srt_J(Z) _ = MNN+§LNH, 3
X U(1) effective theory. The most general, gauge-invariant 2
interactions of dimension less than 6, which can lead to
masses for the known leptons from the vacuum expectatiowhere M and ¢ are mass matrices. On integrating out the

value (VEV) of a Higgs doublet, are heavy neutrinos, the well-known seesaw mechanism gives
N IM in Eq. (1) by éTM £ [1].

N In supersymmetric theories, there is a very important rea-

Leii=ANLEH+ MLLHH, ) son for questioning this simple view of neutrino masses: the

low-energy effective theory must contain more fields than

the leptons, the Higgs boson, and their superpartners. In par-
whereL andE are the lepton doublet and singlet fields, andticular, there are two Higgs doublet superfields andHg,
H is the Higgs doublet. The dimensionless matrix of Yukawaand there is another sector of the theory which spontaneously
couplings,\, has a hierarchy of eigenvalues to describe thdreaks supersymmetrySUSY) and triggers electroweak
masses of the charged leptons. Such a hierarchy could resgymmetry breaking. At first sight these additions seem irrel-
by promoting the couplings to fields,— ¢/M, which ac- evant to the question of neutrino masses, but closer inspec-
quire VEV's to sequentially, spontaneously break the flavoition reveals new opportunities. An important objection to the
symmetryGg. Such a flavor symmetry will also result in a minimal supersymmetric standard model is that it is not the
certain structure for the neutrino mass matrix ¥ia The  most general low-energy effective theory consistent with
mass scal®/ is the cutoff of the low-energy effective theory. SU(3)XSU(2)XU(1) gauge symmetry. The gauge symme-
The crucial point is that if this cutoff is very large, for ex- try allows a bare mass term for the Higgs fieldsH Hq]
ample the Planck or gauge coupling unification scale, the@iving the expectationu~M, which removes the Higgs
the neutrino masses are very small. While the charged leptditelds from the low-energy theory. This is known as the *
masses are linear in the Higgs VBV the neutrino masses problem” in supersymmetric theories.

are quadratic: In this paper we take supersymmetry to be broken in a
hidden sector, at the intermediate scate, via fields Z:
. (Fz)~m?~uMp,, whereMp, is the Planck mass. The su-
mﬁm. (2) persymmetry breaking is communicated to the standard

model by supergravitational interactions, so that the cutoff
for the low-energy effective field theory M p,. This gives

The power of this effective field theory approach is that norise to superpartner masses at the weak scale in the usual
assumption need be made about the full theory at or abowray. In this case, the aboveu*problem” is easily solved by

the scaleM. The only assumption is that the low-energy introducing a further global symmetrg, and dividing the
theory is the most general allowed by its symmetries. Neviight matter superfields into two types. There are fields which
ertheless, there is a very simple theory which does lead to thare chiral with respect to the gauge interactions, such as
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andE, which are guaranteed to be massless until the gauge In Sec. Il, we study the general low-energy effective
symmetry is broken, and there are fields which are vectortheory for the interactions df andN with H, and X, with a

like, such aH,+H,, which are kept massless only v  view to studying the interesting forms for the neutrino mass
Furthermore, the fieldg which break the flavor symmetry matrices. The above Majorana and Dirac cases are consid-
do not breakG—the vectorlike fields acquire mass only from ered further.

supersymmetry breaking. There is a subset of Zhigelds, What are the consequences of our proposal that neutrino
which we call X, that transform nontrivially unde@. This  masses are suppressed relative to charged lepton masses by
ensures that is of the order of the supersymmetry breaking supersymmetry breaking factors? While the most immediate
scale, as it must be for electroweak symmetry breaking t@onsequence is that it opens up a new class of models for
occur successfully2,3]. In particular, the operator neutrino masses, the most important consequence may be
that supersymmetric phenomenology can be drastically al-
tered. This is largely due to the possibility that the right-

handed sneutrinop, can now be at the weak scale and
couple via a newA-type interactiont:

1
M—PI[X HuH4lp (4)

leads tou~F/Mp~mZ/Mp~v, whereF is the VEV of the
highest component oX. 1 .

The right-handed neutrino field$ like H,+H4, are vec- M_[XLNHU]F:)U Inhy. (8)
torlike with respect to the gauge interactions; hence the cru- PI
cial question becomes how they transform un@eif they o o ) ]
are also vectorlike with respect @ they will acquire a large  1he structure of this interaction is investigated in Sec. Il Its
mass, from which the seesaw proceeds via(Bpas usual. consequences for the sneutrino mass spectrum is studied in
Alternatively, they may be protected from acquiring a largeS€¢- IV, and its consequences for the lightest sneutrino as the
mass byG, in which case they will appear in the low-energy cosmological de_lrk matter in Sec. V. We find two interesting
effective theory. The question of neutrino masses now he¢aSes where this occurs, and each case predicts a character-

comes much richer, since it is necessary to study all possibli§tic signal in upcoming experiments to directly detect halo

interactions ofL andN in the low-energy theory. In particu- dark matter. .
lar, mass terms can be induced via interactions with Higgs The A-term interactionlnh, can significantly alter the

VEV’s and with X VEV’s. decay branching ratios for charged and neutral Higgs bosons
By analogy with Eq.(4), the right-handed neutrinos may in supersymmetric theories. This is studied in Sec. VI, where
acquire mass via the operator we find that, for certain ranges of parameters, the debays
—pn andH* =T can be the dominant decay modes. Fur-
L[XTN Np, (5) ther consequences for collider phenomenology, arising from
Mp the A-term changing the decay chain of are discussed in

giving the right-handed neutrinos a Majorana mass of ordersec' VII. Finally, in Sec. VIII we study the rare lepton flavor

. . violation implied by our mechanism for neutrino mass gen-
of the weak scaley. The seesaw mechanism can still be eration P y 9
operative if the Yukawa couplings are suppressed. For ex- Here we mention a few other interesting alternatives to

Z{ntﬂlf'ir']ft;?feggpe@;g;fstﬁzqggfjfﬁ;ompo”em VEV the seesaw mechanism th_aF were considered pre_viously. One
’ extensively explored possibility is that small neutrino masses
1 arise fromR-parity violation in supersymmetric theorig4].
——[XLNH,]. (6)  Also, a small Yukawa coupling can, in principle, at least, be
Me understood with the Froggatt-Nielsen mechanidi,

In general, the coefficients of these higher dimensional opthrongh the ratio/M of the VEV of a supersymmetry con-

erators are understood to depend on flavor symmetry breal?—er\ll('jng ;purlclon o(\j/_er some hllgther ma?st_scale. Such a VEV
ing, and are functions ab/Mp,. The seesaw now gives light could arise from dimensional transmutation, or, as recently
' 2,5 5 discussed in Ref[6], from radiative symmetry breaking,
Majorana massesn,~(mp/Mp))/(M{/Mp)~v/Mp— . . .
which was employed in Ref.7] to give small masses to
the usual result. : : P . : :
. - . sterile states which mix with ordinary neutrinos. The possi-
Even simpler possibilities occur: ti& qguantum numbers

may prevent a right-handed Majorana mass to very high Ort_?lhty of using supersymmetry breaking operators to generate

. g light sterile states was initially explored in R¢8], and the
gggrz(:otpat the dominant mass term is Dirac. For example th ossibility of using supersymmetry breaking operators to ra-

diatively generate Majorana masses for the left-handed neu-
1 trinos was considered in R4B]. Unlike the theories of Ref.
M_Z[XTLNHU]D (7
PI

1If we wish to combine the unsuppressiderms arising from Eq.
dominates either if the operat() is forbidden byG or if X (8) with the light Dirac neutrinos whose masses are generated by
does not have aA component VEV, and gives light Dirac Eq.(7), we must require that th& component VEV ofX be small:
neutrinos of mass,~Fuv/Mp~v?/Mp,. [X]a<v.
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[7] and [8], the models we construct give just three light
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term will generate an intermediate scale mass folNlIsealar

neutrino mass eigenstatésithough simple extensions lead ' and this case is thus of less phenomenological interest.

to additional light statesand unlike the work of Ref9], the

Furthermore, precisely the same term must be omitted in the

neutrino masses in our framework arise at tree level. Mosginimal supersymmetric standard mo@SSM) (XH,Hy),
important, as discussed above, the present class of modejfd its omission here seems very natural. For these reasons

features a natural mechanism for generating weak skale
terms involving theN states, which has not been previously
discussed.

