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Systematics of single superpartners production at leptonic colliders
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We examine the effects of the lepton number violatRgparity odd superpotentialvV=X\;; L;L;Eg, on
single production of fermioricharginos and neutralinpand scalafsleptons and sneutrinpsuperpartners at
leptonic colliders for center of mass energies up to 500 G&VeV. The probability amplitudes for all the five
2—2 body processels |7 —%1 15, Xovm(X37m), 1mW*, PmZ%(5mZ°), Pmy(Pmy), and the decays branch-
ing ratios for the produced superpartners are calculated at the tree level. The rates for all five reactions are
proportional toxﬁm whereJ=1,2 fore"e" andu~ u™ colliders, respectively. A semiquantitative discussion
is presented within a supergravity model assuming grand unification of gauge interactions and uffiiseosal
independentsoft supersymmetry breaking parametertg (scalar$, m;, (gaugino$ at the unification scale.
The predictions obtained for the total and partial rates show that the single production reactions have a good
potential of observability at the future"e™ and u~ u™ supercolliders. For values of tiR parity violating
coupling constant of order 0.05, tfé ° productions could probe all the relevant intervals forfsandm, and
broad regions of the parameter space for théHiggs mixing and m,;,, parameters ||<400 GeVm,,
<240 GeV), while thé andT productions could probe sneutrinos and sleptons masses up to the kinematical
limits (m; <500 GeV,n1;<400 GeV). Using the hypothesis of a single dominBrparity violating coupling
constant, a Monte Carlo events simulation for the reactigng — %11, ,")‘((izvm ,7(8'27,“ is employed to de-
duce some characteristic dynamical distributions of the final ste#€8§56-282(199)02603-X]

PACS numbefs): 12.60.Jv, 13.10:q, 13.85.Hd, 14.80.Ly

I. INTRODUCTION 32], or squarks[3,23,27-2% The interpretation of the
anomalous highQ? events recently observed at HERA by
ShouldR parity turn out to be an approximate symmetry the ZEUS[33] and H1 [34] Collaborations, in terms of
of the minimal supersymmetric standard model, the trulysquark resonant production, has also stimulated a renewed
guantitative tests of such a possibility would have to beinterest inR parity violation phenomenologhB5].
sought in high-energy colliders physics, as was first empha- The collider physics tests of supersymmetric models with-
sized in Refs[1-3]. The great majority of the existing the- outR parity entail an important change in focus with respect
oretical studies for the CERB" e~ collider LEP or the Fer- to the conventional tests: degraded missing energy, diluted
milab Tevatron accelerators physics have focused on signaségnals, additional background from the minimal supersym-
associated with the LSRightest supersymmetric partigle metric standard model interactions, and uncertainties from
decays and certain rare decays of the standard model pdhe R parity violation coupling constants compounded with
ticles (gauge[2,4—6| or Higgs[2] bosons or top-quark7]).  those from the superpartners mass spectra. Our purpose in
A few experimental searches have been attemptedzfor this work is to discuss semi quantitatively the potential for a
boson decayf8,d], for inos decay$10,11] and also in more  discovery and the tests of supersymmetry with-2 body
general setting§12,13. Proceeding one step further, inter- smgle_ superpartner production. _Although several order of
esting proposals were made recently to explain the so-callgffagnitudes in rates are lost with respect to the resonant
ALEPH anomalous four-jets evenf&4] on the basis oR  Single production, one can dispose here of a rich variety of
parity violating decays of neutralinos or chargifd$—17, phenomena with multilepton final states nondiagonal in fla-

squarkg 18,19, sleptong20], or sneutrino$21] produced in  VOr- In addition, one may also test larger ranges of the
pairs through the two-body processese —3° 3% or sneutrino mass since this need not be restricted by the center

b == . of mass energy value. Encouraged by the recent develop-
(reefgre_nl:fefé. (See Ref.[22] for recent updates and lists of ments onR parity violation and by the prospects of high

. recision measurements at supercollid88&, we propose to
Apart from precursor studies devoted to the DES) P P desy prop

. . . : ; . study single production at leptonielectron and muoncol-
collider HERA[23-25, little consideration was given in the y singié p ptoni 9

. ; ) co0 T = liders for the set of five 222 body reactionsll]
past to single production of supersymmetric particles in spite ™ _ .

of the potential interest of a discovery of supersymmetry that" X 'm: 151 _)J)r(ol"m()(()?m)a~ 1515 =TaW=, 1515

might be accessible at lower incident energies. The reasom 7mtZ(7mZ°), 1515 = PmLy(PmLy) [I=1,2], in @ more

of course, is the lack of information about the size of Bie Systematic way than has been attempted so far. We limit
parity odd coupling constants other than the large number dgpurselves to the lowest inos eigenstates. Let us note here that
indirects bounds deduced from low- and intermediate-energprecursor indicative studies of the inos single production re-
phenomenology26]. Therefore, for obvious reasons, the ex- actions were already presented in R¢8%,38 and that re-
isting single production studies have rather focused on res@ent discussions concerning the reacti@isy—e*7 and

nant production of sneutrinos, charged sleptihg,12,27— e*y—I|~v, where the photon flux is radiated by one of the
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two beams, were presented in Re¥9]. We shall restrict our  after summation over the spins. Because of the simple action
study to the lepton number violating interactiond ;E; in  of CP on the initial staté] (k’)I (k), it can be seen that the
association with the familiar gauge and Yukawa couplings ofamplitudes for the pairs of charge conjugated processes are
the minimal supersymmetric standard model. The final stategelated by the substitutios—k’ and NijkNji - The tree
consist then of multileptons with or without hadronic jets. |eye| probability amplitudes are easily calculated by inspec-
Thls_paper C(_)ntalns four sections. In Sec. _||, we presenfinn of the Feynman diagrams given in Fig. 1. The formulas
the main formalism for superpartners production cross secq, the amplitudes are consigned in Appendix A. A few ob-

tions and qtecfay rates.llnI Seﬁt ”hI’ we ptredse_nt éhe nlonmén'mséervations are in order at this point. First, the same configu-
supergravity framework in which our study IS developed anq i, g of lepton flavor indices, namely,;; with J=1,m

state the principal optlpns concerning thg pqrametgr space f0:r2,3 fore~e* colliders andi=2m=1,3 for .~ u* collid-
supersymmetry breaking. Based on this discussion, in Sec. . ) ; .
IV, we present numerical results for the total rates and th&"S: oceurin all cases. Second, the amplitude for right chiral-
various branching ratios in wide regions of the parametefty slepton |yg production has not been included in the
space. In Sec. V, we show results for final states distributiongbove list of formulas for the reason that this is proportional
of the processes‘;fh—ﬂj(iﬁ,y(oy,j(oz obtained by means to the coupling constants;,, which vanishes by the anti-

of a Monte Carlo events simulation, using theSYGENrou- ~ Symmetry property\;, = —\jic . Third, all five processes

tine [40]. In Sec. VI, we state our conclusions. can appear only in a single helicity configuration for the
initial fermions (assumed masslessorresponding to identi-
Il. GENERAL FORMALISM cal helicities, namely, eithd{ |, or Il (recall that physi-

i ) i , cal helicity for antiparticle is opposite to chiraljtyLastly,
Five 2—2 body single production reactions may be ob-e ghserve that the relative signs between ghe, and u

served at leptonic colliders. We shall use the following shor{.pannels contributions are dictated by both the structure of
hand notation to denote the associated probability amplighe interaction Lagrangian and the signs of the Wick contrac-
tudes: tions for fermions. The results for the spin summed squared
amplitudes are given by somewhat complicated formulas
which we have assembled in Appendix A. We have checked
that our formulas fofy® and™ productions agree with the
results provided in Ref§37,3§ and[41].

