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It has recently been shown that in supersymmetric left-right models with autoR@ticity conservation,
the theory below th&\Vy scale is given by the MSSM with massive neutrinos and a pair of doubly charged
superfields with masses in the 100 GeV rafigith or without an extra pair of heavy Higgs doublefs! (
=10 TeV) depending on the modeln this paper we study the unification prospects for such theories and
their phenomenological implications for collider experiments. We study two versions of the theory: one with
supersymmetry breaking transmitted via the gauge and another where the same occurs via gravitational forces.
We point out that looking at mult final states can considerably constrain the parameter space of the model.
[S0556-282(198)07019-2

PACS numbegps): 12.60.Jv

[. INTRODUCTION this range also lead to neutrino masses expected on the basis
of current solar and atmospheric neutrino experiments. If we
Supersymmetric left-right modelsSUSYLR) where the take theWg mass to be close to this lower lin{gay of order
SU(2); gauge symmetry is broken by triplet Higgs fields 10'°-10'* GeV), it implies the masses of the doubly
with B—L =2 have many attractive featurg4) they imply  charged particles in the 100 GeV range. There are two
automatic conservation of baryon and lepton nunfjiéra  bosonic and two fermionic particles of this type. The rest of
property which makes the standard model so attractive, but ithe particle spectrum below tWg scale can be same as that
not shared by the minimal supersymmetric standard modedf the minimal supersymmetric standard modMSSM)
(MSSM); (2) they provide a natural solution to the strong with a massive neutrino or it can have an extra pair of Higgs
and weakCP problems of the MSSM2]; (3) they yield a  doublets in the 10 TeV range depending on the structure of
natural embedding of the seesaw mechanism for small nedhe model. It is the goal of this paper to explore the con-
trino masse$3] where the right-handed triplet field\() that  straints on the parameters of the model and suggest tests in
breaks the SU(2) symmetry also gives a heavy mass to thethee™e™ and pﬁcollider.
right-handed Majorana neutrino needed for implementing the Our main results are that for a large range of parameters
seesaw mechanism. in this model, the lighter stau is the lightest of the sleptons
In order to cancel anomalies as well as to maintain superdue to the renormalization group running arising from the
symmetry below the SU(2)scale ¢r), one needs a pair of A** 7~ 7~ coupling which is not very constrained from phe-
fields A°® A® with B—L=¥2, respectively. An important nomenology(Note that theA* " couplings to other leptons
distinguishing characteristic of these Higgs multiplets is tha@re severely bounded by the recent PSI results on muonium-
they contain doubly charged Higgs bosons and Higgsinos iantimuonium oscillatior{8].) As a result, tau lepton final
them which remain as physical fields subsequent to symmestates, generated from the production of the™ and its
try breakdown. It has recently been shown that the vacuurfermionic part, provide a crucial signature of this class of
of the theory may or may not conserReparity [4]. If, how- ~ models. For instance, we find that detection of final states of
ever, it is required that the ground state conseRemrity, type 7 7~ 7" 7" yy plus missing energy or 7~ 7" 7" with
one must include higher dimensional operaf@$] or addi-  or without missing energy in both ande*e” collision
tional Higgs fields which break paritj4,7]. In this case, will provide test of these models. Thus nonobservation of
[7,6] the model in its simple versions, always predicts thatsuch signals will significantly reduce the domain of allowed
some of the doubly charged fields, mentioned above, arparameters of this model. We point out the difference be-
massless in the absence of the higher dimensional operataigeen the multir signals of this model and the same type of
(HDO). This is independent of whether the hidden sectorsignals that appear in the other models, e.g., conventional
supersymmetry breaking scale is above or below Wig gauge mediated supersymmetry breakiGgSB) type. We
scale. In the presence of HDO's, they acquire masses of oill show that the allowed region of parameter space is
der ~v&/Mp,. Since the measurement of tHewidth at the  larger when we choose GMSB type of theories. We also
CERNe'*e™ collider LEP and SLAC Linear CollidefSLC) discuss the unification prospects of this model in different
implies that such particles must have a mass of at least 4SUSY breaking scenarios.
GeV, this puts a lower limit on théVy scale of about This paper is organized as follows: in Sec. Il, we review
10'° GeV or so. This result is interesting sindé masses in  the arguments leading to the existence of light doubly
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. TABLE 1. Field.content of the SUSY LR model; we assume thatSimiIar pattern for(A—C)is assumed.
Sis odd_under parityt) andV denote the SU(2)g transformations, Using Eq.(1), one can give a group theoretical argument
respectively. for the existence of light doubly charged particles in the su-
persymmetric limit as follows. Let us first ignore the higher
dimensional term#& andB as well as the leptonic couplings

SU(2). X SU(2)rx U(1)g-.

Fields representation Group transformation ¢ 1+ i< then clear that the superpotential has a complexified
Q (2,1+3) uQ U(3) symmetry(i.e., a U3) symmetry whose parameters are
Q° (1,2~ %) vQ© taken to be complexthat operates on th&® and A°® fields.