Il. SMALL NEUTRINO MASSES FROM F TERM SUSY
BREAKING

We begin by considering the low-energy effective theory
which describes the interactions of the leptanandN with
the Higgs doubletd,, and the fieldsX which spontaneously
break both supersymmetry and the global symmetry grou
G. We imposeR parity, which changes the sign of tlheand
N superfields, as well as the superspace coordifateut
leavesH,, and X unchanged. Expanding in powers of\l/

1
Letr=[Ca XNN+Cy A NHJ¢ + 1 ([Cs XLNH,
+C5ALH )2+ Cs N+ C5 A XN) e+ [C5 X 'NN]p)
1
+ W([c&leLNHﬁcG,zxxTN Nlp
+[ 6 X3N?+Cg X(LH )T +-+). 9

Here and below, the energy scdlkeis the ultraviolet cutoff
of the low-energy theory, such as the Planck scale or th
grand unified theoryGUT) scale.

We have included all possible operators even though,

many may be excluded by the global symmeBydepend-
ing on the model. The bare mgdsN]¢ is always forbidden
by G and is not shown. Likewise, the mass terXbl are
forbidden by R parity. The flavor structure is not shown
explicitty—there are threé fields and one or mor#! field,
and in general the coefficients; are power series in flavor
symmetry breaking parametegs/M. If X acquires anF
component VEV, the operatdiX(LH,)?]¢ leads to radia-

tively generated Majorana neutrino masses, even without the

existence ofN fields[9]. In the explicit models constructed
below, this operator is forbidden, so that, vanishes. There
are other dimension six operators, such BSNL'L]p, but

these will not affect the structure of the model nor the phe-
€41 Must be zero for another reason. If one allowed such a large

nomenology, so we will not discuss them. It is possible tha

even higher dimension operators are important for generatin

neutrino masses, but in the explicit models discussed belo

the above expansion will be sufficient. However, in Sec. V

we will consider important consequences that lepton-numb

we will take c, ;=02

The structure of the theory can vary, depending on a few
elements. In particular, K develops arA component VEV,
the size of the Yukawa couplings will be different. There are
three different natural values for the componentM, \F
and zero. If it isM, then the Yukawa couplings from thog ;
term in Eq.(10) are of order 1, which is phenomenologically
unacceptable. We consider the other two alternatives in
greater detail. We will begin by considering situations with
only one generation.

p

A. One light Dirac neutrino

If the A component ofX is zero, butX does gain ar
component, we generate Yukawas

XT

M (10

F
= 1 [LHWNTE
D

LH/N

If we assume thaBg setscs 5= 0 in Eq.(10), so that there
is no Majorana mass for the right-handed neutrino, then we
have generated a Yukawa of ordbtg,sy/M. When the
Higgs field takes on a VEV, we then have a mass for the
neutrino O(v?/M). This is astonishing, because we now
fave a naturally lightDirac neutrino, with a mass of the
correct size to explain the observed phenomena associated
ith neutrino mass. If this is correct, then experiments
studying neutrino mass havalready begun to probe the
structure of supersymmetry breaking.

As discussed in Sec. |, the present class of models fea-
tures a natural mechanism for generating weak s&dérms
through the operatdr

F

11)

X F
SLHUN| =] LHN
A

2If the A-component VEV ofX is zero, one might also think that

persymmetry breaking mass fbi such that the fermion was
esent in the weak-scale theory, but the scalar was not, one might
orry that loop effects would destabilize théM hierarchy. How-

ever, all dangerous diagrams that appear are suppressed by small

W

Hukawa couplings and are harmless.

violating dimension seven operators can have in the contexts\ynather these are precisely the right size is not of particular

of dark matter.

concern. This is an effective theory aMicould easily beM ¢,

Before we consider particular symmetries, let us explore,; some other scale, in which case the Yukawas are larger.

which combinations of operators are phenomenologically in
teresting. In later sections, we will exhibit particular symme-
tries which realize these scenarios. Sil¢enust appear in
combination with some of th¥; superfields¢, ,=cC53=0. If

we allowc, ;# 0, whenX; obtainF component VEV’s, this

11501

- 4In fact, if (X)=6°F is generated in the global supersymmetry
limit, supergravity effects will generate a small shift in thecom-
ponent, giving{X)~F/M p,+ 62F [10]. Thus the largeA terms and

the small Dirac neutrino masses can be generated from the operator
of Eq. (11) alone[11,12.
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Much of the rest of the paper will be spent working out somefirst term of(14) will now generate a Majorana mass féiof

of the consequences of the&derms. the orderF/M~100 GeV, yielding a LR neutrino mass ma-
Operators like Eqs(10) and(11) could be selected by a trix

symmetryU (1), ® U(1)y, with fieldsX andX, with charges

(1,1), and 1,—1), respectivelyE, L andN have charges 0 v\FIM

(—=1,0), (1,0) and (0,1), respectively. With these charges, vFIM E/M

the only operators of dimension 6 or less allowed are

(15

After integrating out the heavi fermion, we are left with a
Majorana mass for the neutrino with a simg~v?/M, again
reproducing the seesaw reslilt.

We will refer to this scenario, in which the right-handed
neutrinos have Yukawa®(\/F/M) and weak scale Majo-
rana masses, as “Majorana mass from supersymmetry break-
ing,” or sMajorana for short.

Ce 1

+| 2IXLNH
M

D F

12

Co,1,, +
WX LNH,

The superfield( andX could acquireF component VEVs,
but no A component VEV's if embedded in an
O’Raifeartaigh model. Given a superpotential

W=S(Y7— ,U,Z)"FYZY'FVZX, (13) Ill. FLAVOR STRUCTURES

o ) ) . In Sec. Il, we concerned ourselves simply with the origin
the minimum of the scalar potential will occur witty)  of the neutrino mass itself, but did not address the additional
=<y)=,u/\/§. HereY and Y have charges (1/2,1/2) and question of what determines the structures of these masses
(—1/2,—1/2), respectively. Two linear combinations®fx  when we include additional generations. As discussed in Sec.
andx will have positive masses at tree level, while the third!, we are considering a scenario in which the global symme-
independent combination will obtain its mass in the one-loogry of the theory isGE® G®SUSY. G must include some

effective potential, stabilizingx)=(x)=0. Note that the SYmmetry to keep the Higgs doublets and right—hande%i neu-
presence of the superpotential te[(TVZIMZ)LNHu]F gen- trinos light, andGg may include symmetries such BK3)

erates a contribution to the Yukawas of the same order o\thiCh relate the different generations,
magnitude as that fro(X/M2)LNH, ], . Also note that The key feature of our model is that the supersymmetry

. . breaking spurions also contain charges ur@@eYVhen these
Fh|s breaki)(l)N®U(l)L, but preservesJ(l)LTN, which ._spurions acquird=, and possiblyA component VEV's, they
is the ordinary lepton number symmetry. We will refer to this .\~ 5 course they need not be charged merely under
scenario, in which right-handed neutrinos couple with SUPG put potentially ,under some larger groth where G
pressed Yukawas, but have no Majorana masses, as “DirargG:)H:)G In the most minimal frameworkH =G aan
rr;}asses from supersymmetry breaking,” or “sDirac" for would contain only those symmetries which are necessary to
short. suppress the. term and the right-handed neutrino masses,

for instanceU (1), ® U(1)y in Sec. Il A, or theR symmetry
B. One light Majorana neutrino in Sec. Il B.