M(Xz +15)=M7+17 =%, +15),
M(X+Vm) =M1 7 +17 =X+,

MT L +WH=M(7+17 =T +W),

B. Decays
M(Tmt+2) =Ml +17 =T+ 2), In order to exhibit the possible physical final states, we
need to consider the decays of the produced supersymmetric
MPmty)=M(7 +15—=Pnt7), (1)  particles, taking into account both the minimal supersymmet-

ric standard model interactionsienoted RPC oR parity
whereJ=1,2 is a flavor index for the initial state leptons conserving and theR parity odd interactiongédenoted RPV
(electrons and muons, respectivelyhe indexa labels the  or R parity violating. A number of hypotheses and approxi-
charginos or neutralinos eigenvalues and the indethe  mations, which we list below, will be employed in the evalu-
sleptons or sneutrinos families. Our theoretical framework isation of partial rates.
the minimal supersymmetric standard model supplemented (1) Supersymmetric particles decays are assumed to have
by the lepton number violatin@® parity odd superpotential narrow widths(compared to their masseand are produced
W=33k\ijkLiL;E;. This yields the sfermion-fermion on-shell with negligible spin correlations between the pro-

Yukawa interactions duction and decay stages. This allows us to apply the famil-
iar phase space factorization formula for the production cross
12 o o P sections.
L= 5[#]2”:1 Nijk[ViLekrejL T BjLekrViL T EkrVIREIL (2) Spin correlations are neglected at all stages of the
' cascade decays such that the branching ratios in single or
—(i—j)]+H.c., (20 double cascades can be obtained by applying recursively the
o standard factorization formula.
where the sums labeled by indicg$,k, run over the three (3) Sleptons belonging to all three families and squarks
leptons and neutrinos families with the conditio# ] fol-  pelonging to the first two families are degenerate in mass.
lowing from the antisymmetry property; = — X - Therefore, for a given decay process as, for instafice,
— vyl either all three generations will be energetically al-
A. Production cross sections lowed or forbidden. Furthermore, flavor off-diagonal chan-
Each of the processes in E() has a charge conjugate Nels such as$;—1,+2° ..., areclosed.

partner such that the transformation between pairs of conju- (4) The lowest eigenstates of neutralifgsand charginos
gate amplitudes can be formally described by applyi@Ra X, (a=1) are excited in the cascade chains.
transformation to th& matrix. The relationship is most eas-  (5) All superpartners decay inside the detector volume. In
ily described at the level of the amplitudes squared obtainethe presence of brokeR parity, the condition for electric
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FIG. 1. Feynman diagrams for the processgb; —% |1 (@), 1715 =%V (), 1715 =T W* (©), 151 =91 Z2° (d), and 1715
—7PmLy (e). The circled vertex correspond to the RPV interaction, with the coupllng CONB{aL and the arrows denote flow of
momentum.

charge neutral LSPs to decay inside the detector yields congetectoy, then the branching ratio will depend weakly &n
fortable lower bounds of order>10"" [3,43. since the last stage of the decay chdiSP decayis inde-

(6) Either a single RPV coupling constant is dominant inpendent of\.
both the production and decay stages, or a pair of RPV cou- (7) The widths for the decays with four and higher body
pling constants are dominant, one in the production stag@nal states are neglected, such as those which occur in slep-
(Amyy) and the other in the decay stagkjj). The latter  ton (sneutring decays for,m;-,myo>ng (M5 -,myo>my),

case with two dominant RPV coupling constants may be Ofnedlated by virtual chargmos or neutralinos, namdl,;q,
interest since strong bounds on quadratic products exist only

for a few family configurations. The strongest bounds arlseHVm|kVJV| and To—lnldjvi (Fn—luldjl; and oy,
from the w—3e decay [42]: Np1ihp1p<6.5% 1077, —vmlljvi).
Np21\ p11<6.5X 107 [p=2,3], while other quadratic prod- (8 A supergravity model for the soft supersymmetry

uct bounds are of order 16,10 “. In addition, as long as breaking parameters is used where, genericafyis the

the coupling constant, which controls the RPV decays, is LSP.

small in comparison with the gauge coupling constants but The consideration of the various order relations in the
not very much smallefso that the LSP decays inside the superpartners mass spectrum leads to a list of decay schemes
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TABLE I. The allowed chargino decays for different relative orderings of the superpartners masses. The
column fields give the mass intervals, the decay schemes, the final states corresponding to the process
1717 —=%"1,, with a single dominant coupling constaqy, and the leptonic components of the final states
in the case of a single dominant coupling constapt; [m=2,3]. The notatiorE stands for missing energy

associated with neutrinos.

Mass intervals Decays Final state Nmi1
mr->ms- (1) P (Al E e
- <m- (2 X =l = vl
m;>my- (3) = Bkl 1} Inlmee”
m;<my- (4) X =gl
i ,m;>ms,->mso (5) X=X o=l il i Ol I ITE Imlpefe”,
My~ >>mso (6) ”)‘(’HﬂT’;HﬂJP}EO Imlpe™lm
—lovprilly
M- > ;> ko (7) ”)‘(7—>|pﬁp—>|p7p}~(o
—lprpyiljli
Mg> M- > 1Mo (8) X —=X00,Tp — AgGpvil T (D)l T E+2jet lrete,
My - = Mg = Myo ©) }_H%ﬁpﬁqpa;ﬁ(o Ir;eter\
—q50pvil I«
My~ >mso+my (10) X —=XW =Wl T, (BT WE Itete,
Ite*I

for the initially produced superparticles. These are displayedhese tables are in order. Except for hadronic dijet pairs from

in Tables I, Il, and IIl, fory™, 7, , andl_, respectively. The

the decay process&s —%°qq’, all other final particles will

signals for théy? decays are very few in number and will be consist of multileptons and missing energy associated with
discussed separately in Sec. IVB1. Some comments oReutrinos. In the hypothesis of a single dominant RPV cou-

TABLE II. The allowed sneutrino decays for different relative orderings of the superpartners masses. The
column fields give the mass intervals, the decay schemes, the final states corresponding to the process
1717 —=2%,,, with a single dominant coupling constang, and the leptonic components of the final states
in the case of a single dominant coupling constgpt; [ m=2,3]. The notatiorE stands for missing energy

associated with neutrinos.

Mass intervals Decays Final state Nmi1
m;<me+ (1) Tm—ld; (A1 Z° ete”
m;>my s (2) PR AN B 111 Z° ee iy
M, >my -+ (3) N AN D (O 1nEZ° el
;> M+ > (4) T X "=l | v
"lmVjVil_k
m;>nko (5) 7/m—>vm')"(0—>vmvi|j|7k (D)l iIEZO e'e’,
e*l.
;> My« >myo (6) Tn=X I n=l ol p¥p (B)l ol EZ° lplmete,
— — 1 —at|F
=l prpuil il lplme™ I
;> My + >N >myo (7) P X T ol o
— 1 mvpl_pf(o—> I mvpl_pvi | jl_k
;> M+ >Mmyo (8) Tin—=X T X0 (Pl L1720+ 2jet I.ete,
Hlmqpapviljl_k me Iy
5> M+ > Mg Mo (9) Pmn—=X N m— G
"Imapqph)‘(o"lmqpapViljlk
;> My + >Myo+ My, (10) =X = kW (G T EWTZO I.ete,
— Wl T el
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TABLE lll. The allowed slepton decays for different relative orderings of the superpartners masses. The
column fields give the mass intervals, the decay schemes, the final states corresponding to the process
I}Ij—>w+~|;] , with a single dominant coupling constanj, , and the leptonic components of the final states
in the case of a single dominant coupling constapt; [m=2,3]. The notatiorE stands for missing energy
associated with neutrinos.

Mass intervals Decays Final state Nmi1
ny-<mg- (1) T.—T (A EWT e
m->my- (2) T —vmx — Vol vy v (B)I EW" e
M-, m;>my- (3) T v — vl 1 (] paruina' e'e’l,
>y ->n, (4) T = v —vmbil;
—>Vm|i|jTl(
mj->myo (5) Tl il T (D)l 1T EW® Ime"e”,
|-e*1%
ni->ms,->mxo (6) To=% v ek o7y (), I EWS l,e‘e,
—>Vm|p7l)vi|jT|< |Eei|;
Ny - > M- > m;,> Mo (7) Th—=X vm— Vil p¥p
— vyl p7p')“(0—> Vil p7pVi|j|_k
M- >y ->myo (8) TooX Ve vk A5G, (I EW™ +2jet e'e,
—>VmeapVi|j|_k el
M- > MM -> Mg Mo (9) Tn=X " vm— vl
— VnlppX " Vpdpvil 1k _
M- > M- > Mo+ My (10) T;—f)‘(* Ven— VX "W~ (©H A e'e,
—vaW™ viljl_k el

pling constant in the decays stage, one can deduce the vafsee A and B in Table)lhave a multiplicity of 2. The reason
ous final states flavor configurations by an inspection of thés that these decays proceed through the exchanges of the