L (2,1,-1) UL This is due to the holomorphy of the superpotential. After
LS (1,2+1) VLS one component of each of the above fields acquires vev, the
Dy, (2,2,0 UgVvt resulting symmetry is the complexified ®). This leaves 10

A 3,1+ 2) uaut massless fields. Once we bring in the D-terms and switch on

the gauge fields, six of these fields become massive as a

A (3711_2) UKUf . . .
AC (134 2) VASY consequence of the Higgs mechamsm of supersymmetric
— — theories. That leaves four massless fields in the absence of
A® (1.3-2) Z%% higher dimensional terms. These are the two complex doubly
S (1,10 S charged fields. Of the two nonrenormalizable tedandB,

only the A term has the complexified(@) symmetry. Hence,

the supersymmetric contribution to the doubly charged par-

charged fields despite a high, scale in the context of @ yicjes will come only from theB term. It is then clear that the
simple model and discuss the low energy interactions o

asses of the doubly charged fields are of om‘%’rl\/l Pl -

these fields; in Sec. lll we discuss gauge unification in thes?&equiring that these masses satisfy the Z width bound then

models; in Sec. IV, we discuss its parameter space and e)ﬁ:nplies thaty x=10-10"" GeV or s0. In this paper we will

EZ::g]_?gtggi'g\?aﬁe'gigéi\gyﬂ:g esdai?riiosr?hse\( glrjeaéklrgg dsigfe-a sume thaty is at the lower bound value so that the doubly
’ L : . gaug charged fields are accessible to the existing collider experi-
SUSY breaking scenarios and in Sec. VI we present our Note incid lIv that althouah the | . i
conclusion ments. Note incidentally that although the leptonic couplings
' do not respect the above mentioned symmetry, they are un-
important in determining the vacuum structure as londrRas

parity is conserved and, hence, they do not effect the doubly

In this section, we present a brief review of the argument&harged field masses. . _
leading to the existence of the light doubly charged Higgs L€t US now give an explicit calculation of the masses of
fields in the SUSYLR model. In order to give our arguments,the doubly charged fields in the supersymmetric limit using
we start by giving the basic features of the model, which ishe superpotential in Ed1). Let us write down the F-terms
based on the gauge group SU(X)SU(2)sxU(1)g_, fortheS A andA®terms:
XSU(3).. In Table I, we give the particle content of the —
model. We will suppress the SU(3indices in what follows. Fs=2usS+AAA—A®AY),
The superpotential for this theory is given kye have

Il. OVERVIEW OF THE MODEL

suppressed the generation inylex Fa=(AS+M)y)A,
W=h{'Q @ Q%+ h{'LT7,®,7,L° Fac=(—AS+M,)AC. (4)
FI(FLT AL +f LST7,ACLS) + M [ Tr(AA) If the effective supersymmetry breaking scale is below the
_ - ) Wk scale, then thede terms must vanish. It is then clear that
CAC CAC —_— —
+Tr(A°A) ]+ AS(AA— A°A®) + usS if we choose the\® andA° vev's (denoted by g andug) to
+ i Tr( Tzq)iTTZq)j)JFWNR’ (1) be nonvanishingand they are equal in the supersymmetric

limit), then we must havéS)=M, /\. This implies that the

where Wyg denotes nonrenormalizable terms arising fromA andA vev’s vanish and the masses of these fields are of
higher scale physics such as grand unified theories or Planekder 2M, . Thus the left triplet fields decouple from the
scale effects: low-energy spectrum. It is then easy to see from the super-
- L potential (in the absence of the A and B terbat all the
Wir=A[Tr(A®A®)]%2+BTr(AA®)Tr(A°A®)/2, (2) particles in the superfieldd® and A® are massless in the
limit of exact supersymmetry. One linear combination of the

whereA andB are of order Wl pjanck- _ neutral fields and another of singly charged fields disappear
We will work in the vacuum which conservé® parity.  que to the Higgs mechanism. The remaining singly charged
The Higgs vevs then have the following pattern: and neutral Higgs fields pick up mass of orderugf and
disappear from the low-energy spectrum.

3) The story of the doubly charged fields is, however, very
' different in this theory as has been shown in Réf. Once

@=[g o @[y
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supersymmetry breaking is turned on, but the higher dimenthe usual two of MSSM and we assume that one of the dou-
sional termsA and B are excluded from the analysis, these blet pairs has mass of 10 TeV. They lead to a trivial modi-
fields acquire negative mass-squares signaling the breakication of the beta function belowg. The beta functions
down of electric charge. This problem is cured as soon as thabove thevy scale are given below for one loop:
A andB terms are included. The doubly charged fidlalé of
them then acquire masses of ordeﬁ/M p; and the vacuum 0 2 0 9 9
becomes charge conserving. -6 2 1 4 0

Let us now discuss the Higgs doublet spectrum of the bi1223= 6 +Ng > +Ng 1 Ny 0 + Ny 4l
model at low energies. At thé/g scale, one generally takes
two bi-doublet fields¢’s to make the model realistic. In -9 2 0 0 0
order to get the MSSM at low energies, one must decouple

one pair ofH, andH, from the low energy spectrum. This . . . i )
has been called doublet-doublet splitting problem in Iitera—and in the following equation for the two-loop:

ture. In the model without HDO contributions, it is clear 0 0 0 0
from the superpotential in Eql) that doublet Higgsino ma-
trix is symmetric: bl223_ 0 —24 0 0

N 0 0 -24 o0

M, = K1 Mlz). () 0 0 0 -54
M12  M22
73 3 3 83
If we now do fine tuning to _get one pair Qﬂu,d. at low 1 14 0 8
energies, theH, 4 appear as identical combinations of the +Ng
doublets ing;’s. As a result, at the MSSM level, we have 1 0 14 8
proportionality of theM, and My leading to vanishing /73 3 3 68/
Cabibbo-Kobayashi-Maskaw@CKM) angles. This result
holds even if we increase the number of bi-doublets arbi- 0 000 54 72 0
trarily and uses only the fact that bilinear mass matrjxis 0O 7 3 0 24 48 0
symmetric. This in fact raises the interesting possib{litQ] +Ng 03 7 0 +Nny 0 0 0
that all mixing angles in the quark and lepton sector may
arise purely out of radiative corrections involving the soft 0 0 0O 0 0 O
breaking termg11]. An advantage of this version of the 54 0 72
model is that there are no new flavor changing effects other
than those from the usual supersymmetric soufte$ 0 0 0 O
.On the other hand, one may choose theparameters of T Nye 24 0 48 0|’ @)