An alternative to generating light Dirac neutrino masses With such an assumption, the textures of the neutrino
from supersymmetry breaking is to instead generate lightnass matrices and th&terms would be determined by su-

Majorana masses. We begin by considering the operators Persymmetry preserving elements of the theory. For instance,
in the sDirac scenario, the couplings would be given by

X' X
[ I (19 [N HUL'NTTE= XA H LN, (16
Such terms could be justified by &symmetry, wheré has Ajjh,T'ni= [YA(]- H,L'Ng, (17

anR charge 2/3L andH both have arRr charge 0, an& has

an R charge 4/3. IfX takes on anA component VEV  whereA;; and A{; are supersymmetrgreservingbut flavor
(X)|y—o=+F, as well as anF component VEV, F breaking spurions. As such, an explanation of structure of the
~ (10" GeV)>~vMp,,° then the second term in Eq14)  Yukawas andA terms is beyond the scope of our scenarios.
generates a weak scaeterm, but now generates a Yukawa However, because of this, in the presence of a flavor sym-
coupling to the Higgs boson as well, roughly of the sizemetry, we are able to easily relate the structureAgfand
JF/IM~10"8. If this were the end of the story, then we Nij-

would have aDirac) neutrino mass-1 keV. However, the

A weak scale Majorana mass fof could have been generated
SFor instance, in the SUSY breaking model of R@f3], a chiral ~ with nonzerocs 4 as well. However, the scalars would then have a
superfield naturally develogsandF components of the same order supersymmetry breaking mass squa@(h/FM,,). Thus, for the
of magnitude under the dynamical assumption that a constant agame reasons we toal ;=0, we do not consider the case where
pearing in the Kahler potential is negatilEl]. Gk allows nonzeras 4.
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However, in the sMajorana case, the couplings will be ) , 1,
given by mE,=m + 5 mz cos 25,
Aiih, 'l =[ XA H LN g, (18 L
2 2 . 2
o o m: =m¢ +| sir? bw— 5| Mz cos 28, (22)
[)\ijHULIN]]F:[XAA”HULINJ]F . (19) L

wherem, is the soft scalar mass for the left-handed sleptons.
For tanB>1, cos B<0 and theD-term splitting pushes the
. . . sneutrino mass down and the charged slepton mass up. The
necessarily relate thd term matrix to the neutrino mass ; :
. : : present experimental bound; >70 GeV still allows for
matrix obtained by the seesaw mechanism. L

We consider this to be the minimal scenario, in whitis light sneutrinos due to this splitting. However, if in the future
as small as possible, so to speak. Howetegan easily be it becomes established thﬂlTL is very large, much of the
much larger. Indeed, people have investigated the possiblghenomenology associated with light sneutrinos will be ruled
effects of baryon and lepton number violation operators fronput in the MSSM. In our model, with light right-handed
supersymmetry breakir{@]. A priori, there is no reason why sneutrinos, the story is quite different, both because/Ahe
we should reject the possibility thet=Gr® G. If that were  terms provide an additional source of splitting between the

Here the Yukawas are precisely the same asftherms, but
due to the potential mixing of th&l’s, it is impossible to

the case, we would write the sDirac couplings as sneutrino and charged slepton masses, and because the right-
o o handed sneutrino mass is not linked to slepton masses by
[)\”HUL'N']F=[X$HUL'NJ]D, (200  gauge invariance. Thus, evennf, is quite large it is still
possible to have significant change in phenomenology that
AijhuTiﬁJ:[ZjHuLiNj]F_ (21)  Wwould otherwise be absent.

To better understand the spectrum, we consider a single

Now the spurionsX and X carry generation indices them- Sneutrino generation with mass-squared matrix:
selves. We assume that charged fermion Yukawas are gener-

ated in a supersymmetry preserving sector of the theory. 5 m?2+ %mé cos28 Avsing
Since the flavor structure &f andX is entirely determined in m;= : (23
the supersymmetry breaking sector, they need not be aligned Av sing mé

with those of the supersymmetry preserving Yukawas. Con- ) .
sequently, a large mixing between, and v, is natural. Of ~ Given thatm, , mg andA are independent parameters, this
course, the small mixing between, and this heavy state matrix can have very different eigenvalues. We plot the mass
(8,3<0.16 as required by CHOO[4]), must be viewed as SPectra for various choices of, andmg as a function ofA
somewhat of an accident, but not necessarily a fine tuning? Fi9- 1. . _
This is similar to the anarchy proposal of REE5], except An independent lower bound on the sneutrino mass in the
that here we need not relate the Yukawas'ainde, and a  MSSM, n;>44 GeV, comes from the measurement of the
hierarchy of eigenvalues could still possibly occuXinCon- invisible width of theZ, and is also altered by the addition of
sequently, even for sDirac neutrinos, anarchic aspects of tHé@ht-handed sneutrinos. The lightest sneutrino in our model
theory are reasonable. Whether this is compatible with supetS & superposition of left- and right-handed states:
symmetric flavor changing constraints is an important ques- ~ ~ . ~
tion. We will address this further in Sec. VIII. V1=~ SN+ vg COSH. (24)

It is important to note that we do not need three right- . - .
handed ngutrinos for the cases of Secs. Il A and |l B.gThe!]c this state is light enough to be produceddrdecays, its

presence of just twdl states is enough to generate either twoCOntrIbUtlon to theZ width is given by

massive Dirac or two massive Majorana neutrinos. The re- it o ot | 2\ 312
maining neutrino is simply a massless Weyl neutrino. In a _S / _( Vl) ) r (25)
certain sense, this is more minimal than with thMgs, but 2\ mz !

the phenomenology is largely unchanged. . . . .
One limit of this could be that there is, in fact, only oNe wherel” ,=167 MeV is theZ width to ordinary neutrinos. If

Here, one might generate Majorana masses for the neutrindé® take the current LEP limit of 2 Me}16], the sirt ¢ factor -
through an ordinary GUT seesaw, while a sDifaavould a_IIows us to e\_/ad(_e the bounds regardlgss of mass provided
contribute a fourth mass eigenstate, resulting in four MajoSin#<0.39, which is a very mild constraint.

rana neutrinos. Given appropria@: charges, other, more  Althoughm,, mg andA are independent parameters, we

exotic possibilities may exist, such as combinations of sDira&n 9ain some intuition into their sizes from their renormal-
and sMajorana neutrinos. ization group running. In fact, it is somewhat natural to have

mg<m, in the low-energy theory. The runnings of_ and
IV. SNEUTRINO MASS MATRIX mg are governed by
2
In the MSSM, the sneutrino and charged slepton masses dml-: _ 3 92M2— 9ZM2+ 1 A2 (26)
are intimately related: dt 1672 72 80m2 YY1 16mw%
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sin® sin®
132)0 0 0214 0363 0454 0511 Y9 0513 0609 0642 0.658 0.668
Jopf s 200
150 FIG. 1. Slepton mass spectra
mass/GeV 60 as a function ofA for (8 m_
___________ 100} wmmmeemancn =100 GeV,mz=50 GeV,(b) m_
L T L =200 GeV, mg=100 GeV, (c)
of T 50 m, =300 GeV,mg=200 GeV, and
(d) m_ =200 GeV,mz=300 GeV.
0 5 10 15 20 0 20 40 60 80 100 The solid line is the mass of the
heavier sneutrino, the dashed line
3c5)0 0 0.629 0.668 0.681 0.688 0.692 0.694 d) 0 0.624 0.666 0.680 0.686 0.691 0.694 that of the lighter sneutrino. The