+

tables(see tables captionsThe produced®, Y=, 7, T* will sle.ptons(o.r sneutrinosin familiesi ar)dj, for a glvenxijk .
decay according to cascade schemes dictated by the supdis fact is already accounted for in the virtugf three-
partners mass spectrum. It is important to distinguish th%’hOdg’ fiecayig(lzj,B(l), Table H’S_Ut n:rl]ls'f behpthJ]t by har':d”'”

. . N T N AL ey~ cascade decays proceeding through the on-shell pro-
direct RPV induced decayy —wvinjl, X —lilil, X duction of sleptons or sneutrinos which decay subsequen-

—vilili, X=7ille, Bi—= ), T, andTj —I#i,  tally [A(2),B(2), Table I,
from the indirect RPC induced decayly —X v, 7 To get a better understanding of the interplay between
=%, TL*’R_>320|, =X, ¥°=T71, ¥°=IT*, % R-parity conservindRPQ andR-parity violating(RPV) de-

17, % —15, andy*—3%°W* for two-body final states C&/S: it is helpful to note 2that ;he lZJranching ratios can be
ndN_HNOff—(lee tons or quarks for three-body final written formally as,Bp=\“/(cg“+\°), for direct decays
2tateXs AIIXthe formulgs neede?j to evaluate the a)r/tial decagn® B, =g°B/(Cg®+1\?), for two-stages indirect decays,
: X WhereB=\2/(cg?+\2) is the LSP branching ratia, andg

widths are quotgd n Fhe Appendix B'. As can b.e seen fromare symbolic notations for the RPV and RPC coupling con-
Tables I-lll, a given final state can arise from different pro-

' . ; sfants, and,c, are calculable constants. Of courBes 1, if
cesses, depending on the relative orderings of the masses. : R ~ .
; . : . . . 'the last decaying particle is the LSP, which is the generical
reaction chain occurring through an intermediate particle

o ; inapase- For values of the RPV coupling constants small with
which is produced on-shell leads obviously to the same ﬂnareS ect to the gauge coupling constants=0.05), namel
state when the production of this particle is kinematically b gaug ping o Y,

2532 indi .
forbidden and it must then occur through a virtual interme—;‘::1 >r7;ti,otsh(iasdﬁgg;daenndcivgﬂ hO; tht;lgdlregérd :;craisebnrggcﬂ
diate state. In the approximation of family degenerate slephgv coupling constantfor ex\ﬁn le 3\'_0 1) o? for su g_
tons, sneutrinos, and squarks, the ingein the tables runs ping pie, A =" P

over the three generations. A single exception is the hadroniBressecj |nd_|rect decaydue for example to kmemancal rea-
song, the direct decays may become competitive and both

decayy” —x Upd,(X"dpup), which is restricted to the first e girect and indirect branching ratios depend strongly.on
two families because of the large top-quark mass.

Another subtle point concerns the multiplicity of a given
signal, namely, the number of different configurations which
can lead to the same final state. Due to the antisymmetry We shall develop the study of single superpartner produc-
property of\;j, the final states from chargino RPV decaystion within a nonminimal supergravity framework, assuming

lll. THE MODEL AND ITS PARAMETER SPACE
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the existence of a grand unified gauge theory and of famihyA. Note that the equations admit the symmetpy(t,)
universal boundary conditions on the supersymmetry break- — wu(t;). Observing thaju(t;) is typically a monotonous
ing parameters. The renormalization group improved classincreasing function oA, we see from Fig. 2 that the corre-
cal spectrum of the scalar superpartners is determined igponding incremental increas®.(t;)/u(t;), as one spans
principle by the full set of soft supersymmetry breaking pa-the wide intervalA e[ —5,+ 5], is small and of order 20%.
rameters at the unification scdléy, namely,my (common In the infrared fixed point approach for the top-quark
scalars mags my;, (common gauginos massA (trilinear  Yukawa coupling, tag is fixed (up to the ambiguity associ-
Yukawa interactions B, (bilinear Higgs interaction by the  ated with large or low tap solutiong in terms of the top-
parameters taf=v,/lvg=(H,)/(Hg) and u(t), wheret de- quark mass m=Csing, with C=190-210 GeV for
notes the running scale; and by the gauge coupling constanis;(m,o) =0.11—-0.1346]. The dependence ch of the elec-
ga4(t), along with fermions massesfz(t). If one neglects the troweak constraint also becomes very weak, so thag) is
Yukawa interactions of quarks and leptons with the Higgsa known function ofm,, m;,, and tang [46]:

bosons, then the running masses of all sfermions remain

family degenerate down to the electroweak breaking scale ) m% 21+0.5taﬁ,6’ , 0.5+ 3.5tarf B

where they are described by the familiar additive formula W T M g1 " g1

m%(t)=m,?(t)+m§+cf(t)m§,2i mio cog28)(TE—Qfxw), In Sec. IVB, we will discuss results for the branching

3) ratios in this cpnst_ramed model. The total_rates are not af-
fected in any significant way by which version of the super-

gravity models is used, since, as we will see, their depen-

ence on tay andmg turns out to be smooth.

®The main uncertain inputs are the superpartners mass

spectrum and the coupling constamkg,. To survey the

haracteristic properties of single production over a broad

where c(t) are calculable coefficients depending on the
gauge interactions parameters and the last term represents t
D-term contribution, the upper and lower sign being for the
left and right chirality sfermions, respectively. The most rel-

fevaqt Y:{Jkawa COEp"nngOTStantS, nar]pcejly, th(l)(se Ofdtrlle thir egion of parameter space, we found it convenient to con-
amily of up-quarks or, for large taf, of d-quarks and lep- gider a continuous interval of variation far(t;), namely,
tons, are expected to induce downwards shifts for the th'r,u(tz) [ —400.+400] GeV, while choosing suitable dis-
family squarks(up and dowmn and sleptons, which depend crete values for the other parametavk(t,)=50,80,100,

nontrivially on the parameterd and w. In this work, we _
shall restrict consideration to the simple case of family inde—150’200 Gev,mo=20,50,150 GeV, and (36=2,50. We

. ; shall set the unification scale My=2x10°GeV and the
pendent running masses and employ the approximate repre- . 5 o .

o . : : running scale aQ“=mj3. For definiteness, we choose the
sentation in Eq(3) with the numerical values quoted in Ref. . . ; .
[44]. Note that the total rates do not depend on the squark%OUpIIng cpnstant, which controls the size of the_pr_oductlon
masses and, as already remarked in Sec. 1l B, the third famfroSS section, at the reference valig,,=0.05. This is the

lies of squarks are not considered in the cascade decays. T gonggst bourf1c_1 tfor ats(lje{:)t?r; mtass of 103] qég]' Thbe
charginos and neutralinos classical mass spectra are det ependence of integrated total rates\apy, Is then given by

mined by the subset of paramet&fs(t), M(t), x(t), and a simple rescalingX,;/0.05F but that of branching ratios

tan. For fixedm,,, the solution of the one loop renormal- °" Nijk (which may or may not be identified withy,) is
izatﬁ)n group eéﬁations is given explicitly g)mllzz(l more complicated because of the interplay between the RPC

B - 2/ ~D . ; and RPV contributions which add up in the total decay
chfet)gl Efgégv ?(e;f:)_z |chg(_l\/|()é/Q i Qldle)zn\(l)vmgathe( ;uznril)ng widths. The reference value used hexg, =0.05, is also an
yPa™ IxMa MaT [T - 14y ’

corresponding to the beta functions parameters for the gaugitrfgeresting borderline value since below this value the depen-
f hing fracti i ligible i
group factors S(B), SU(2),, U(1)y, andgy is the coupling nce of branching fractions og;, becomes negligible in

ifica le. N h h . d bi eneric cases.
constant at unll |cagon scaE.SMote t ?]Zt the IW'.nO anf | NO™ 1t will prove helpful in the following discussion to keep
masses are relate Ml(t)_3 2(t)tarr fy. It is USEIUL  within sight the spectrum for the low-lying inos. We display
here to comment on the relation of our framework with the

led minimal i f K in which in Fig. 3 the results obtained by solving numerically the ei-
so-called minimal supergravity framework in which one as-qq 4jes problem for the charginos and neutralinos mass
sumes a constrained parameter space compatible with elfﬁ.‘-

) atrices. Recall the current experimental bouptid, nro
troweak symmetry breaking. Let us follow here the so-calle X1
ambidextrous minimal supergravity approapht], where ~23 GeV, m;=>45 GeV, m;>37.1 GeV, and mj
one choose$mgy,my;»,A,sgnw),tanB] as the free param- >45 GeV. The following remarks about Fig. 3 will prove
eters set and derives(t,),B ,(t;), at the electroweak sym- relevant for the discussion on branching fractioi$.The
metry breaking scalé,=In Mi/m%, through the minimiza- symmetry of the spectra undgr— —u is spoiled at low
tion equations for the Higgs bosons potential. For fikgg  tang as can be seen on the explicit expression for the inos
My, and tang, varyingA will let the parametep(t;) span  masses in Refl48]. (i) The mass differenceg* —X° in-
finite intervals of relatively restricted sizes. In Fig. 2, we give crease withju| with a steep rise appearing at=M,, the
results of a numerical resolution of the renormalizationborderline between the Higgsino and gaugino dominant re-
group equations which show the variation |f(t,)| as a gimes. (i) The spacing§t3—%; and¥; —%; decrease in
function ofmy andmy,, and also exhibit its dependence on magnitudes, relatively to th}?f mass, with increasinil,.
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FIG. 2. The solutionu(t;), at scalem,, for the electroweak symmetry radiative breaking equations, at running top-quark mass
my(m;) =171 GeV (m{""e: 180 GeV), is plotted as a function afy/100 GeV andm,;,/100 GeV for four values of the pair of parameters
A and tang.