this model to be of the order of electroweak scale so that the
low-energy model is not exactly the MSSM, but rather the 0 0 0 0

two Higgs pair extension of MSSM. The phenomenology of
these models are very similar to the previous case except th : ; . )
there are new contributions to the flavor changing neutral! the matrices Ne IS the number of fe_rm|on generations.
current effects in this model similar to those in the nonsuper.VF = 3 @lways and, is the number of bidoublets which we
symmetric left-right model§13] which puts a lower limit on ~ take to be 2. We also take, (A +A) andnao(A°+A°) to be
the masses of the second pair of Higgs doublets to be in thk Since theA™~ leaks down to the weak scale, we need to
5-10 TeV range. As a result, they will essentially decouplenclude its contribution to the running of the gauge couplings
from the low-energy spectrum. in between the weak and the intermediate scale. Since this
Our results are independent of which of the above choicefield A has only hypercharge quantum number under the SM

for the Higgs sector is made, except that unification discustepresentation, the hypercharge gauge coupling RGE gets an
sion applies only to the second version. extra term of 24/5 in one loop and in the two loop, the

hypercharge squared elements gets an additional factor 72
X 16/25.
We see from Fig. (B) that the gauge couplings unify at a
The presence of the doubly charged fields at low energiescale~10"" GeV and the intermediate scale-sl0® GeV.

distinguishes the gauge coupling evolution in this modeMWe takea,=0.118, «=1/128.7, and sit¥,=0.2321 at the
from the MSSM and one might expect that one will lose theweak scale. The low unification scale implies that the proton
unification property. It, however, turns out that the gaugedecay constraint would rule out groups like @0. How-
couplings do unify in this model, albeit at a lower scale asever the final unifying group can be SU(8BU(3)
we see below, for the case which has two pairs of Higgs<x SU(3) or any group that conserves baryon number.
doublets at the weak scale. The couplings evolve according In the supergravity motivated models, the gauge unifica-
to their respective beta functions. As just mentioned, belowion is necessary in order to have gaugino mass unification.
thevg scale, we assume four Higgs doublet fields instead offhe masses of all the sparticles can then be determined in

ypere i=U(1)g_,SU(2) ,SU(2)k,SU(3):, respectively

Ill. GAUGE UNIFICATION
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FIG. 2. Gauge coupling unificatiottwo loop in the GMSB

FIG. 1. Gauge coupling unificatioftwo loop) in the supergrav- -
case is shown.

ity case is shown.

terms of the parameters, e.g., universal scalar mgsat the  term (which generate both the delta ino and delta boson
unification, universal gaugino mass,;, and the trilinear masg and the new coupling&oupling of the leptons to the
coefficient in the potential A’'s. We choose to assume they fie|d).

universality ofm, at the unification scale rather than at the | we use GMSB(gauge mediated supersymmetry break-
Planck scale for two reasons: first is that we do not know thqeng model$ models where SUSY breaking is communicated
theory above the unification scale and the nature of the evap the observable sector by gauge mediation, the soft SUSY
lution of the parameters is obviously dependent on thosgreaking scalar and the gaugino masses are generated at a
details. The second reason is that the experimental signatuigale~10° GeV by gauge interactionsee Fig. 2 In this

we are interested in involves only the tau lepton and its partﬁ/pe of models gauge unification is not necessary in order to
ner and not the other superparticles of the theory. So even Rave unified gaugino mass, since they are generated in one
we assumed universality of scalar masses at the Planck scalgyp. In our calculation for the GMSB cases, we do not con-
which would necessarily imply some splitting between gen-sider any gauge unification. However in FigbjLlwe show
erations due to running between the Planck scale to the ungne example where we have the gauge unification with a

fication scale, our final conclusions will be unaffected bymessenger sector composed of: one COp)DQﬂ-S U
. R R

this —
- : : 5
We use the quark masses and mixing angle as inputs af Yr: andL +L, . The couplings unify at 16° Gev, the

the weak scale. The masses we use anex(m,) intermediate scale is at 10°2 GeV, and thear/ag_, is

1/2 at the intermediate scale.
=178 GeV, m(m)=175 GeV, my(my)=4.45 GeV, .
m,(1 GeV)=0 1t(()5 t)GeV me(1 tée\t}))zo 511103 In the GMSB case we evolve the Yukawa couplings up to
m#(l GeV)=0.0044 GeV ¢ m.(m )21'27 Gey  the messenger scale, which is lower than the intermediate
u . ’ c C . ’

1 V)=0.17 v 1 —0 _ scale. We then evolve the soft masses doyvn to the vv_eak
Myl Gev)=0.175 Gev, andmg(l Gev)=0.008 Gev scale using the MSSM RGEs and determine the particle

The ratio of the values of the Yukawa coupling at time T?ectrum.