2(5)3 / dotted lines are the masses of the

sneutrino (lower dotted and
250 charged sleptothigher dottedl in

300
250

eV 200 200 s the MSSM. Curves are drawn for
ass 150 150 tanB=5, and are relatively insen-
100 100 sitive to tans.
50 50
0 50 100 150 200 250 300 0 50 100 150 200 250 300
AlGeV AlGeV
dmg 2 breaking is that the lightest superpartri&SP) is a good
—= —zAZ, (27 candidate for dark matter. Searches for superheavy hydrogen

dt 167 have ruled out a charged LSP, leaving the neutralino and the

0 2 . ) sneutrino as candidates for dark matter.
wheret=In(u/ug). Sincen is a standard model singlet, A number of direct searches for dark matter have been
there are no gaugino loops to drive its mass upward as Wearried out[18—2( which essentially excluded sneutrino
run the energy scale down fromp, to Myy. Likewise, there  dark matter in the MSSM unless; <10 GeV. However, as
are new, sizable loop diagrams arising from ferms(Fig.  we have already discussed, measurements of the invisible
2), which push the soft masses down. However, two stdtes (width of the Z exclude such a light sneutrino. Within our

and7) can propagate in the loop contributing g, while ~ framework, theZ width provides only a mild constraint, and
only one fi) can propagate in the loop contributing g we are free to explore the possibility of a light sneutrino dark
pushingnr, down faster tham ' matter candidate. A second, equally important point is that
In sumpnary the mass mat;ilx can have tway different the sirf 6 suppression of the light sneutrino coupling to the
mass eigenstates, and there can be particles that couple Vé)&son greatly reduces the sneutrino-nucleon cross section,

much like?, but with suppressed couplings and masses unr_’naking it possible even for a heavierto evade direct de-

related to our expectations from the MSSM. The lightest i t_ectlon. Flnally, if we include lepton ngmber violation, the
ightest sneutrino cannot scatter elastically ¥isexchange

likely to be dominantlyn, such that its mass is not restricted [21], further diminishing the limits from direct searches.
by Z decay data. Sneutrino dark matter requires the presence ofitherm of
Eqg. (8), and hence is linked to the other phenomenology of
V. SNEUTRINO DARK MATTER the interaction.

One of the appegllng .feature.s pran.ty conserving su- A. Dark matter without lepton number violation
persymmetric theories with gravity-mediated supersymmetry
1. Light sneutrinos

e We can determine the relic density of light sneutrinos
(nm,<10 GeV) through standard method22]. The domi-
s nant annihilation process is througfchannel neutralino ex-

n n change. If the neutral-ino exchange dominates, we find

Mg \?%/0.19
100 Ge sing@

where h is the normalized Hubble parameter. We find it
highly significant that foM-ino masses of roughly 100 GeV
FIG. 2. Loops contributing to the running of;, . and angles roughly half of the limit from the invisibl&

4

h?~ , (29)

Q

K ~
": 14 1
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FIG. 3. Contours of2h?, whereh is the normalized Hubble parameter, as a function offfigo massmg (assuming GUT unification
of gaugino massesand sind. Both shaded regions yield relic densities below overclosure, with the lighter shaded region corresponding to
values of() preferred by supernovae ddtt/]. In (a) we takenm; =10 GeV, and in(b) we takenr; =100 GeV,A= 20 GeV, tar@=50, and
m,=115 GeV. For(b), direct detection bounds are evaded only in the lepton-number-violating case.
width, we have a cosmologically interesting amount of Gﬁ
sneutrino dark matter. In Fig(& we show the relic density o= EMZ((A—Z)— (1—4sirf 6y)Z)?, (29
of sneutrino dark matter considering all annihilation pro-

cesses. If this scenario is correct, andis the dark matter, where u is the sneutrino-nucleus reduced mass. In our
then the mixing angle must be near the limit from the invis-framework this cross section comes with an additiondl gin
ible Z width measurements, making a future detection possuppression, implying that fom; much larger than the
sible. In particular, such a sneutrino would almost certainlynucleon massny, the CDMS constraint can be evaded by

be seen in the upcoming CRESST experimed. requiring

Relic sneutrinos captured by the sun will annihilate into
neutrinos that can induce upward-going-muon events on . A 2[2x 10 *2cn?
earth[24]. The flux of these muons is constrained to be Iesss'n4 o<2m (A—Z)—(1—4sir? 6y)Z Gﬁmﬁ,

than 10 “cm 2s ! [25]. For a 10-GeV sneutrino with
sin6=0.2, we calculate a flux, using the formulas of Ref. (30
[22], that is roughly three times this, assuming that all neu-Taking A=73 andZ=32 for G€?® gives sing<0.17. The
trinos produced are muon type when they reach the earttDAMA Collaboration[19] reported a positive signal corre-
(we find a much smaller flux due to capture by the earthsponding to a relic-nucleon cross section of roughly (2
itself). The actual muon flux could be suppressed depending- 10)x 10~ *?cn? and a relic mass-30-100 GeV. In our

on the flavor of the LSP sneutrino and on neutrino oscillatiorframework this range in cross section corresponds approxi-
parameters; for instance, for an electron-type sneutrino anchately to 0.1% sin #<0.25.

the small angle Mikheyev-Smirnov-WolfensteillSW) so- In Fig. 4, we plot contours ofh? for nt;=100 GeV and
lution to the solar neutrino problem, the flux would be aB-ino mass of 200 GeV. For this choice of parameters, and
smaller by roughly a factor of 1000. for large enoughA, the dominant annihilation processes in

the early universe are s-channel Higgs exchangewtay
and Z pairs, which have cross sections proportional to
For heavier sneutrinos, the strongest current direct deted? sir? 2¢ rather than sifie. These are also the dominant
tion limit comes from CDMY18], which, under the assump- annihilation processes for sneutrinos trapped in the sun. This
tion of A? scaling, constrains the nucleon-relic cross sectioris important because the alternative process is annihilation
to be less than (2 3) X 10 *?cn? for relic masses o®(100  directly into neutrinos viat-channel neutralino exchange,
GeV). The cross section for ordinary sneutrino-nucleus scatwhich would likely lead to a much larger signal at indirect
tering is detection experiments. Assuming that 1/3 of all neutrinos
produced in the sun are muon type upon reaching the earth,
we find that indirect detection constrains 6#0.18 for the
"For light sneutrinos and largs, the rate for sneutrino capture by parameters we have chosen, comparable to the CDMS con-
the sun is dominated by Higgs exchange and the flux can be mucsiraint. The interesting relic abundances indicated in Fig. 4
larger. Here we assumA=10 GeV, so that the capture rate is lead us to conclude that the prospects for sneutrino dark mat-
dominated byZ exchange. ter with n;,~100 GeV are quite interesting in our model.

2. Heavier sneutrinos
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120 ously proposed, there were no singlet sneutrinos, so the mass
splitting Am was required to be adequately large so as to

suppress coannihilation between andv_ via s-channelz

100 exchange. In our model, this process is further suppressed by
sin* @in the cross section, so that even with small mass split-
tings from dimension seven or higher operators, we can still
80 generate a cosmologically interesting abundance.