Although we show here the results ) mass, the interest- for low tang and the rates decrease with increadihg. The

ing possibility of exciting the second neutralifid is not  only cases where fast variations of rates arise are for values
considered in the subsequent discussion. of my andM, at which the center of mass energy hits on the
sneutrincs-channel pole/s=nt,. As mg increases, the reso-
nance occurs at smaller values M, since the sneutrino
mass depends dd,, my, and targ3 [see Eq(3)]. The pole

A. Total production rates cross sections themselves, as parametrized by the conven-

The total production rates are evaluated by taking the ant_|onal formula

gular integralcr:ffim(do/dx)dx [x=cos#d], over the dif- 87s T(T— 11T (7—X)
" o1 —=X)=—
ny

14

IV. RESULTS AND DISCUSSION

ferential cross sections which are given explicitly in Egs.
(A2)—(A6) in Appendix A. To follow the usual practice we
shall set an angular cutoff to account for the poor detection

condition along the beam pipe 178%,,>10°, correspond- ~4103(
ing to X,,=c0s6,,=0.9848.

(s—mé)2+T2

100 Ge

2
\/) B(7—I1"17)B(7—X) fb,
5

can grow to values several order of magnitudes higher. For
The results for the integrated rates of the production of thelarity, we have refrained from drawing the cross sections
lowest mass eigenstatdg andJ, at LEPII energies, are close to the resonant energy in the same plot. This is the
displayed in Figures 4 and 5, respectively. The inos producreason why the curves correspondingMg =150 GeV do
tion rates depend smoothly on t&nand on the mass param- not appear in Figs.(4), 4(d) and 5c), 5(d). The effect of the
etersu, my, M, in a way which closely reflects on the mass pole can be seen fdvl,=200GeV in Figs. 4), 4(b) and
spectrum. Thus, the symmetry under — u is upset only  5(a), 5(b). We note also that fo,u=0,”)‘(2 is a pure Higgsino

14

1. Inos production
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FIG. 3. Mass spectrum for the chargifg and the first two lowest mass neutralin;"@%and}g as a function ofu. Four choices of the
parameters, ta@ andM,, (in GeV), are used, as indicated on top of each window.

and they$ production cross section vanishes. The results fothe center of mass energies. An account of the mass differ-
inos production rates at Next Linear Collid¢NLC) or ~ ence betweemy and my would not change the numerical
whu~ colliders center of mass energies are displayed ifesults In any S|.gn|f|cant way. L
Figs. 6 and 7. The drop with respect to the LEPII energies is The differential cross section for the reactibfl ; =7y
nearly by one order of magnitude. The second neutralindnust be treated with special care because of its extreme sen-
production ratesr(¥9) = o (17 1; —=¥Ivm), When this is ki-  Sitivity at the end pointsc=*1 in the limit of vanishing
nematically allowed, turns out to be of the same order ofléctron massn.—0. As appears clearly on the expression
magnitude as;(")}g). For \s=500 GeV, U(}g) and U(}g) (1f tr21e lsquaregi mtz)mentum transfer varlablve(k_—p )
are numerically close throughout the parameter space of our mhv_ 5(|S_ m”yle %v)[ﬁ_(k/Ek)”(.p/Ep)x_]' folr ;”v_ 0, the
model. However, for/s=200 GeV, there are regior{farge t-channel amplitude has a collinear singula b0 asx
~0 ~0 —1. An analogous collinear singularity occurs for the

tanB,u<0) where one hasr(x;)~20(x;) and other re- ; B N2 .

. -0 u-channel amplitudei=(k—p’)*—0 asx— —1. Imposing
gions (low tanB,u>0) where one rather hasr(x3)

L0 ; ~ the cutoff on the center of mass anglenakes the regular-
~30(X1)- As for the production rate of the second charginojzation of collinear singularities pointless.

o(Xz), this is always nearly an order of magnitude below |n the limit of vanishingm,,, independently ok andm,,
o(x1)- the sneutrino production cross section becomes infinite at the
limiting energy pointys=m. This accounts for the prop-
erty of the numerical results for the integrated cross section
to rise withnt;,, as seen in Fig.(®). However, if one were to
The slepton and sneutrino production rates depend soIelyetm7 at, say, thep-meson mass, in line with the vector
on the sleptons masses angl;;. The results, obtained by meson dominance hypothesis, one would rather find the op-
settingmy=ny;, are displayed in Fig. 8 for three values of posite behavior with respect to the dependencengn Ob-

2. Sleptons production
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FIG. 4. The integrated cross sections for the prodgds FIG. 5. The integrated cross sections for the prodgds

—X1 |, at a center of mass energy of 200 GeV, are shown as a,%%m, at a center of mass energy of 200 GeV, are shown as a
function of . for discrete choices of the remaining parametéas:  fnction of « for discrete choices of the remaining parametéais:
tanf=2my=50 GeV, (b) tanf=50my=50 GeV, () tanf=2,  tang—=2my=50 GeV, (b) tanB=50m,=50 GeV, (c) tanB=2,
Mo=150GeV, and (d) tans=50my=150 GeV, With Amy;  m =150 Gev, and(d) tanB=50mo=150NGeV, with Ay,
=0.05. The windows conventions are such thatgar2,50 hori- =0.05. The windows conventions are such thatgar2,50 hori-

zontally andm,=50,150 GeV vertically. The different curves refer ;qnia1ly andm,=50,150 GeV vertically. The different curves refer
to the values oM, of 50 GeV (continuous ling 100 GeV(dot- 5 the values oM, of 50 GeV (continuous ling 100 GeV (dot-

dashed ling 150 GeV(dashed ling and 200 GeMdotted ling, 8 yashed ling 150 GeV(dashed ling and 200 GeMdotted ling, as
indicated at the bottom of the figure. indicated at the bottom of the figure.

serve that the increase of the cross section withcorre-  Site chirality than the slepton involved in the rate. Of course,
sponds to the fact that, fam,~ /s, the proces$1; —7y  the masses of, andT are related in a given model. At
behaves similar to a sneutrino resonant production, accomds=500 GeV and assuming;;=0.05, all the single pro-
panied by the initial state radiation of a soft photon. duction reactions should be potentially observable over a
broad region of parameter space. The slepton production re-
actions could then probe slepton masses up to 400 [Gay/
3. Discussion 8(a)] and sneutrino masses up to 500 GE@\g. 8(c)]. The
) _ ino production reactions could probe a large region of the
In summary, the single production rates range from SeVharameter planeu,M,), since the dependence on the pa-

eral 10's c,)f fbto a few, 100’s of fb at LEP .energies andrametersmo and tang is smooth. To strengthen our conclu-
several units to a few 10's of fb at NLC energies. Thereforegjons it js necessary to examine the signatures associated
the superpartners single production are at the limit of obsery,

# , ; A with the final states, which is the subject of the next section.
ability for LEPIl assuming an integrated luminosity per year
of 200pb ! at \/s=200 GeV. The prospects for single pro-
duction should be rather good at N@9] and u* ™~ col- B. Branching ratios
liders[50] since the assumed integrated luminosity per year

is expected to be about 50fbat {s=500 GeV. Moreover, tion rates are readily obtained by multiplying the total rates

It is 'mpo”"?‘”‘ to note here that had we considered for the‘{or each reaction with the decay branching fractions. The
RPV coupling constants, constant values for the produc

various final states for each of the-22 single production
Amy M7 /100 GeV), rather than fokp,,, the rates would o oo 'have been listed in Tables I—IIl. The leptons family

get an important amplification factom, /100 GeVY for  configurations in the final states will depend on the hypoth-
increasing superpartners masses. Note that the slepton iasis for the RPV coupling constafsingle or pair domi-
volved in the bound is of right chirality and thus is of oppo- nance.