scale to the 1 GeV or to the corresponding pole mass scale
given by 5. The values of they we use aren,=2.474
=24ms=2.4m.,=2.17.=1.0158[14]. The Yukawa cou-
plings along with the new coupling between the doubly
charged Higgs field and the®s are then evolved to the In the standard gravity mediated scenarios, one starts with
grand unified theoryGUT) scale in two steps. In the first a universal mass-square for all scalar components of the chi-
step we use the MSSM renormalization group equationsal superfields at the Planck scale and they are then extrapo-
(RGEs from the weak scale up to the intermediate scale andated to the weak scale to determine their mag4éé For

then in the second step we use the left right RGEs to evolvthose fields with large Yukawa couplings such as the Higgs
up to GUT scale. At the GUT scale, we use the values ofloubletH,,, top squark, the weak scale value is significantly
these parameters along withy, m;,, andA (we will take  lower than the Planck scale onén fact, for theH, turning
A=0) as boundary conditions for the RGEs. We evolve thenegative gives rise to the celebrated phenomenon of radiative
soft breaking masses down to the left right scale using lefelectroweak symmetry breakingFor other squarks, the
right RGEs for the soft breaking masses. At the intermediatgaugino mass contribution has the effect of increasing their
scale, we introduce the mass for the fermionic and thevalue over the Planck scale value. On the other hand for the
bosonic component of th& field, which is generated by the sleptons, the change between the weak scale and Planck
nonrenormalizable operator. We then use the MSSM RGEscale value is not very significant since they neither have
to determine the mass spectrisguarks, sleptons, gauginos, large Yukawa couplings nor do they have strong interactions.
Higgsinos, Higgs at the weak scale. We determipeat the Turning now to the SUSYLR model, as mentioned before,
weak scale from the radiative electroweak breaking condiwe will assume universality at the unification and in contrast
tions. The new parameters in this model are the new massith the MSSM, the effective theory below the right handed

IV. GRAVITY MEDIATED SCENARIO
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FIG. 3. The mass contours fMz-==90 GeV at the interme- FIG. 5. The mass contours foi3--=110 GeV at the inter-

diate scale and;=0.5 are shown. Tha, mass contourgdashed ~Mediate scale anth=0.5 are shown. The; mass contourédashed
line) from left to right depict 45, 60, 80, and 100 GeV masses, theline) from left to right depict 45, 60, 80, and 100 GeV masses, the

A mass contourésolid lines from left to right depict 88, 70, and 2~ Mass contourgsolid lines from left to right depict 108, 95,
and 70 GeV masses, tleg mass contoursdot-dashed linefrom

50 GeV masses, ther (e and ug masses are the sammass _ ;
contours(dot-dashed lingfrom left to right depict 100 and 140 '€ft to right depict 100 and 140 GeV masses.
GeV masses. Gu_w=f1f,/4J2M3. Recent PSI experimenf8] has
. . o yielded an upper limit orGy,_y<3XGgx 10 3. For M,
ts(;::]sttlitzl,rcontams the following new coupling in the superpo-_ 100 GeV, this implie_s thatt, f,<1.2x 103, Thus we ex-
' pect each of the couplings to be less than 0.1 barring patho-
W, o= ATE1S1C ®) logical situations Wh.ere only one of the couplings.bears the
brunt of the constraint. On the other hand, there is no such
which will have a major impact on our spectrum at the weakconstraint orf; from experiments. So we will choose it to be
scale. of order 0.5. Thus, there are only two new parameters in the
In writing the above coupling, we have used the fact thatheory, the new mass term and the couplfag
experimental limits on lepton flavor changing processes such The first implication of the relatively largés is on the
asu— 3e and7— 3e imply thatf;; with i #j are very small weak scale value for the mass of theboson. As shown in
compared to the diagonal couplinfsand have, therefore, [6], at thevg scale, both thed and its fermionic partner
taken the liberty to simply drop the off-diagonal couplings. A (A-ino) have nearly the same mass. The bosonic compo-
In what follows, we will denoteA°=A. This interaction nent, however, runs faster than the fermionic one. As a re-
gives rise to the procespe”—u~e" with a strength sult, at low energies we can expect thag<M3 . This has
important implications for phenomenology.

40 /

30 [ ; /
. , g 30

tanf / )

20 ////‘/// ’//’/ //" 20 /|/ /,’/ ,” I

10 o S
' R |
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m,(GeV)
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FIG. 4. The mass contours ftM3--=70 GeV at the interme- FIG. 6. The mass contours fd3--=90 GeV at the interme-

diate scale and;=0.5 are shown. The; mass contourédashed diate scale and;=0.25 are shown. The; mass contour¢dashed
line) from left to right depict 45, 60, 80, and 100 GeV masses, theline) from left to right depict 45, 60, 80, and 100 GeV masses, the
A=* mass contourésolid lineg from left to right depict 80, 65, and  A** mass contoutsolid lineg depicts 88 GeV, ther mass con-

50 GeV masses, the, mass contoufdot-dashed lingdepicts 100  tours (dot dashed linefrom left to right depict 100 and 140 GeV

GeV mass. masses.
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FIG. 7. TheA™™* pair production GeV at the cross section at M(Delta)(GeV)

LEPII. The solid and the dotted line correspond to the cross sections

at the center of mass energies to be 194 GeV and 182 GeV. FIG. 8. TheA* ™ pair production cross section at Tevati(@en-

ter of mass energy is 2 TgV

A second consequence of the possible larges that the ) )
'7° mass is drawn down to smaller values at lower scales. I 0-25. As one can expect, the effect of the new couplings in

order to calculate the mass spectrum, we use the algorith e stau mass Is reduce~d. For low fiaras in the conven-
described in the previous section. We use the RGE’s showional SUGRA mode, the; and the lighter selectron mass
in the Appendix and in the Reff16—18. We determine the (eg) become very close. Th& boson mass lower than 88
parameterw from the condition that electroweak symmetry GeV appears fomy,>270 GeV, where as in Fig. 3 the same
is broken radiatively. We choose the sign@fto be nega- mass contour appears @>140 GeV.(In both the cases
tive, since the other choice will give larde—sy rate. The the my;, at the GUT scale anti; at the intermediate scale
lighter stau mass will be much smaller than the other slepare sameg. From the analysis of the parameter space, we
tons (even when taf is smal) due to the presence of the surmise that most of the allowed parameter space for fayge
new couplingf,. In Fig. 3 we show the mass contours of the can be searched in the present colliders or in the colliders to
lighter stau(dotted ling, theA== (solid ling), and the lighter be upgraded in the near future.