A/GeV Unlike Ref.[21], we now have thévnh coupling, which
yields an extra contribution to the scattering of the lightest
sneutrino off of nuclei via Higgs exchange. The coupling of
Higgs bosons to nucleons is larger than just that from scat-
tering off of valence quarkf26], but it is still quite small.
Using the numerical value for the Higgs boson—nucleon cou-
pling from Ref.[27], we find that the sneutrino-nucleon cross
section obtained from Higgs exchange alorte is

20
0.1 0.12 0.14 0.16 0.18

sin® 0'2(

Asingsin 20— (\2M%/v)cos 28 sir? 62
100 GeV
FIG. 4. Contours ofQh? for ;=100 GeV as a function of 2
. . . . 4

sin @ andA. The meanings of the lighter and darker shaded regions x 100 Ge 115Ge 3% 10~ Bcn? 32)
are the same as in Figs(a@ and 3b). We take tan3=50, mj - mp ( cnr).
=115 GeV, and a bino mass of 200 GeV, and we assume a GUT v
unification of gaugino masses.

For broad ranges of parameters this cross section falls well
B. Dark matter with lepton number violation below the current direct detection limits. For instance, it is
. quite reasonable to consider;~100 GeV even for values
As previously explored21], the presence of lepton nUM- ¢ gin g arger than those that allow one to evade CDMS in
ber violation changes the limits from direct searches for dark;, lepton-number conserving case. Future experiments
matter S|gn|f|cantly.~l~n our model, lepton number violation [28,29 should be able to probe an additional three orders of
can reside in then; nn term in the Lagrangian. Such a term magnitude down from the present constraint, giving a signifi-
could easily arise from dimension seven operators in the Lacant probe of sneutrino dark matter over a considerable range

grangian, such as of parameters, for both the lepton-number conserving and
Pyt Ieptqn—number viqlating cases. _ _

[ N2| (31) Since the dominant annihilation process in the early uni-

M3 b verse iss wave, there is little dependence of the relic abun-

dance on the sneutrino mass given that the sneutrino is rela-
. o . tively light (=30 Ge\). For these relatively light sneutrinos,
The presence of th'f Ieptog number violation spl|t.s theFig. 3@ is still qualitatively applicable. For larger sneutrino
CP-even and -odd states. andv._. . However, the coupling  massesz and Higgs pole effects or production ¥ and Z
to theZ is off diagonal, i.e.Zv, v_. Consequently, for large pairs can be relevant. The sneutrino relic density is shown in
enoughAm=|nv; —nm;, |, the LSP sneutrino cannot scatter Fig. 3(b) for m;=100 GeV andA=20 GeV.
off nuclei via Z-exchange, eliminating constraints arising  The lepton number violating mass?,, can induce radia-
from CDMS, DAMA, and the Heidleberg-Moscow Ge ex- tive corrections to the neutrino mass through neutralino
periment 20]. More precisely, the scattering is kinematically loops. If the splittingAm is too large, the possibility exists of
forbidden if Am> g2m;m,/2(nr;+m,), where m, is the generating neutrino masses radiatively which are large
mass of the target nucleus, apg= 102 for virialized halo ~ enough to affect the overall analysis. Such a possibility will
particles on average. For example, taking=100 GeV and ~ be explored elsewhef@0]. For our purposes here, we limit

a Ge target, we requirAm>20 keV. SinceAm=m?2/nT;,  ourselves to the case where the mixing betweeand] is
this corresponds tm§n>(45 MeV)?, which is of the order small enough to suppress this radiatively generated mass
of what we expect from Eq31).2 [which is why a relatively small value fok is taken in Fig.
The effects of lepton number violation in dark matter have3(0)].
been previously explorg@1]. However, in the model previ- We conclude that the possibility of evading direct detec-

tion through lepton number violation leads to another inter-
esting version of sneutrino dark matter in our framework.
8Somewnhat higher values &m may be required to prevent in- Moreover, the elastic scattering of sneutrinos from nuclei via
direct detection due to sneutrino capture and annihilation in the sun.
Here we simply assume thamm is large enough to evade indirect
detection as well. We take the decoupling limit for the Higgs sector.
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Higgs exchange is just below the current limits, and poten-

. i 200)
tially detectable at upcoming dark matter searches.

VI. HIGGS DECAYS

—_— o , 150,
The unsuppresse@Inh, coupling in our scenario can

lead to interesting collider phenomena. If kinematically al-

lowed, 7,7} is typically the dominant decay mode for the >
light Higgs boson. There is a similar situation in the MSSM (‘B
[31]: provided the sneutrinos are sufficiently light and that <

tang is not too close to 1, ther* h coupling proportional to
My cos B leads to a partial width into sneutrinos that is

larger than that intdob by two orders of magnitude. Assum-
ing that the sneutrinos decay invisibly in@v (or that the
sheutrino itself is the LSR a light Higgs boson that decays
dominantly into sneutrinos would be very difficult to dis-
cover at the CERN Large Hadron ColliddtHC), leaving
the Next Linear CollideNLC) the opportunity for discov- 0 20 100 %0 200 750
ery through the process"e™ —Z* —Zh.

In the MSSM, theZ width measurement, the theoretical mL/GeV
boundmy=130 GeV, and the relation between thend| FIG. 5. The region of parameter space in which Hevidth
masses constrain the region of parameter space in which the L o —
light Higgs bosons can decay into sneutrinos. For example, ffonstraint 1s met and'(h—»»)>I'(h—bb) holds, for tans=2

. . . andmy, =130 GeV. We take the splitting between andmg to be
in the future it becomes established tlmL2105 GeV, the generated by RG running from the GUT scale, as discussed in the

decayh—vv* will be ruled out in the MSSM. text.

In the present scenario, however, the sneutrino mass spec-
trum is expected to be quite different from that in the MSSM,be covered entirely at the LHE33]. Similarly, the Higgs
as discussed in Sec. IV. Evenrif, (and thereforerrr,L) is  search at.the LHC for high tah emplqys the decay of heavy
quite large, it is still possible for the light Higgs decay into Neutral Higgs stateld®, A’ 7" 7, which can be suppressed
sneutrinos to be kinematically allowed. To explore this pos-dué to the decay modes into sneutrinos. _
sibility quantitatively, we consider a single generation of It has already been pointed out that if the charged Higgs
sneutrinos with the mass matrix of E@3), whose four free  decays into SUSY particles, the analysis changes drastically
parameters aren,, mg, tang, and A. For simplicity we [34]- If the decay into a charged slepton and a sneutrino is

consider the case in which the splitting betweghandm ~ kinematically allowed, the MSSM Lagrangian term

is generated by RG running from the GUT scale to the weak~ (9/2)My sin 28H*7*T, ensures thatH=—w»l_ domi-
scale, and adopinZ=m?—0.4A2—0.5m2,,, with m?,,, the ~ nates over the Yukawa—coupl|ng_—|r_1duc_ed dec_ay intofor
universal gaugino mass, set to 100 GeV. The region ofmall tan3. Even for large ta, it is still possible for the
(m?,A) parameter space in which ttewidth constraint is decay intovr to dominate due to the coupling (g/+/2)

met andl’(h—7»)>T'(h—bb) holds are displayed in Fig. X(m./My)(x+AtanB)H " v* 75 (of course, u and A,

5 for m,=130 GeV and tapg= 2 (the plot is very similar for ~must not take on values that push the lightest charged slepton
high tang). As expected, there is a band in parameter spacBass below the experimental bounth this case, the excess
that yields invisible Higgs decays: for the region shown, ther's produced will have lower energy than when produced
window for A is roughly 10 GeV at fixedn, . The band directly viaH*— 7" v.

persists for largem_ , with the window for A scaling as An unsuppressedinh, coupling introduces the added

