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If supersymmetry(SUSY) is realizedwith spontaneousbreakingof R-parity, therecan be
large ratesfor singlesparticleproduction.We make a detailedstudyof the ratesfor Drell—Yan-
like single charginoandsingle neutralinoproductionat a hadronsupercollider.The attainable
ratesare promising in view of the luminosities expectedat these facilities. All observational
restrictionsfrom cosmology,astrophysicsand laboratoryare taken into accountin our analysis,
including the recentLEP resultsaswell as neutrinophysics constraints.

1. Introduction

Most studiesof supersymmetricphenomenologyhavebeenmadein the frame-
work of the Minimal SupersymmetricStandardModel (MSSM) which assumesthe
conservationof a discrete symmetry called R-parity [1]. Under this symmetry all
the standardmodel particles are R-even while their superpartnersare R-odd.
R-parity is related to the spin (S), total lepton (L), and baryon (B) number
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accordingto R~= (
1)(3B+L±2s) Thereforethe requirementof baryonandlepton

numberconservationimplies the conservationof R-parity. Underthis assumption
the supersymmetric(SUSY) particlesmust be pair-produced,the lightestof them

being absolutelystable.Thesetwo featuresunderlieall the experimentalsearches
for new supersymmetricstates.In addition, the assumptionof R-parity conserva-
tion may have importantcosmologicalimplications.e.g. relatedto the questionof
darkmatter.

However, neithergaugeinvariancenor SUSY require R-parity conservation.
Moreover, whetheror not R-parity is a good symmetry,and to what extent, is
ultimately a dynamical question,related to physics at a morefundamentalscale.
For example, R-parity violation could emergeas the residual effect of a more
unified theory schemeor, alternatively, it could be generatedin a spontaneous
way. At the presentstate-of-the-arttheorycan not decide.It is thereforeof great
interest to pursue the phenomenologicalconsequencesof alternative scenarios.
Specially in view of the fact that the associatedeffectsmay well be accessibleto

experimentalverification.
The most general supersymmetricextensionof the standardmodel contains

explicit R-parityviolating interactions[21

W= A ucucd~
2+ A(2)llec + A(3)Qldc. (1)

Theseareconsistentwith bothgaugeinvarianceandsupersymmetry.TheseR-par-
ity violating interactionsinvolve a largenumberof arbitraryconstants,since each
of the ~ hasthreegenerationindices,which havebeenomitted. Detailedanalysis
of the constraintson thesemodelsand their possiblesignalshavebeenmadein
refs. [3,4]. Many of thesecouplingsmustbe set to zero in order, for example,to

avoid having too fast proton decayrates.Restrictedstructuresof the generation
indices may, however, be phenomenologicallyacceptable.Thesecould arise by
imposing some global and/or discrete symmetry. In addition to proton decay
constraintsthere are, however,other stringent restrictionson R-parity violating
couplings. These may affect in fact, all of thesecouplings, if all of them are
present,in the most general form. Thesefollow from cosmologicalarguments
related to the baryon asymmetry of the universe [51. The point is that the
interactionsin_eq. (1) mediate(B — L)-violating decaysof squarksandsleptonsof
the kind ü —, dd, u —* e’d, (—* I~i-’, etc. The rate for thesedecayprocessesmay be
estimatedas

A2 th2
ED ~ (th2 + T2)1”2 (2)

where A denotesthe appropriatecoupling constantin eq. (1) and th the corre-
spondingsupersymmetricparticlemassrelevantfor the decayprocessof interest.



102 MC. Gonzalez-Garciaci a!. / R-paritybreaking

Now, it has beenrealized[6] that at temperaturesT above mw/cxweak,transi-
tionsthat violate B and L numberwill occurrapidly sincethesequantumnumbers
are not conserveddue to the electroweakanomaly.Thesetransitionsmay then
eraseany primordial B-asymmetry,which could have been generatedat some
grand-unificationenergyscale. In order that a pre-existingB-asymmetrysurvive,
an excessof the anomaly-freeB — L combinationmusthaveexistedat very early
times,andthis may be easilygeneratedin mostGUTs. However, in this caseit is
crucial that the B — L asymmetrynot be eliminatedthrough some other mecha-
nism, such as as the interactions present in eq. (1). Requiring that no such

interactioncomesinto equilibrium afterthe B — L asymmetryis produced,i.e. that
TD is smaller than the Hubbleconstantat any T> th, leadsto [5]

- 1/2

A~(1O7)(~). (3)

Barring the imposition of additional symmetriesthat may restrict the flavour
structure of the R~violating couplings [7] this bound holds for each of the
coupling constantsof the operatorsin eq. (1), and rules out the possibility of
observing new signals associatedto explicitly R-parity violating interactions in
collider experiments.However,we cautionthe readerthat, althoughthis argument
hasbeenused in the literature as stated above, it is not really inescapable.For
example,explicit R~violating interactionscouldbe toleratedin the presenceof a
mechanismthat could generatea nonzerobaryon asymmetryat low energy, as

suggestedin ref. [8].
It seemsto us more attractive to focus our attention to the possibility that

R-parity can be an exact symmetry of the lagrangian, broken spontaneously
throughthe Higgsmechanism[9—12].This may occurvia nonzerovacuumexpecta-
tion values(VEVs) for scalarneutrinos,suchas

VR = K”RT), cL = (4)

If lepton number is part of the gaugesymmetry thereis an additional Z’ gauge
bosonwhich acquiresmassvia the Higgs mechanism.In this case there is no
physical Goldstoneboson and the scale of R-parity violation is the samethat

characterizesthe new gauge interaction, around TeV scale. Consequently,its
effectscanbe large [12].