selectron(dot-dashed lingin the my and taB8 plane for The A will decay into a pair ofr’s (since the coupling to
my,=180 GeV. We choosd** mass~100 GeV at the the other leptons are supprespethe 7's have highpr. We
weak scale(90 GeV at the intermediate scaléds m, in- have 47's in the final state. The like chargeds originate
creases tha “* mass decreases due to the subtractive effedfom the same vertex. _

in the RGE originating from the larger soft SUSY breaking The SM background for this process can come from the
scalar mass. We can see from the figure that the bound dp@ir production oZ® and the subsequent decay of e@tto
A** mass rules out the upper rangenaf. The lower bound @7 7 pair (in all these cases oppositely chargesl come

on lighter stau ¢;) mass on the other hand rules out Iowerfrom the same ve_rte)xThls event will have no missing en-
range ofm,. ergy, but the rate is small due to the small branching ratio for

0 + - 2103
The latest bound on lighter stau mass is about 57 Gef 7 7 (0-B"~10 * pb). The 4 background can also
. . . . . come from the production a&y*, y* converting intor™ 7
[19]. In this scenaridA™~ mass is too high to be pair pro-

and theZ decaying intor* 7~ pair. Another source can be
duced at LEPII. We also obser(@ue to the smallness &f , yIng rroP

d tof.) that the light lect . hthe production of two virtual photons along widie~ and
compared tofs) that the lighter selectron mass is muc each photon converting inte™ 7. However, in both the

higher than ther; mass even when the taris small for the  ahove processes, the cross section-50~3 pb. Thus, the
samemg and My values. This will differentiate between the SM background is neg||g|b|e small for ther$|gna|

final states of chargino pair production in MSSM and in this
model. In Fig. 4 we show the same mass contoursfor ~ - 0 (micci
. . The 7, will then decay intor and y; (missing energy
80 GeV at the weak scal&’0 GeV at the intermediate (100%. The final state has 4's plus missing energy. Two

scalg. Lower A== mass indicates lesser effect on the  of the s have highp; and these originate from the decay of
mass from the new interactions and, consequently, more P&ghter stau. This kind of 4 plus missing energy signal also
rameter space for lowem,, however, lowA mass rule out  qiginate from they? pair production in the GMSB scenarios
more parameter space from the highgyrange. In this sce- \yhere lighter stau is the NLSP. But there is a subtle differ-
nario theA=*’s can be pair produced at LEPII. In Fig. 5 we ence in the final state which we will discuss in the next
exhibit a scenario wherd mass is~120 GeV at the weak section.

scale(110 GeV at the intermediate scal&@he lightest neu- The chargino pair production can also give rise tofus
tralino (Xg) in all these scenarios are49—57 GeV and the missing energy states. Since the staus are much lighter than
lightest chargino mass is around 80—90 GeV. If we vary thehe other sleptons, the chargino will primarily decay imo
My, €.9.,Myp=150 GeV, the,\/g becomes 33—-43 GeV and andv., in the leptonic decay channel. On the other hand, the
the lightest chargino becomes 57-67 GeV. The scalachargino decays int@&'s and u's as well as7's in the
masses also get reduced by 10—20 GeV. In Fig. 6 we showBISSM. The charginos can be pair produced at LEP Il and
scenario where the third generation coupling is smdiler Tevatron. The production of chargino and the second lightest

TheA will primarily decay intor; and 7 (almost 100%
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FIG. 10. TheA** pair production cross section at Tevatron
nter of mass energy is 2 TgV

solid line and the dotted line correspond to the cross section at the
center of mass energies to be 194 GeV and 182 GeV, respectively.

Js=182 GeV and 194 GeV. We can see that théno

neutralino(this cross section is larger than the chargino paifmass of 95 GeV gives rise to a cross section of 3 pb at
production at the Tevatron will also give rise to lots of high LEPII. Thus, if theA-inos are produced at LEPII, the cross

pr taus in the final state. The second lightest neutralipd) (

primarily decays intor and7; and7; then decays into a tau
and the lightest neutralino. Altogether, there can bés 3
along with missing energy. Sinc,eg mass is much larger

than ther; mass, all the three’s will have highp- .

The A bosons and tha-inos can be pair produced at the

LEPII and at the Tevatron as well. The productionsAdé
(fermion and bosonat LEPII andA scalar at Tevatron have
been considered in the R¢R0].

The A pair production cross section infd interactions is

2
~_4C¥27TB(1+ ZMZZ 22 S2(g%A+g%u)g%v
987735 | s =P (s—=M3)2+T'3M2
, 25QQo(s~M2)g;,00, ©
(s=M2)*+T7Mz )"
where g, =l3—2Q;si?6,/2 sinfycosby,  gia=!z¢/

2 sinfy,coshy,, andD stands for thél. Q; andl 5 are elec-
tric charge and the isospin of the fermions a@d is the

electric charge of tha. B
The A pair production in & f interactions is

a277,[>’3

25%(g7a+ 07,)Gp,
oA me (Q%‘Q%+

(s—M3)2+TIM7

25QiQp(s—M2)gr,9p,
(s=M2)?*+TZM7
We show the production cross sections of théosons at

the LEPII and at the Tevatron in Figs. 7 and 8. Théno is
pair produced at the LEPII and at the Tevatron ¥iay

(10

section will be quite large.

In Fig. 10 we show the production cross section at the
Tevatron for\s=2 TeV. The production cross section is
about 0.7 pb at/s=2 TeV for A-ino mass of 95 GeV and
the cross section is about 0.6 pb @=1.8 TeV for the
sameA-ino mass. Hence, with 110 pb of already accu-
mulated luminosity, the number of events aré6. Since the
final state are pure leptons, detection is difficult. But we
will have some events left even after taking theletection
efficiency to be small. We urge the experimentalists to look
for the 7 signals in the data which has been already accumu-
lated and also in the data that will be generated in the future
runs.