~1lm.. possibility of H*—T,n decays. If kinematically allowed,
The Alnh, coupling can also alter the details of chargedthis is another process that can dominate over the direct de-
Higgs decays. Ifmy=<m;, one can look for the charged cay into fermions for small taf. Once again, kinematical
Higgs bosons through the procgsp—tt, with one or both ~ considerations for this decay are modified from the MSSM
of the tob quarks decavina intd*b (H-b). The standard decays bo_th because of the additional mass splitting_ between
analysis pe;jploits the fgct gthat the (charg)ed Higgs boson id'e sneutrinos and charged sleptons, and becausewith
coupled most strongly taw (in contrast to the universally Cconstraint does not apply to a sneutrino mass eigenstate that
coupledW), and so if produced should lead to a surplus ofiS CMiefly right-handed. Thus it is conceivable thilt
r's. This analysis has been applied at the Tevatron to estab="!Ln is the only SUSY decay mode allowed. Another im-
lish lower bounds on the charged Higgs mass forgarl ~ Portant difference is that if one supposes that the flavor struc-
and tanB=35[32]. The region of intermediate tg@will be  ture of the A coupling is similar to that of the neutrino
only partially accessible to Run Il of the Tevatron, but shouldmasses, then one expects the charged Higgs to decaymto

100
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and 7n with similar probabilities, leading to an excess of Mmight wonder how efficient this method of producing Higgs
both u’s and r's over e's.10 bosons would be at the LHC, through cascade decays such as
Even if my=>m,, itis still possible foH*—T ntobea q—dx~, x”—Iv,, v,—w1h. The production cross section
dominant decay, for small to intermediate fariThe width is ~ of squarks and gluinos at the LHC depends sensitively on
proportional to Acosp)Ymy, to be compared with their masses. Takingy=1.2m=300 GeV, the cross section
meH/m\ZN[(mt cotB)’+(mytanB)?] for H"—tb. To obtain IS ~2 nb at\/§_= 14 TeV[35], r(_)ughly 50 times larger th_an
a competitive rate require’m, to be sizable, which is most the cross section for gluon fusion Higgs boson production at
easily achieved kinematically whem,, itself is large. In this  that energy form,~100—-130 GeV in the decoupling limit
regime, decays into other SUSY particles are also likely to b¢36], the regime we consider here.rf;=1.2m5=700 GeV,

important. the cross sections are comparable.
Assuming thatA is sizable and tham;z—m;1> m;,, the
VIl. OTHER COLLIDER PHENOMENOLOGY guestion of whether or not there is an appreciable branching

FROM A TERMS fraction for the cascades to produgeh depends largely on

The unsuppressetiterms can have other interesting con- ;... For simplicity consider the case offeino-like x} and

sequences for C(_)Ilider phenomenology, due both to th_e_ir ef\Lino-like Xg andxf . and takeTzz and?l to be essentially
fect on the p_artlcle spectrum and bec_ause of the trlllnea(eft and right handed, respectively. iz >m_o,m =, then
scalar vertex itself. Here we briefly consider a few examples, 2 R

first for a visibly decaying’ and second for an invisible. v, Will never be produced in the cascades, because the col-
We have already seen that it is natural in our scenario to havered particles decay viag~)q— xSa/x5a/x7q. If n;,

large mass splittings among the various sneutrino states sog . . ~
. . ) . . L m,o,m, =, then the branching fraction for producimgh is
is easily conceivable that there will be sneutrinos in both 2" X1 9 P g

categories. the product of three probabilities: first, the probability of the
gluino or squark decaying into a neutralino or chargino

A. Visibly decaying sneutrinos heavier thaﬁfxz; second, the probability of that gaugino de-

As in the standard framework of the MSSM, sneutrinoS2Ying into w,v/v,| rather than into a lighter gaugino or

decays intoyor and y7 |7, if kinematically allowed, lead to !#/I1; and tohi“ljz, the probability thav, decays intov;h
final states with, e.g., 1+, |jjE 1, or jjE1. For example, rather thany;v.

possible decay chains inclddexgexgz(*)/IT(*) and Xf None of these probabilities is likely to be smaller than
S WEST®) followed by Z5)—11/jj, W)= 1w/jj, ~1/few if nr;, <m,o.m,=, so in this case the rate for Higgs

andT(*)—>ng. A possible signal for sneutrino pair produc-
tion at the NLC is thus W;. Sneutrino pair production Comparable to or even much larger than that duggde-h.

should be distinguishable from neutralino pair productionMoreover, the casca+de~produ¢mjd|tlonal jets, and an en-
due to the different angular distributions and the differgnt ergetic lepton fromy; —v,l decay, for instange allow for
dependences at threshold. As far as this signal is concernedetection via then—bb mode, so that the signal is further
the distinctive feature of our model is the admixture of theenhanced relative tgg—h— yy by a factor of a 1008°
gauge singlen in the sneutrino mass eigenstate. Decompos- For example, suppose  thatm o<n; <nm; <m;

ing the mass eigenstate asin 6+ncosé, the sneutrino pair <ng,le:<ma=1.Zn5=300 GeV** Then the first prob-
production rate will be suppressed by a factor* ginelative
to its MSSM value. By perfo_rmmg a scan in energy One“prefers" W-inos. The second probability is alsel/2, be-
would be able to see thd®; signal turn on for an isolated > N , ~ ~
sneutrino mass eigenstate. Then, knowing the masses af@US€xo andxy are equally likely to produce and v, and
mixings of the charginos and neutralinos, one could inferdo not couple toc; in the limit that it is pures-ino. The third
from the measured rate the value of gjrand demonstrate probability is determined byT'(v,— v1h)/T' (v,— x°v)
that the sneutrino produced is only partly left handed. ~A2/(m§ gi), and can be as large asl1/2. So in this case,
If a heavierv, state is sufficiently split from a lighter,, 2

the unsuppressetlterm induces the decay,— v;h, provid-
ing an interesting new way to produce Higgs particles. One———

boson production fromv, decay at the LHC could easily be

ability is ~1/2, becauseg couples to theB-ino, while q,

the branching fraction for producing;h could be ~1/10,

2Both BR(y— v1v/v41) and BR{,— Zv,) are suppressed i,

10 . — . _is essentially right-handed.
Here we assume that one neutrino mass is hierarchically heaviertstanks to lan Hincheliffe for pointing this out.

than the others, and that™—In is kinematically allowed for all ~ 4f gaugino mass unification is imposed for this mass ordering,

flavors. thenmy is forced to be much heavier; 700 GeV, in order fomj,
For now we ignore the role an additional, lightemight play in <nm;,<m,o,m,= to be satisfied. In this case the squark and gluino

these decay chains. For instangé,might decay invisibly intovv, production cross section is comparable, at best, t@the h cross

as discussed below. section.
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leading to a Higgs production rate about ten times larger thakinematically accessible. Especially interesting is the par-

that from gluon fusior(not just five times larger, since each ticular case where only the lightest mass eigenstate is
strong production event gives two sparticles that can potenignter thany; , andm =<my<m o. The flavor of the lep-
tially produce a Higgs bosgnin fact, in this case the rate of o ~X1_ X2 ]
Higgspair production througﬁzz decay is as large as the rate ton pioduced iy, —»l is correlated with the flavor of the
for gg—h. These pair production events would lead to strik-light ». Moreover, it is reasonable to expect the lightest
ing final statesbbbblIX, with the invariant masses of both sneutrino to be coupled 10 the largésterm, and so, assum-

= ) ing that the flavor structure for th& terms resembles that of
bb pairs equal tan,. Note that even ifng~mg~700 GeV,

. L the neutrino massdghe connection between the two is most
the rate for cascade Higgs production is only down from the diate in the SDi sethe lightest is likely to b
gg—h rate by a factor of~10, and would still likely allow immediate In the stirac casehe lightesty 1S fikely 1o be

for discovery because the signal is not suppressed by the Mixture of », and .. In this case,~1/2 of the leptons
— v branching ratio. produced in they; decays areu’s, while very fewe’s are

produced, leading to roughly sevei's for every foure’s in

Even more striking is the possibility thas and v, are the : ! )
two lightest supersymmetric particles, with, >nm, +mj, . the trilepton signal, assuming that thd decays produce
2 ! equal numbers of each lepton flavor.