In the narrow resonance approximation, the partial transi-

055003-9



M. CHEMTOB AND G. MOREAU PHYSICAL REVIEW D59 055003

(w b (o) (s))
250 120 6
. N 8 f
200 ~, 100 o [N 5
- 7\ —_ . \ : ~ 5
: - . =26 e
S 150 L £ v < g
=] 1 S g0 s [=] S 3
0 : D vy D 4 Nal
2 100 & : o« &«
— — 40 — —
—_— !/\‘_ 2
50 ====\'y I
© O 3 [ o 2 Oy
0 0 ol 0
-400 -200 O 200 400 -400 -200 0 200 400 400 -200 O 200 400 -400 -200 0 200 400
g [GeV] u [GeVl u [GeVl] u [GeVl
© (d © (d)
250
120 N 1 9 ®
200 oL 5
_ —, 100 /;’\ ' \\\4
c 1m0 g Bf_ . { T~ =l 'c 4
S S ] [ C
at O 60 ! ] S 3
& 100 & ‘{ ’1 el =
= — 40 \ b purfiP
v 50 o) y 3
20 © O
0 0
ol 0
-400 -200 O 200 400 -400 -200 0 200 400 T ———— 100 200 0 200 400
u [GeV] u [GeVl
u [GeVl u [GeVl

—506eV ---150GeV
----- 100GeV ---- 200GeV —506eV ---150GeV
----- 100GeV --- 200GeV

FIG. 6. The integrated cross sections for the prodgds ) . o
—%; 15, at a center of mass energy of 500 GeV, are shown as a ~FO|E" 7. The integrated cross sections for the prodgds
function of x for discrete choices of the remaining parametéss: " X1¥m, @t @ center of mass energy of 500 GeV, are shown as a
tanB=2m,=50 GeV, (b) tanB=50m,=50 GeV, (c) tanB=2, function of u for discrete choices of the remaining parametéais:
me=150GeV, and (d) tanB=50m,=150 GeV, with Ap,, aNA=2Mo=50 GeV, (b) tanf=50m,=50 GeV, (c) tanf=2,
=0.05. The windows conventions are such that@ar2,50 hori- Mo=150 GeV, and (d) tanp=50me=150 GeV, with Apj;

zontally andmy=50,150 GeV vertically. The different curves refer — 0-0°- The windows conventions are such thatAa:®,50 hori-
to the values oM, of 50 GeV (continuous ling 100 GeV (dot- zontally andmy=50,150 GeV vertically. The different curves refer

dashed ling 150 GeV(dashed ling and 200 GeMdotted ling, as ' the values oM, of 50 GeV (continuous ling, 100 GeV (dot-
indicated at the bottom of the figure. dashed ling 150 GeV(dashed ling and 200 GeMdotted ling, as

indicated at the bottom of the figure.

With the purpose of testing characteristic points of the
parameter space, we have evaluated the branching ratios feihce the corresponding region of the parameter spice
the decays of the superpartners, namgly, T*, and¥, for  3(c)]is forbidden by the experimental constraints on the inos
variable . at discrete choices d¥l,, my, and tang, such  masses. Thus, the process ; —%}vy, will only generate
that the main typical cases in the ordering of the massgs  events with 2leptonsE. At this point, it is necessary to
m).(lt,nr ,m,, can be explored. The results are shown in Figsspecialize our discussion to a single dominant coupling con-

9, 10, and 11, for the chargino, the sneutrino, and the slepto?‘ltant hypothesis, assuming;#0 not necessarily identical
decays, respectively. The curves for the various branchin® Mmas- One mayodlstlngwsh the following four distinct
ratios are distinguished by the same letténsmbers as  Cc@ses. For an LSR;, namely,mzo<mij,m;, (case J, only
those used in Tables I-lll to label the various final stateshe direct RPV three-body decaﬁxqoﬁ?il_jlk,j(gﬁ Viljl_k,
(decay processgsWe shall now discuss in turn the various are allowed. The branching ratios are then determined on the
superpartner decay schemes corresponding to the five sindlgsis of simple combinatoric arguments. For a dominant cou-
production reactions. pling constant, say\ m11, there are four final states/| e,
vilhe, vme e’, andvy,ete”. Accordingly, the branching
ratios of}‘(g’ into two charged leptons will depend on the type
(flavor,charge of the final state: The branching ratios equal
The branching ratios for th§? disintegrations are best 3 for the flavor diagonaé*e™ or flavor nondiagonal“e*
analyzed separately. For convenience, we do not treat thehannels; for the fixed charges and flavorse™, orl~e*
casesm; o>y and MR0> N« since these arise marginally channels and 1 for the lepton-antilepton pairs of unspecified

i ) :
in most of the currently favored modelsupergravity or flavors. For a dominant coupling constaii #Xm1, an

gauge mediated soft supersymmetry breakifigie cascade 2analogous result is obtained. Foro>ni,m; (case 2, the
decays which occur ifn;lr<m;(l> are also not considered branching ratio fof)'(? decay is

1. Lowest mass neutralino
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FIG. 8. The cross sections for the procesisds —1,W* (a), T'(P=2 1)+ T(=T 1B =7l
17157 —=5,2° (b) andl 515 — Py (), are shown as a function of the = Oa—nl; k)_ Ga=tily) (Nl 1
slepton mass and the sneutrino mass, Xg;=0.05. The three I"(}gg—>7i|jlk)+31“(}g—>ljlj)
values of the center of mass energies considered are 200, 500, and
1000 GeV, as quoted in the top window. _ E @
3!

where the prime od’’ is a reminder to indicate that the
decay width includes only the contribution from a virtual
B(')‘(g_)jﬂ_” W) sneutrino exchange. The approximatE equality in(giqije—
B B rives from the fact thatl’(X)—viljl)<T(X{—T;l1),
F(3=T;1)B(T, =7l + T (X—57)B(@i— 1) based on the expectation that an RPV three-body decay

= should be much smaller than an RPC two-body decay. An

3r(x1—Tjl)) +3C (X {—¥v) analogous argument to that of case 3 holds for the other

1 intermediate caset > M=, (case 4. For the cases 2, 3,
=—, (6)  and 4, the multiplicity factors are the same as for the case 1.
3 The}}‘l) process may occur at the end stage in the decays of

where we have used the fact that in the present case, assuie » | @nd7, to be discussed below. The associafgde-

ing a dominant coupling constant., , B(T;—7:1,)=B(¥ cay multiplicity factors for the two leptons final states wi!l

9 P g' Jeo PR Tk ! then take the same values as quoted above for the various
—1jli)=1. The factors 3 in the denominator account for thesglection criteria. In quoting numerical results below, we
number of families. For the intermediate casg>no  ghal, for convenience, assume the case of unspecified lepton
>my (case 3, there occur contributions from two-body RPC flavor and charge and thus will set the multiplicity factors to
decays and three-body RPV decays, such that unity.
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FIG. 10. Branching ratios of the sneutrino decays as a function FIG. 11. Branching ratios of the slepton decays as a function of
of u. The results in the four windows are obtained with the follow- w. The results in the four windows are obtained with the following
ing choices for the parameterftM,(GeV) my(GeV),tans\iy), choices for the parametersf(M,(GeV) my(GeV),tans\y),
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letters A—F, which have the same meaning as in Table II. letters A—F, which have the same meaning as in Table Ill.

2. Lowest mass chargino on Uj; which is small[51]. In conclusion, the highest
branching ratios are associated with the cascade decays C, D,
and E, except for the case in which the sneutrino is the LSP,
where they are associated with the RPV decays B. The range
of u for which the chargingy; is the LSP is excluded by the
experimental constraints on the inos massee Fig. 3.