V. GAUGE MEDIATED SUSY BREAKING SCENARIO

In the previous section we assumed that the scale at which
supersymmetry is broken is higher than Vg scale. How-
ever this need not be the case and, in particular, there has
recently been a lot of interest in theories where gauge inter-
actions are the mediators of supersymmetry breaking at a
relatively low scale[9]. Let us discuss the implications of
this scenario for our model. The soft SUSY breaking terms
are now generated explicitly only at the scale at which the
messenger fields are integrated out, and are not explicitly
present at théVy scale. Since they are generated by loop
graphs involving the gauge bosons of the residual symme-
tries, their form will be such as to respect only the surviving
gauge symmetries. We will show that this difference has
consequences for phenomenology. Let us assume for sim-
plicity that the messenger sector consists of a vectorlike isos-

inglet pair of fields(cha@e— 1/3) Qeaa and a vectorlike
weak isodoublet paik ® L.

exchange. Usually there is also a selectron mediated As shown in[6], in this case, the scalar mass has two

t-channel contribution in the case afino production at the

contributions at the SUSY breaking scale of 100 TeV or so:

e"e” collider. However the contribution from this diagram one coming from the two loop gauge contributions in the

in this model is negligible since th& coupling to the first

usual mannerfor a review sedq15]) and another coming

generation leptons is very small. The production cross segrom the higher dimensional terms. On the other handAthe
tions are larger than the scalar counterparts for the sam@ass gets contribution only from the latter kind of terms.

mass. In Fig. 9 we show the production &fat LEPII for

We, therefore, expect that in the gauge mediated scenario,
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B. DUTTA AND R. N. MOHAPATRA PHYSICAL REVIEW D 59 015018

the A will be the lighter of the two particles.
The soft SUSY breaking gaugino and the scalar masses at
the messenger scaM are given by{15]

~ (A)a(M)A

M

Mi(M)=ng yp

and

m3(M)=2n f

A ai(M))2
w2 wel )

wherea; (i=1-3) are the three SM gauge couplings and
k;=1,1,3/5 for SU3), SU2), and U1), respectively. The&, .
are zero for gauge singlets, and 4/3, 3/4, axt2}? for the SN
fundamental representations of &Jand SUY2) and U(1),,
respectively(with Y defined byQ=15+Y/2). Heren corre- .
sponds ton((Q,L)+(Q,L)). g(x) and f(x) are messenger 250
scale threshold functions with=A/M.

We calculate the SUSY mass spectrum using the appro-
priate RGE equation$16] with the boundary conditions
given by the equations above and we vary five free param-
etersA, M/A, tang, n, and the sign ofx (u is the coeffi-
cient of the bilinear Higgs term in the superpotentidhVe T I
first run the Yukawa couplinggalong with the three new ®) 40000 50000 60000 70300 60000
couplingsf, , 3 and gauge couplings from the weak scale up MGeV)
to the GMSB scale. At the GMSB scale we use the boundary g 11 (@ The mass contours foM3-==90 GeV at the

conditions and then use the necessary RGEs for the SO&MSB scale and,=0.5 are shown. Thé, mass contourésolid

?lhe) from left to right depict 45, 60, 80, and 100 GeV masses, the
‘eg mass contourgdotted lineg depict 80(along the left axis 95
nd 115 GeV masses, tl;wg (dot-dashefimass contours depict 60,

M
Logy A

SUSY breaking masses in order run down to the weak scal
The CLEO constraint on thb— sy rate restrictsu<0
[21]. In the absence of late inflation, cosmological con-

straints put an upper bound on the gravitino mass of abo 0, and 100, GeV masses, the lightest chargjpi)(mass contours

10* ev [22], which restﬂctsM/Azl._l—ld. In the figures (dashed depict 94, 100, and 130 GeV masséy. The mass con-
we show the results far=1, but we discuss the other values s for Mz--=90 GeV at the GMSB scale antb=0.5 are

of n also. For reasons discussed before, we assumd that
are small (-0.05), butf; is larger. We show our result for
f;~0.5 andf;~0.25. We also varM3 between 70-120

GeV at the QMS.B scale. . . contours depict 60, 80, and 100 GeV masses, the lightest chargino
The gravitino is always the lightest Supersym~metrlc Palnass contourgdashed depict 88, 100, and 130 GeV masses. The

ticle (LSP). In the usual GMSB case thg) and ther; fight  thick solid lines in both the figures depict the contour along which

for the next LSP(NLSP) spot. In this model thv** also the lighter stau mass equals to the lightest neutralino mass.

joins the race to become NLSP. The third generation Iighte*

stau mass gets affected due to the presence of the addition Ltect. Already we have bound on tJa% mass of around 80

large couplingf. Thus, ther; is much smaller compared to oy a¢ | Ep || [23] provided the selectrons are not too

the conventional GMSB case for the same parameter spacg :

) . . eavy. We can see that if we ugg mass bound as 80 GeV,
Consequently, the lighter stau will be the NLSP for a wider he rggion left out in Fig. 1(8) wrfe%re 0is the NLSP is very
region of parameter space compared to the lighter neutraliné. : X1

In Fig. 11(a) we have shown the mass contours 1f small. The region where, i§ the NL.SP’ which is the qui-
L ~ _ 0 (dash-dotted ling and the nant region, stau decays into a high = and a gravitino
(solid line), e (dotted ling, x; (das (missing energy So far there is not much bound in these
chargino masseashed lingfor M=1.1A, n=1, andMx regions, other than the, has to be larger than 57 GeV. In