In this case, every squark and gluino produced yields a Higgs T2 .
particle in its cascade. So fong=1.21;=300 GeV, gluon An invisible v, state can be produced along with a
fusion would account for only one in every 100 Higgs heavier, visibly decayingv, at e"e” colliders through
particles produced at the LHC. s-channelZ exchanggandt-channel chargino exchange for
Production ofr,’s and their subsequent decay could alsove), provided that sin&is not too small. The decays of the
be an interesting source of Higgs particles at the NLC. Theneavierr would lead to the signall2- E; at the NLC. If the
rate of Higgs production through*e‘—>7;27;2 is typically at ~masses of heavier, visibly decaying sneutrinos have already
least an order of magnitude lower than that dueet@™ been established through pair production, it should be pos-
—Zh and WW fusion for \'s=500 GeV[37,38. However, sible to measure the mass of a light, invisibleusing the
ete”—7,1, could lead to sizable Higgpair production. €nergy spectrum endpoints for the leptons produced in this
For example, forn/s=500 GeV anchr,=200 GeV, process. _
o o As mentioned above, thg<nT, then the only two-body
o(e’e —hhvyv)=6 fbco 6(BR(v,—11h)% (33  decay foryJ is into v, so that bothw and x5 decay invis-
ibly. The procese™e” — y+E; has been shown to be a
compared to a cross section 6f0.3—-0.5 fb for the double feasible means for detecting the presence of these extra car-
Higgs-strahlung process”e™—Zhh in the decoupling re- riers of £ at the NLC[40].
gime, form,~100-130 Ge\[39]. Especially ifv; is lighter Finally, suppose that andT, rather thany? and, are the
than all gauginos except for Brino-like state, it is easy 0 |ightest supersymmetric particles. Thug< m,o, andy? de-
choosem, , mg, andA so that co$8(BR(v,— r;h))? is not y
more than an order of magnitude suppressibere is even
the possibility, as mentioned above, that BRG 7,h)=11].

cays visibly intol . Meanwhile, the NLSR has only three-

body decays, inta’l’»' and7jj. In this case, a signal for

Thus a possible signature of our scenario is an excess (ﬁepton pair prpducnon '.S”ET' a characteristic signature
or chargino pair productiofalthough the two cases are dis-

events with missing energy plus tvizIEpairs whose invari- inguishable by their angular distributions, for inst
ant masses are equal to the Higgs boson mass, beyond theg y g ' anfeed].

numtEr expected from double Higgs-strahlung followed by

Z—vv.

VIIl. FLAVOR CHANGING SIGNALS

In our framework, lepton flavor violating contributions to
mf can arise at tree level due to the same spusjarspon-
sible for the Dirac neutrino masses aAdderms. This possi-

The motivation for considering this case in our scenario isyility exists in both of the scenarios discussed in Sec. II, but
that theA terms suppress the masses of the lighter sneutrinogse connection between the flavor structurendfand that of
making it more likely than in standard schemes that sei®e  the neutrino masses is most direct for the sDirac case, which
can either only decay invisibly, or not decay at all. Let uswe therefore consider here for simplicity.
assume thax? and v are the two lightest supersymmetric ~ Suppose thaX, a chiral superfield wit{(X)= 6°Fy, has
particles. One immediate question is whether the clean trithe appropriate flavor structure to induce Dirac neutrino
lepton signal fromy; x5 production at hadron machines re- Masses via
mains, sincexg has access to the invisible two body decay

mode vv. However, providedn o>y, Xg can also decay
2

B. Invisible sneutrinos

1
~ —[LX'NH]p - (34)
through the visible two body modé. If the branching ratio M
for this decay is not too small, the trilepton signal survives,

becausey; decays intorl and possiblyl v, if the latter is  Then one can also write down the Lagrangian term

115011-11



ARKANI-HAMED, HALL, MURAYAMA, SMITH, AND WEINER PHYSICAL REVIEW D 64 115011

1 neutrinos integrated out above the flavor scale, both large
W[(LTX)(XTL)]Du (35  angle MSW and vacuum oscillation solutions to the solar
neutrino problem generally lead to too large a rate jfor
giving potentially large lepton-flavor violating contributions —€y, and even models compatible with the small angle
to m?. As discussed in Sec. IIX could alternatively be a MSW solution force the slepton masses aboev600 GeV.
product of multiple spurions, some of which conserve flavorHere we do not construct flavor models for light Dirac neu-
and break supersymmetry, and others which do the opposit&inos but instead simply consider the texture
There are additional contributions to? from the spurion
that generates thA terms. We will assume that the flavor
structure of this spurion is identical to that Xf this is es- Fy~| € € € (37)
pecially likely in the case that the supersymmetry-breaking
piece ofX is flavor conserving.

The contributions of Eq(35) might lead, for example, to
slepton oscillation signals at the NLi@2] or, as considered
here, to rare lepton decays. Of course, similar contribution
arise in more standard schemes as well: a flavor breakin‘giI
spurion (¢)/M=\ that generates Majorana neutrino
masses through (W)[\j;LiHLjH]z can also appear in
(UMA[LTA\LZTZ]y, whereZ breaks supersymmetry but
not flavor. If the lepton-flavor violating contributions to?
are not screened by much larger universal contributions, the
a generic flavor structure fd¥y in Eq. (35), or for \ in the
standard case, leads to unacceptably large flavor violating 4
signals. On the other hand, not every structureFgror A B(u—ey) 0.0 100Ge
leads to a phenomenologically acceptable neutrino mass ma- 1.2x10°11 m '
trix. In light of this, we briefly consider forms fdfy moti-

vated by neutrino phenomenology, and estimate the flavagnere is a typical slepton mass, the lightest neutralino is
changing signals they induce. We will not have specific fla-

. . 2~ . .
vor symmetries in mind that motivate the textures we WiIItaken to be photinolike, and!;/m—o.3[43,44]. This case is

consider. Moreover we will estimate only the lepton flavorthus safe as far ag—ey is concerned. Depending on the
violating signals due to the nonuniversal contributions to@Ssortment of assumed order unity factors we have ignored,
mE and make the simplifying assumption that all other po_lt is still possible, for light sparticle masses, that the branch-

tential sources of flavor violatioffor instance, a\, matrix ing ratio will be accessible to future experiments.
that is not aligned with\ ) vanish.