The results in Fig. 9 for the high tghcase show a high
degree of symmetry with respect fo— — u, which arises
from the symmetry in the inos mass spectriirigs. 3a),
3(b)]. As can be seen from Figurédd, a dominant mode for
the chargino at high values ¢f is the cascade decay,
—%° 7, since this occurs via the two-body decay
—|17v [C(7)]. Indeed, for these high values @f one has
m;<my-. This two-body decay competes with the other ~We turn now our attention to the sneutrino decays. For
two-body decayy —%°W~, when the latter is kinemati- high values ofu, the cascade decay D has the highest prob-
cally allowed, as is the case far~—300GeV in Fig. 9d).  ability [Figs. 1Ga),10(d)] since the decay into chargino is
The RPV direct decay@ and B) are three-body decays with €ither kinematically forbidden or suppressed by a small
small coupling constant and are thus suppressed. Howevephase space. The RPV direct decay A, as for the chargino
for N;;=0.1, the direct RPV decay(B) can become domi- Study, may be important for values bfy near 0.1[negative
nant[moderate negative values pfin Fig. 9c)]. Even for 4 in Fig. 10c)]. When the sneutrino is the LSP, the RPV
N\ijx=0,05, the channeB(4) may be competitive ifm;  direct decay has a branching ratio equal to uffig. 10b)].

~myo [u=~—100 GeV in Fig. 8a)]. Furthermore, in the case, For small|ul, the decays &) and K8) through charginos
m;<m-o<m:=, the only open channel for the sneutrino is dominate the decay D through neutralinos. The reason is that

7—I1, so that the dominant mode for the chargino decay idor ©=0, Xiisa pure _H'99_S'_”0’ whose couplings are weak.
once more the RPV decay(® [high values of|x| in Fig. In the so called H|ggS|no limite— 0 [51], theidecays B and
9(b)]. For small values ofi], the difference between the two C(3) are small since they occur through fie RPV direct
dominant leptoniC) and hadroniD) cascade decays is decays. However, they have the highest probabilitynip
due to the flavor and color factors. We note also that in a>m;(lr [Figs. 1@a),10(c),10(d)]. The relation between the

small interval ofu nearu=0, myo>ms- (see Fig. 3 and  |gptonic (E) and hadronic(F) cascade decays can be ex-
consequently the only open channels are the direct RPV deslained in the light of the study on the chargino. We con-
cays[Figs. 98),9(c),9(d)]. In this region, the direct RPV de- clude that the cascade decays B, D, E, and F, are always the
cay A(1) is negligible because the branching ratio dependslominant modes, except when the sneutrino is the LSP.

3. Sneutrino
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4. Slepton excitation of¥}. Assuming that the direct RPV widths are

Finally, we concentrate on slepton decays. For high valSmall enough so that the decay chain is initiated by the RPC
ues ofu, the cascade decays via charginos are reduced bgontrlbutlggs,_then _the disintegration modg;— (X1
cause of a small phase spdae Fig. 11(b) or for <0 in  +1717),(x1+vv), will also yield 2HE and 44 E final
Figs. 11c),11(d)] or even closedifor <0 in Fig. 11@]. In  states, respectively, and the other disintegration qujes
these cases, the dgcay D yia neutrali_nos dominat_es. El_se;(j(fﬂ*7,321*+|+,,),(§,,17,;),(Tt|1), will yield 21+ &
where, the decays via charginos have higher branching ratiggd 4h- I final states according to decay schemes similar to
[for x>0 in Figs. 11a),11(d)] since larger coupling con- those given in Tables Il In our supergravity models, the
stants are involved. In the Higgsino limit, the slepton cascad§9 gecay into%; should be suppressed by a small phase
decay_D via}gf is suppressed forlthe same reason as in th%pace(Fig. 3). To determine which of the decay mod}:%
_sneutrlno _study. The Qecay Vi, is then dominating. The —>5(2, T or 7, leads to the dominant signal would require a
;:ﬁrgre\}glgﬁa?;itnh:s?éfffgiggeogime:;etgﬁcdbeecr?g\io?é gf tEdetegled ck())mparison of branching ratios at the initial as well

; . : ) , the subsequent stages.
chargino branching ratios which have already been describe Let us ask in what way would alternate hypotheses on the

above. We see in Fig. 1d), that for A;=0.1, the RPV fami - :
) L K . family dependence affect our conclusions. Especially regard-
direct decay A is still very reduced. This is due to the Im'ing the multiplicities of final states, this is relevant for the

portant phase space for the slepton decay into neutraling, sesm-- > ,m, where the chargino can cascade decay
Lastly, a new phenomenon appears for the slepton case. In X1

the Higgsino limit (u—0) at large targ, the matrix element {0 on-shell sleptons or sneutrinps(2) and B4) in Table I.

U,,—0 which forces the verteky= » [see Eq(B3) in Ap- As we have emphasized in the last paragraph of Sec. 11 B, the
pelr%\dix B and the branching ra)'fios for theqéascade gecaychargino decays have a multiplicity of 2 for three degenerate
through the chargino to vanigii]. This is the explanation Families of sleptons. For the case of two degenerate families,

of the fact that foru=0, one observes a peak of the direct labeled by the indicem,n, assuming a dominant RPV cou-

' e - ling constant\;;, the multiplicity equals 2 for if,n)
RPV decay branching fractidifig. 11(b)]. Similar peaks are P19, . ijk )
also obser)\//ed at shi?te,d<0c{forgthel(lc3\}v tang cages[Figs. =(i,]), since the two sleptons from famili¢sandj can be
11(a),11(c),11(d)]. However, this behavior appears for prodgced c_>n-she||l, and equals 1 .m:k or n=k. For t.he
ranges of the parameters which are forbidden by the boun hysically mt_erestmg case of & single Iow_m_ass family, la-
on the inos masseig. 3. The conclusion is that the cas- eled by the indexn, one finds that the multiplicity equals 1

. o #k and O otherwise. The conclusion is that the RPV
cade decays have always the highest probability for the re.a{gr m#K . . .
son that the_-chirality slepton cannot be the LSP in generic contributions A and Hin Table ) to the chargino branching

; ratios increase as the number of slepton families, which are
supergravity models. lower in mass than the chargino, becomes higher. This ef-
fect, which is quite small, would affect the branching ratios
in parameters regions for which the RPV contributions A and

In summary, we have learned that the general behavior a8 zre not weak, that is for<0 in Figs. 9a)-9(c).
branching ratios is mainly determined by the phase space and |, Fig. 12, we present results for the branching fractions
thus by the ordering of the supersymm.etric particles massegy, fixed m, in the infrared fixed point model with elec-
We have explored all the characteristic cases>ny - troweak symmetry breaking. In this constrained version,
> Ko, M5,-> ;> o, andm;;>m;g>m;. For high val-  where my;, varies with u, the dependence op is rather

ues ofm, lying aboveM,, the sleptons would have massesf5im"ar to_tha_t of the nonminimal model where we worked
greater than the inos masses. We have not analyzed this cd8&tead with fixedn, andm,,. However, as we see from the
since one has then the same situation in the mass ordering B&SS spectrum, here the LSP is the neutréjfidor all the

for the case of small values ¢f| (except for large enough Physical ranges of the parameters. Due to the large mass
values ofm, where the on-shelW* production can take difference between thg? LSP and the NLSRnext to LS,
place inT and¥ decays G. In this situation, as we have the cagcade _decays are the qnly dominant modes and the
explained above, the charginos principally decay into neuPranching ratios for the RPV direct decays are very weak.
tralinos, while the sleptons and sneutrinos decay into chargi- L€t us add a few qualitative remarks on the predictions of
nos. The main conclusion is that the cascade decays are t§@u9e mediated supersymmetry breaking models. In order

dominant modes except if the sneutrino is the LSP. In thid0! the production rates in the minimal mod&2] to have
- - — . . the same order of magnitude as those obtained in the super-
case, the RPV deca¥,, —I;v;—;l;ly, is dominant for the

chargino decays, and the only open channel for the sneutrin avity model of Sec. IV, one needs a parameter /M
( . : 0 : o .
is of course the direct RPV decay. Besides, for values; f 0°GeV, using familiar notations for the supersymmetry

breaking scale ((F) and messenger scal&). Concerning

higher than 0.05, the RPV direct decay branching ratios caik;e signals, by comparing the mean free paths;?ﬁ)ffavor-
reach significant levels for the case where the cascade decal 3 candidate for LSPin both models, one finds that the

are suppressed due to small phase space factors. o ~ .

The excitation of the second neutraliff deserves some decay channel to the graviting — ¥G becomes competitive
attention since this may have in certain regions of the paramwith the RPV decay chann&l{—vll for \{(F)/100 TeV
eter space comparable, if not larger, production rates than the 102/ /\..