=90 GeV at the GMSB scal@®4 GeV at the weak scale gions, 1 9 .

i . the figures we have shown the stau mass contours of 45, 60,
We also show the contour along which the lighter stau mass ~
and the neutralino mass are saftfeick solid line. The re- 80, and 100 GeV. The, mass contours have large depen-
gion above the contour has lighter stau as the NLSP. We setence on the tg8, the r; decreases with the increase in
that only a small region for tgh 3—15 andA 40-60 TeV  tang. The'eg, chargino and the mass contours do not
has xi as NLSP. Wheny! is the NLSP, it decays into a have much tag dependence.
photon and a gravitino. If(‘f is pair produced at LEPII, the In Fig. 11(b) we show the same mass contours in the

shown. Ther; mass contourssolid line) from left to right depict

45, 60, 80, and 100 GeV masses, iﬁgmass contourgdotted
lines) depict 80, 95, and 115 GeV masses,}ﬁe(dot—dashe)jmass

iqal state hag/y plusE+. The photons are hard and easy to
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FIG. 12. The mass contours fd3:-=70 GeV at the GMSB FIG. 13. The mass contours ft;--=110 GeV at the GMSB
scale and ;= 0.5 are shown. The, mass contourésolid line) from  scale and ;=0.5 are shown. The, mass contoursolid line) from
left to right depict 45, 60, 80, and 100 GeV masses,ahanass left to right depict 45, 60, 80, and 100 GeV masses, éhenass
contours(dotted line depict 75, 95, and 115 GeV masses, #ffe  contours(dotted line$ depict 95 and 115 GeV masses, iig(dot-
(dot-dashefimass contours depict 60, 80, and 100 GeV masses, thdasheldl mass contours depict 60, 80, and 100 GeV masses, the
lightest chargino mass contoufdashed depict 70, 100, and 130 lightest chargino mass contouf@asheyl depict 100 and 130 GeV
GeV masses. The thick solid lines depict the contour along whichmasses. The thick solid lines depict the contour along which the
the lighter stau mass equals to the lightest neutralino mass. lighter stau mass equals to the lightest neutralino mass.

plane of A and M/A for tang=10. The contours along the NLSP. Thér, mass in this case, as expected, increases
which 7, mass is equal to thg? mass form an envelope. with the increases in the ratio ®i/A. So far in all these
Within the envelope? is NLSP. Theeg masses increase as figures we have used=1. The effect of larger values of n
theM/A ratio increase. The couplings , are small to affect ¢an easily be surmised from the mass formula. As n in-
theER or the ,TLR masses(selectron and smuon masses arecreases gaugino masses increase proportionally, on the other

almost the sameThe lighter stau mass, however, decrease and the scalar masses increase/as Hence, stau mass is

with the increase in the ratio &l /A (subtractive effect from he NLSP for a even wider region of parameter space. The

the soft scalar masses due to the presence of the new Coltghter selectron’s mass becomgs closer to the lighter stau
ass and lower than the neutralino mass.

pling overcome effects coming from the gaugino masses i . . . i
the RGH. In the conventional GMSB model, the stau mass Let us now discuss the signals. At LEP II, the main pro

increases with the increase in tM/A ratio. With the im- duction processes are thg pair, theA** pair, theeg pair
provement of ther; mass bound much more parameter spacéind ther; pair. 5 B

will be ruled out in the higheM/A ratio. Thex? and the In the case ofA ™™ pair production, each ** will decay
chargino masses initially decrease with the increase in thgrimarily into a7, and a tau(both having same sign of
ratio of M/A due to the threshold corrections. The 80 GeVcharge. The other decay modes involving, e.g., a electron
Xg bound rules out much of the parameter space in the en-

velope wherey! is the NLSP. TheM3: - varies between AT \
94-108 GeV at the weak scale. Unlike the supergravity a5 ‘\( N ‘ \ \ ‘
(SUGRA) scenario, theA™* mass is much larger than the J AT \
fermionic part at the weak scale and its mass, in the full \\: ‘\ o ‘
range shown in the figure, varies from 170-570 Gdwe to TR ‘\ P |
the large soft SUSY breaking contribution at the GMSB Lo X, \ \\ A
scalg. Thus, the allowed parameter space in GMSB sce- \ . ‘\ | 1 \
narios are much more than the SUGRA scenarios. S TR LR N ‘
In Figs. 12 and 13, we have shown the mass contours in 1 \ \ \\\ ‘ \Y | ‘
the A-M/A plane forM3-+=70 and 110 GeV at the GMSB AR \J ) ,
scale. The ta@ is chosen to be 10. WherMjz:= R
=70 GeV, the envelope is larger, sineg mass has less #0000 50000 50000 70000 80000
subtractive contribution from the delta mass. On the other AGeV)

hand, whenM3;++=110 GeV, the envelope shrinks. The
envelope can also increase in the size if we have small
coupling f5. We show the effect of a smalldg in Fig. 14.

FIG. 14. The mass contours fM3-+=90 GeV at the GMSB
&eale andf;=0.25 are shown. The; mass contourssolid line)

o . . from left to right are 80 and 100 GeV, tleg mass contourédotted
This figure looks m_ore like the ConventlonaLGMSB model. lines are 75, 95, and 115 GeV, the (dot-dasherimass contours
We see that there is no parameter space whetie NLSP. 56 60, 80, and 100 GeV, the lightest chargino mass contours

But if we increase ta we will hit the region wherer; is  (dashegiare 70, 100, and 130 GeV.
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and aeg and a muon and a smuon are suppressed primarily; - The x{ will then convert into a photon and the gravitino.
because of smafi; , couplings. In the parameter space whenThus the final states are same as discussed in the cases when

stau is the NLSPA= decays into ar, and ar and7, X1 is the NLSP orr; is the NLSP.
—7G. Thus, the final state hasr4lus missing energy and
out of the 4 7's, two have highpy (higher pr than the VI. CONCLUSION
SUGRA casg These two highpr 7's have opposite sign
electric charges.