On the other hand, for the large angle MSW solution we
For our discussion we will assume that one Dirac neutrin

should takee®~ 1072, leading to
is hierarchically heavier than the others, and we will also

with only the order of magnitude of each entry, and not its
grecise value, indicated. One finds in this case fdy has
igenvalues~ €2, €2, and 1, and mixing angleg,;~1, 63
€, and0,,~1. Thus this case is most likely to correspond
to either large angle MSW or vacuum oscillation solutions to
the solar neutrino problem. For vacuum oscillations, we take
€?~AmZ/Am2,,~10"7. Since the 12 and 13 entries of
IFy are both of ordek, we obtain the order of magnitude
relation

(39

take there to be threld states, although this is not an impor- B(u—ey) (700Ge N (39)

tant assumption. Using our freedom to choose a basis for the 1.2x 1011 m '

N’s, we consider the leading order flavor structure:
0 0 0 where we again taken? /m=0.3. Thusu— ey forces the
0 0 0 sparticle masses to be heavy. One should keep in mind that

Fx~ ' (836 these estimates have been obtained ignoring other possible
0 o B sources of lepton flavor violation, and for a particular texture
. ) ) for Fy.
with @ and g comparable. That is, there is large,— v, One choice for the higher order entriesFig that is com-

mixing as indicated by SuperKamiokande, lthas only a  patible with the small angle MSW solution to the solar neu-
small component in the heavy state, to satisfy the CHOO%rino problem is

bound[14].
Since we assume that E@5) gives contributions t(mE e € €
as large as the universal ones, the form takerFfpsuggests

that the 23 entry ofn? will be comparable in size to the Fx~| € € €], (40
diagonal entries. In this case the branching ratio for the pro- € 11

cessr— wy is near the current experimental limit for slepton

masses near 100 Ge43,44). leading to eigenvalues fdt,Fy~ €*, €, and 1, and mixing

Another potential signal isu—ey. The size of the anglesf,s~1, 65~ €2, andd;,~ €. Choosinge~ 1/30 leads
branching ratio depends on the higher order contributions t¢o acceptable masses and mixings. Since the 12 and 13 en-
Fy and is highly model dependent. In the Abelian flavortries of F;FX are ordere?, B(u—ey) is suppressed by
symmetry models considered in RB44], with right handed roughly a factor of 18relative to the large angle MSW case.
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TABLE I. Possible scenarios which achiewe,=v%/M. We only allow the various couplings to take
values in powers of the intermediate scalg=10'! GeV, as would occur if the couplings were generated in
the supersymmetry breaking sectom, is the Majorana mass for the right-handed neutrino, mgdis the
Dirac mass coupling the left- and right-handed neutrimgs. is the left-handed neutrino Majorana mass.
indicates tham,, cannot occur ab? for the givenmy.

Seesaw theories Non-seesaw theories
Mass scale Conventional sMajorana Conventional sDirac
(Mp=1) seesaw EFT
1 my
m My
m| =0U mD mN
m; Mp My
my'=v? meL X mL X mye Mp
If large universal contributions ten? are present, they IX. CONCLUSIONS

will suppress the effects of the flavor violating contributions
induced byFy at tree level. However, even if we ignore Eq.
(35) entirely and take a universal form famf at, say, the
GUT scale, we still obtain potentially interesting flavor vio-
lating signals. This is because tleterms generate nonuni-
versal contributions ten? radiatively:

The relationshipm,~v?/M, wherev is of the order of
weak scale andv an ultraviolet cutoff, has been tremen-
dously successful in describing the small mass of the neu-
trino. Whether arising from Planck-scale suppressed opera-
tors in an effective theory, or from a particular realization
such as the seesaw mechanism, this has been generally inter-
preted to signify the presence of lepton-number violating

2 _ 1 T hysi t the scal®l, well above the reach of laborator
omi=o—A'Alog(Mgyr/Msysy- (41  Physics a o e . vy
87 high-energy physics. This belief is predicated upon the idea
that the coupling of the neutrino to the lepton-number vio-
This effect was studied in Ref§45,46 in the context of lating sector of physics is order one, as might be expected in
seesaw theories with a high scale for the right-handed neus GUT seesaw, for instance.
trinos. In these models, the Dirac neutrino Yukawa couplings  The likelihood of a light Dirac neutrino has been dis-
are sizable and generate additional non-universal contriblgounted for decades. Given the observed mass scales for neu-
tions, leading to trinos from solar and atmospheric neutrino data, we would
need a Yukawa coupling @(10 % or smaller, which ap-
pears difficult to understand when the smallest known
Yukawal is O(107%). There is a possibility to explain the
needed small Yukawa coupling as a consequence of a new
for a universal scalar mass;, and a right handed neutrino flavor symmetryGe broken only very slightly. In previous
scaleM . Note that while in our framework only theterm  efforts, the factorization of the symmetry group in@:-
contributions are present and not those from the Yukawa cou® SUSYhas been extended to the factorization of the sym-
plings, the logarithm is larger than in the seesaw case bgnetry breaking itself: VEV's which brea&, are supersym-
cause the right handed neutrinos remain in the effectivanetry preserving, while VEV’'s breaking SUSYF(vm,2
theory down to low energies. ~vMp)) areGg conserving. If this is not the case, however,

To calculate rates for flavor changing processes due to Edhe Yukawa coupling can have an additional suppression fac-
(41) for a given set of MSSM parameters, one needs to knowtors in powers ofm, /Mp,~ 10 8.
the A matrix. This ambiguity is at the same level as in Ref. The lightness of the Higgs doublets in supersymmetric
[46], where the Dirac neutrino Yukawa couplings are un-theories fu~v) suggests that such a factorization of symme-
known: the size of the largest coupling is fixed by atmo-try breaking is inadequate. There should exist an additional
spheric neutrino data only once the scale of the right handegslymmetry groupG which is broken in the supersymmetry
neutrinos is specifie(the A terms are chosen proportional to breaking sector. Given that the Higgs boson is kept light by
the Yukawas, with the scale set by the universal gaugin@, we may ask whether there might be other particles such as
mas$. SettingM = 10" GeV, the authors of Ref46] con-  right-handed neutrinos, singlet under the standard model,
sidered textures folh based on Abelian symmetries and also kept light byG.
found promising signals fop— ey and 7— wy for signifi- One immediate consequence is that the physics respon-
cant portions of parameter space. If we téke\ms,in Eq.  sible for the relationshipn,~v?/M is not occurring at the
(41), then our framework yields very similar signals to thosescale M, and, in particular, that the mass of the standard
of Ref. [46] for a given choice of SUSY parameters and amodel singlet state may be much lighter thislh—even as
given form forA. light asm,, itself. The numerous new possibilities, employing

1
5mf=W(ATA+ 3NTAm3)log(Mgyur/My) (42
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only VEV’s in integer powers of/F= m,, are summarized symmetry conserving sector, we have a potentially new un-
in Table I. In particular, there are interesting possibilities ofderstanding of the large mixing in the neutrino sector. Since
sDirac(a light Dirac neutring and sMajoranda light Majo-  the VEV’s of the fieldsX which break supersymmetry need
rana neutrino with a weak-scale right-handed neujrsue- not be aligned with flavor violating VEV’s that preserve su-
narios in a single generation. persymmetry, there is no reason to expect the mass eigen-
The idea thatG, which protectsmy, is broken in the states of neutrinos to be aligned with those of charged fer-
supersymmetry breaking sector is by no means purely philomions, although they may still have a hierarchical structure.
sophical. In theories in whic is broken by a supersymme- When viewed from the perspective of the problem,
try preserving VEV, we typically expedll couplings ofN  sych a scenario is exceedingly natural. The presence of un-
supermultiplet to be highly suppressed. On the other handsyppressed terms provides not only exciting phenomenol-
the caseG is broken in the supersymmetry breaking sectorogy, but also the promise that this scenario can be tested in
immediately invites the possibility of unsuppressederms  the near future. While experiments will provide the ultimate
for right-handed scalar neutrinos, which radically alter thetest of these ideas, this framework provides exciting possi-
phenomenology of this scenario relative to previous ones. pilites for connections between what previously have

For instance, Higgs physics can be modified drasticallyseemed separate elements of supersymmetric theories.
both in production and decay. The mass spectrum of sleptons

is dramatically altered and the presence of a light45

GeV sneutrino is permitted. Collider signatures can be ACKNOWLEDGMENTS
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