5. Discussion
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(@ )] model and also the standard model, for which the identical
helicities configuration only appears with thechannel
Z-boson exchange.

200

150

100

mass

50 V. DYNAMICAL DISTRIBUTIONS

The distributions of rates with respect to kinematical vari-
ables associated with the final states offer helpful means to
characterize the underlying production processes. As an in-
dicative study we shall present here some characteristic dy-
namical distributions obtained for the production reactions
1515 =% 17 %30, X307, %57, X9v, from a Monte Carlo events
simulation for which we have used the event generator
SUSYGEN[41]. We concentrate on the final state signals of
2I+E, 4l and 4k E. Note that for high values gi, the final
state 44 £ is the dominant mode for the chargino, slepton,
and sneutrino decays. This signal also receives contributions
from the reactions; | ; —2%(52°),7y(#y),1 “W™, which
however are not included in the simulation. The standard
model background is expected to be small for the Blsig-
nal. The main background from the minimal supersymmetric

——A - - standard model interactions arises from the neutralino RPC
—B pair production 15 —%3%5 . Following the analysis in Ref.

FIG. 12. Mass spectrum of the supersymmetric partighgsin ~ [93], we consider an incident energy qf=350 GeV and
GeV, and branching ratios for the decays of the chargiop ~ US€ @ nonminimal supergravity model for which we choose
sneutrino(c), and slepton(d), as a function ofu. The results are the set of parameterdl,=250 GeV, u=400 GeV, m,
obtained formy= 100 GeV, using Eq(4). The final states in figures =70 GeV, tan3=2, which yields the Spectrurrm;(tl)
(b),(c),(d) are labeled by the letters A,B. ., which have the same —=1185 GeV, m}g:221_4 GeV, m;(f:219'1 GeV, m;,

i in Tables I, tively. .
meaning as in fables respeciively =225 GeV, mj =233 GeV, nj =141 GeV. The inte-
grated rategignoring acceptance cytsare, for \,,;;=0.05

_ Tt I You )= YO
Let us also comment briefly on some of the experimental M=21: o(x1 M~())~—030-9fb, o(X1v,) =48, o(x2v,)
issues. A given final state can possibly arise simultaneously 12-1fb, ando(x1x1) =238.9fb. We consider the follow-
from several of the single production processes. The impornd five dynamical variables for all types of final states. In-

tant 4k E signal which occurs fofy*,1*,% productions is variant missing energ¥m=2; . ,E; where the sum is over

one such example where one may be forced to add all thre%e neutrinos, as approprifilte to a brokemparity situation.
verage per event of thg™= lepton transverse momentum

types of cross sections in comparing with some given experi-

mental data sample. Similarly, for most signals, one musPt(# ") =Zilp(ui)I/N,, where N, is the number  of
typically add the contributions from the two charge conju-MuonSs. Angle between the momenta of same electric charge

gate partner processes. Concerning the competition with th9n (SS muons pairs. Average per event of the summed
standard model background, one expects that the most inffansverse momentgsfgr leptons pairs Pf:same & or
portant contributions to the final states+ and 4l, will ~ OPPosite signOs Py %”):E_(i,j)[p_t(lf’ )+p:(I) 1N,

arise from the reactionglj—>W+I‘7, Wy, WHW-, whereN is the number of configurations ahe- e, w.

7% +1,292°,2%. In spite of the large standard model rates We have generated the inos single production aan(ﬁne

of order one picobarn af's=500 GeV[38], one should be pair production in separate samples of 5000 events each. Our
able to distinguish the single production signals by exploit-choice of using equal number of events for both reactions
ing their specific nondiagonal flavor characténal state B has been made on the basis of the following three somewhat
in Table Il and A in Table I). The other multileptons final Qualitative considerations, none of which is compelling.
states, generated by the cascade decaysZMl+Z°,3| First, the single production reactions occur in company of
L7200 W L E . have a standard model backg,roundtheir charge conjugate partners, which multiplies rates by a
which is negligible. The potentially large two photons back-factor of 2. Second, the oth&r and| single production re-
ground processes, induced by photons pairs radiated by actions, which have not been included, would be expected to
the initial leptons, can be significantly reduced by imposingadd contributions of similar size to the leptonic distributions.
suitable cuts on the leptons transverse momenta. Finally, wéhird, assuming for the RPV coupling constant the alterna-
note that the selection by the RPV single production of identive boundA ,,;(100 GeVhrj ) <0.05, there would result a
tical helicities for the initial statd,;l,;, can be exploited to relative enhancement for single production over pair produc-
discriminate against the minimal supersymmetric standartion by a factor of 4. The above three points motivate our

0
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0.8

0.6

B.R.

0.4

0.2

0
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single inos / neutralino—pair production
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FIG. 13. Distributions of missing energy, muon transverse momentum, same sign muon pair angle, summed transverse momentum for
opposite sign (OS) and same sign(SS leptons pairs (electrons and muohsfor the single production processels |y
—»’)‘(I,ui,')“(lvﬂ ,}211}# ,7(21/” ,}221/ (solid line), and the pair production process ; —%3%" (dashed ling at a center of mass energy of 350
GeV. The parameters values akk,=250 GeVmy=70 GeVu=400 GeV,tarB=2\,;,=0.05. Events samples, consisting of 5000
events each, are generated for the inos single production and neutralino pair production, respectively.

rough guess that the number of events chosen for the fivproduction stage. Similarly, the existence of a strong angular
single production processéwgether with their charge con- correlation between same sign muons pairs is interpreted
jugate partnepsshould be of comparable size to that of the naturally by the momentum conservation balance between
7(8 pair production process. the leptonl , produced in the initial stage and the other lep-
The results are shown in Fig. 13. The single productionton produced at the decay stage. Although there are certain
reactions present certain clear characteristic features: Cogistinguishing properties between the single and pair produc-
centration of missing enerdy, at low energles pronounced tion processes, the discrimination between the two may de-
peaks in the muon transverse momentRgtw. ) and in the  pend crucially on the relative sizes of the associated event
angular distribution for the same sign muons pairs, and gamples. Of course, the best possible situation would be for
double peak in the transverse momentum distribution for thein energetically forbidden neutralino pair production.
opposite sign leptons paiR®<(I1). The large transverse mo- Fmally, we comment on the effect of eventually exclud-
mentum components present in the single production distriing they smgle production component. In that case, most of
butions inPPX11) and inP,(*) are explained by the fact the S|gnals for single production would become less diluted
that one of the two leptongnamely,| ;) is created at the in comparison with neutralino pair production, the large
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missing energy signal would be removed while the large OSree from standard model background which make them

lepton pairPP(11) signal would become amplified. quite interesting signatures for the discovery of supersymme-
try and R parity violation. Even the Ksignal arising from
VI. CONCLUSIONS direct RPV decays could be observable due to a characteris-

tic nondiagonal flavor configuration. For center of mass en-
We have analyzed the full set of-22 single production ergies well above all the thresholds, the+& signal re-
processes at leptonic colliders induced by the RPV interaccejves contributions from all five single production processes
tions LLE®, within a supergravity model. Although our ap- and hence should be strongly amplified. We have presented
proximate study has obvious limitatioriactorization and  some dynamical distributions for the final states which could

narrow resonance approximation, neglect of the spin correcharacterize the single production reactions.
lations and omission of acceptance guitsuncovers the gen-

eral trends of all the five single production reactions. Over ACKNOWLEDGMENTS

the whole parameter space, for an RPV coupling constant . _
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or double RPC induced cascade decays to the LSP, which are
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pergravity model, assuming electroweak symmetry breaking,
large mass differences occur between the scalar superpart-
ners and thé&? LSP, leading to dominant cascade decays We discuss the five 22 body single production pro-
modes with weak competitivity from the RPV direct decays.cesses given by Eql). The formulas for the probability
The signals #+E,6l,6] + E arising from cascade decays are amplitudes are

APPENDIX A: FORMULAS FOR AMPLITUDES
AND SPIN SUMMED SQUARED AMPLITUDES

INmaVar_ OAmiVa1

M(};Hf{]):S_—m%Lu(k’)P,_u(k)UC(p)PLv(p’)—Wﬁc(p)PLu(k)v_(k’)P,_v(p’),
P V29N a1 _ _ V29N s 1
M(Xa+Tm) =+ = 5 5 (N~ tg0wNE)T(P) PLo(p olk )PLu(k) + ~— 5 5 (N,

s—m -y

. ., o V20Nmy, NN —
+tg6wNz ) u(p)PLu(kju (k") PLo(p) + m(w@w’\'az)v (P")PLU(K)v(K")PLv(p),

IJR

T— + (A g)\; NTTL! g)\:n ’ '
M[Tm(p)+W* (p )]:ms——%mgzp'“p ok PRk + =220k ) - e(p) (B=K)Pru(k),
- o O\ [olk)y-e(p')(k—p)a(e)Pru(k)  v(k')ar(e)Pr(k—p’)y-e(p’)u(k)
M[ P (P)+Z(p )]_20080\,\, t_mlzJ + u_mlzJ

v(k")a (7)Pru(k)2p- e(p")
+ 2
s—mg

L

v(k)y e(p’) (K= p)Pru(k) v(k")(k—p")y-e(p’)Pru(K)
t—mf u—m; '

M[Tm(p)+ ¥(P')]=—eNpyy (A1)
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In deriving the results for the inos production amplitudes, we have systematically neglected their Higgsino components. The

parameters in th&®ff and Z°ff vertices denoted aay(f)=a(fy) and a,(f)=a(f,), are defined bya(f,)=a(f,)
=2T§(f )—2Qxy, with H=[L,R] and x,,=sir? 6. Throughout this work, our notations follow closely the Haber-Kane
conventiong 48].