The X‘f pair production also gives rise toAs plus miss-

To summarize, we have studied the phenomenological
implications and the collider signatures of the remnant dou-
_ ] o ~ ith 1  th < h bly charged Higgs bosoA™* and its fermionic partner the
ing energy(since eacty, — 7,7), with two of theser's hav- DeltainoA**. We find that existing limits on lepton flavor

ing high py [24]. However there is an essential dncfer(':'nceviolation and muonium-anti-muonium transition can be used

bgtween the S|gn_al In this case and in _the PrevIous €asg, .onclude that the dominant coupling of these particles are
Since the neutralino is a majorana particle, the two high

b, 7's can have same or opposite skyith equal probabil- diagonal and mostly to the third generation of Iep_tons. The
itT) for the electric charges and thus providing a way oW couplings of' course are forbldden from coupling to the
d?/scriminate between the tWo cases quarks by electric charge conservation. The effect of the
~ , o _dominant third generation lepton coupling has the conse-
) In the cas_e ofer pair productlons,~e+a+ch selectro_n will quence that the; mass is much smaller than the other slep-
either decay into a electron angdor aA** and a positron  ton masses. This gives rise to multipteenriched signal at
(if the selectron mass is higher than t€ mass and the LEP |l and Tevatron. The fermionic as well as the bosonic
A** mas3. Both x2 and A** decay to 2 plus missing partner of the doubly charged Higgs bosons can be produced
energy. The final states in either case will hawst2 plus  at the present colliders and the signals contain(@lus 2y in
missing energy with two of the’s having highpy. Their ~ some scenarios of the GMSB version of the modelgh
relative sign will determine the decay channel of the selecand without missing energy. This signal is found to be de-
tron. If, however, th&g mass is lower than both the mass tectable for reasonable range of mass values of the particles
~ and could be used to test the supersymmetric left-right mod-
(large n caspand theA~~ mass, the selectron can decay

int lect d ii 2 offshell broducti fels of the type discussed here or to restrict the allowed pa-
Into an electron and a gravitino or via oftshell proauction ot .o eter range of the model. Most of the allowed parameter

0 A+ 0 A+ H . .. .
the x; or A== The 7 andA™~ then convert into 2 plus  gpace can be searched in the existing colliders. We, there-
missing energy. In the former case the final state of the sefpre, urge the experimentalists to analyze the tau events in

lectron pair production haseplus missing energy and in the the existing as well as in the future data.
later case the signal ise2 = plus missing energy. Depending

on the parameter space, these offshell decay modes can be

comparable or greater than the onshell decay n@ég In

the case of smuons, the electrons in the final states will be The work of R. N. M. has been supported by the National

replaced by the muons. Science Foundation Grant No. PHY-9421385 and that of B.
Whenxg is the NLSP, theA == will decay into a}l and D. by Grant No. DE-FG06-854ER 40224. We thank G. Al-

tarelli, J. Gunion, and G. Snow for encouragement and com-
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a7 (100%. Ther, will decay into ay? and ar. They! then
decays into a photon and a gravitino. All the branching ratiod"€Nts-

are 100%. The final state from tie"* pair production will
have 2y4r plus missing energy, which is a spectacular sig-

nal and very hard to miss. This signal will appear along with  The standard MSSM RGEs for the Yukawa couplings and
the electrons or the muons in the case of selectron or SmugRe soft SUSY breaking terms will be modified due to the
prod~uction; where the selectron decays as described abov&esence of the new couplings and the fields. There will be
ie.,eg—eA”". new RGEs for the additional fields and the couplings. The
In the conventional GMSB models whey] is the NLSP  new interaction involves the third generation right-handed
case, one gets at most 2 leptons along with @hrough the  leptons and the new field=*. We will keep only thef,
slepton productions whose cross section is much smallezoupling in the RGE'Sin our numerical calculation we use
than the delta-ino production cross secjiahthe LEP Il and  all of them). The new RGEs and the modified ones are listed
at the Fermilab Tevatron or 3 leptons plus 2 photonshelow:
(chargino-second lightest neutralino producjiahthe Teva-
tron. Thus, the signal 24 plus missing energy will clearly
distinguish this model from the ordinary GMSB models in
the parameter space Whe(% is the NLSP. It may also hap-

pen that thel == mass is smaller than the or thex? mass.  whereCr,=9/5,3,0 andD= 16x%/2(d/dt),

In that case the\™* will decay into ar and a virtualz,
which will convert into ar plus gravitino or if the)(‘f mass is

lower than ther; mass, then the, will decay into ar and a

APPENDIX

2D\ ,= )\T(— > Cri(4ma;)+\E+4\2+ 4f32), (A1)
I

2Df3=f3(—2 Cf3i(4wai)+10f32+4)\§), (A2)
I
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whereCf3;=36/5,0,0,

48
Dm%=— £ maaMi+ 20 A m? +mi+ M+ A2
2,2 2 2
+4f3(m .- +2m+Az9), (A3)
192 _
Dmi .. =— = maiMi+ 2f52(MA ..+ 2m2+ Ag?).
(A4)

We do not include the effects of the couplings to the other

generationf, , since they are very small:

PHYSICAL REVIEW D59 015018

DA, = ( > CridmaiM+\2Ap+4N2A + 4f32A3) ,
1
(A5)

36
DA;= ( (47ay) =M+ 10f2A;+ 4>\§AT> . (AB)

48
2DM7=== M;ti( —(4m1)§ +4f32) . (A7)
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