The unpolarized cross sections in the center of mass frame are given by the familiar fodaldecosé
=p/(128rrks)2po||M |2, where the sums over polarizations for the probability amplitudes squared are given by

—mZ_ —m2 2 _ 2 _
s(s—m- mlm)+(m;; D(mj —t)
IRs(Tm0)|? IR(Pa0)l?

e([ss ms-—m;, )+ (M- —H(m; —t)—(me_—u)(m; —u)])]
-R

2 |M( +|m)|2 |)\mJJgVa1|

) A2
s(VmL)Rt(VJL) (A2)
92 t(t—m}—(o) u(u— m;o) S(S—m~2-0)
a a
2 |M(Xa+vm)|2__|)\mJJ|2 |Naz+1tg6uwNa|? —+4|t99 Nao|* ————+|Na2—tgwNa | ———
150 | |Ru(IJR)|2 |Rs(VmL)|

[S(s—meo) —t(méo—t) + u(meo— )]

e((N a2~ t9OWNZ1) (—Naz—tg6wNag) — s
Rs( VmL)Rt (lJL)

[s(s—m»?(o)—u(néo—u)+t(m»)2~(o—t)]

+2(N3,—tgOwNZ;) (—tg6wNyp)

Rs(Tm)RE (TR)

[—U(m;z(o—u)—t(néo—t)—s(s—m§(o)]
+2(— N3~ tg0uwNz1) (— tg0uNay) —— ~11. (A3)
Ri(T50RY (T3R)

2 22
S—m_ —m
S IM(To +WH)[2= s¢fINmad® (( It w _am? )_92|7\mJJ|2
pol mt 2|Rs(ijL)|2 m\2/v 'mt 2|t|

2 2 my—t 2 2
X[ (M —t)(mG—t)+st+ ——[ (M7 —t)(m§+t)+t(mg—u)]
mL mW mL

*
mINmay

_ 2 2 _ _ _ 2 _
g RetR*(Nm)[( t)(m~, u)+s(m, u)+(m~ —t)(my—1t)

S(s—ma—m?_ )(m3—t)
mL ’ (A4)

2
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— M

2 2.2
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2 2
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~ 2:
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s (2 sirt y—1)
_ Eg(s_ m%mL— m%)(m%— U) + WR:VV(T}mL)[(m%mL_t)(m%mL_ U) +S(m%mL_ U)

S
2 2 2 2 2
Hmz=H(m; —H— > (mz—t)(s—m; - mz)} +

(2 sir? y—1)(sir? 6y)

Ri(1)RG (1)

yA
1 (s=mi —m)
X| (M —u)(mé —t)+snt —— o [(m2 —u)(m2—u)
VmL YmL mL MZ 2 mL
+(rrémL—w(m%—t)—s(s—m%mL—m§>]+<m§—u><m§—t>ném>H. (A5)

1 1
~ 2_o0n2 2 2 _ 2 -
% |M(VmL+ 'Y)| 2e |)\mJJ| [(m;mL t)(m;’mL U) S”ﬁm][|Rt(|J)|2+ |Ru(|J)|2

+4€?|\m;]°Re

(m’g’mL_ t)(I«n’gij_ U)
R)RI(I) 7
(A6)

where Re stands for the real paRy(7;)=s—m: +im;[;, Ry(¥;)=t—m2 andRy(¥))=u—m?, [s=(k+k')2t=(k—p)?,

u=(k—p’)?], with similar definitions applying for the propagator factéts, ,(l; T).

APPENDIX B: FORMULAS FOR PARTIAL DECAY WIDTHS

The formulas for the various two-body decay widths are quoted below.

2 2 2
~ o~ _ g X
F(V_’Xs:"'l ):Elvallzmi(l_ mga) )

(BY)
2\2
- -0 g ) M
F(V—>Xa+1/)=E|Na2—Naltan0\N| m;| 1— mg , (B2)
2\ 2
~ gz Xa
P(IL =X )= 15 [Vail |L(1——f) ! (B3)
IL
2\ 2
v T & . 2 Ma
Pl g—=Xat! )=E[|N32+Na1tam‘)w| | Naz tanfy|“In,, 1_mg : (B4)
IH
T[Ei(M)Hlk_(mlH|j+(mz)]=1“[~|j_L(M)H7i(m1)+|k_(mz)]
=T[TiM)—vi(mg) +1;(my)]
|)\|Jk|2 m%'i_mg
- 8w K YEA (BS)
— -0 " g°[K| 2 2 2 2 2
F[Xr;(Mi)—>X|(Mo)+W‘(mw)]=W (|OLI2+[0g?)| (MT +MG—myy)
1 2 2 .2 2 2, .2 -
+K2N(Mt_MO_mW)(Mt_MO+mW) —12MyM . RO, 0R) |,
(B6)
5 2\ 2
~0 ¥ <9 Mo m; f f f 2 2
F(Xa—frumf )_E 1- v [IT3Na—tanu(T3— Q") Nyy|?, [tanyN,o| 1, (B7)
0
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2
m;
1_M_i

2

2
g°M.
[|Ua1l?Varl?1. (B8)

NGy —;f[T;: —1paf)= Som

We use the notation®"= 0}, =NV’ — (IV2)N4Vi,, OR=0R =N U m+ (IV2)NfU o, M. ==, Mo=nmp,
and k=\Y3(M?,mZ ,m3)/2M with \(a,b,c)=a®+b?+c?—2ab—2bc—2ac. The notationsT;, QF, stand for the third
component of the SU(2)group and the electric charge of the fermibtnWe have omitted the Higgsino components of the

inos. We shall use the simplified formulas for the RPC three-body de”)zaysxf’ﬂiqﬁ obtained by neglecting the

three-momenta in the W anid propagators, as quoted in RE64]. We have set the flavor and color parameters in these
formulas toN¢=2,N.=3 for quarks andN;=3,N.=1 for leptons. The formulas for the spin summed amplitudes of the RPV
decaysy, — vivjly , 3‘(;—>Ik+lj’li’ , associated to the coupling constantg , were first derived in Ref.15] (see the Appen-

dix). The integrated decay rates are given by familiar form[4&$ involving twofold integrals over the final state three-body
phase space. If we neglect the final particles masses, an analytic formula can be derived for the integral giving the contribu-
tions to the charginos partial rates associated with the gauginos componenténeglgcting the Higgsino components
contribution). For completeness, we display the final results:

2y2 2
o 9°Xar|Nijkl (1
F(Xa)=M5; —12g5

1
—5+ 6,ui+(2—8,ui+6,uiz)log( 1- o

1
—5+ 6,uj+(2—8,uj+6,uj2)log< 1— M—”

8 ! i
+3 Mi+M'_E+(M2_M')|09(1_£ +(p«2—p«)log(l—i
2 2 | ! i j i 1
MM |Og<1—i log Lﬂj_l)—,ui,uj Iog(l—i) Iog(m>
Mi Mj i Mi
ot 252 s )

where Spx) = Polylog(x)=Li,(x) is the Spence or Polylog function. We use the notatipg;nﬁ /M;, [a=i,]], Xa1

= Uy, for the decayx, — I, 1] 1}, and,ua=mi/M§(;, [@=i,j], Xa1=Var for the decayxs — 77l -
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