On the other hand,if spontaneousR-parity violation occursin absenceof any
additional gauge symmetry, it leads to the existence of a physical massless
Nambu—Goldstoneboson, called majoron (J) [9,13]. Thus, the lightest SUSY
particle is the majoron. In thesemodelsthereis a new decaymodefor the Z:

Z—,p+J, (5)
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where p is a light scalar of massof order v <<Mw where v is the scaleof the
spontaneousR-parity breaking. This decay mode would increasethe invisible
width of the Z by an amount of at least LIE” = 85 MeV. The LEP measurement
of the Z width [141is enough to exclude any model where the majoron is not
mainly an isosinglet [15]. The simplestway to avoid this limit is to extend the
minimal supersymmetricmodel,so that the R-parity breakingis driven by isosin-
glet lepton VEVs, so that the majoron is mainly singlet [10]. This requires the
existenceof right-handedneutrinos.

In this paperwe analysethe phenomenologyof spontaneouslybrokenR-parity

at hadroncolliderssuch as LHC, andSSC. The new single-productionanddecay
mechanismsfor the supersymmetricparticlesare studiedin detail. We demon-
stratethat, for integratedluminositiesin the rangefrom L iO~pb’ to L iO~
pb’ in a year, the ratesfor singleproductionof the lightest SUSYfermionscan
be sizeableat the plannedLHC and SSChadroncolliders,without conflicting any
laboratory,cosmologicalor astrophysicalobservation.For exampleat LHC it is

possibleto havemore than 10 eventsfor neutralinomassesin the range M~o<
160—280GeV and charginomass M~+~<180—320 GeV. The lower massescorre-
spondto L = i0~pb1 andthe upperto L = iO~pb* The correspondingmasses
that canbe exploredat SSCare in the rangeM~o~ 200—360GeVtoM~+~220—400
GeV. We havealso analysedthe possibledecaychannelsof the lowest lying SUSY
fermions in spontaneouslybroken R-parity and identified the corresponding

signals.

2. A model for spontaneousR-parity breaking[101

In order to set up our notationwe recall the basicingredientsof the model for
spontaneousviolation of R-parity and lepton numberproposedin ref. [10]. The
superpotentialis given by

hUQHUUC + hdHdQdc+ heeHdec + (hOHUHd �2)cli+ h~(HUI~+ hIiSi~+ h.c.

(6)

This superpotentialconservestotal lepton numberand R-parity.The superfields
(c1, r’,~, S

1) are singletsunderSU2® U(1) and carry a conservedlepton number
assignedas(0, — 1, 1) respectively.All couplingsh~,hd, he,h,,, h aredescribedby
arbitrarymatricesin generationspacewhich explicitly break flavor conservation.
The additionalsingletsmay appearin different theoreticalframeworks[16,17],and
some of their possible phenomenologicalconsequenceswere discussedin refs.
[18—20].
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As wasshownin refs. [10,21]thesesingletsmay drive the spontaneousviolation
of R-parity leading to the existenceof a majoron given by the imaginary part of

VL ~L VR VS_
(7)

where the isosingletVEVs

VR<I)RT), v~=KS~ (8)

with V= v~[~-v~ characterizeR-parity or lepton number breaking and the

isodoubletVEVs

v~=(H~), L’d’’KHd) (9)

driveelectroweakbreakingandthe fermion masses.The combinationv2 = +

is fixed by the W-mass.Finally thereis a small seedof R-parity breakingin the

doubletsector,i.e.

VL(L/LT) (10)

whosemagnitudeis now relatedto the Yukawacouplingh~.Sincethis vanishesas
0, we cannaturally obeythe limits from stellarenergyloss [22], a possibility

which is not availablein the minimal model of ref. [9].
Severalphenomenologicalaspectsof this model relevant for LEP [11], solar

neutrinos[24], as well as intense j.t and T sources[25], such as expectedat PSI
and/orat a tau factory [23] werepreviouslystudied.Herewe are concernedwith
the effects at a hadronsupercollider. For phenomenologicalstudiesin sponta-
neously broken R-parity we need the forms of the relevant chargino and neu-
tralino massmatrices.The chargino massmatrix is given by

e7 iTt,~j —i~’f~

e~ heijVd —h~~JvRJ ~ (11)

H~ —hC~JvL~ ii V~g
2v~

—iW 0 ~/~g2v~ M2

In some models, such as the one in ref. [10], the effective Higgsino mixing
parameter~ maybe given as p. = h0KD),where <cP) is theVEV of an appropriate
singletscalar.The form of this matrix is common to a wide classof SU(2) ® U(1)
SUSY modelswith spontaneouslybrokenR-parity. In contrast,the massmatrix for
the neutralleptonsis moremodel dependent.In thecaseof interest,it is specified
by a 14 X 14 massmatrix. Underreasonableapproximations,we can removeaway
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all heavyisosingletleptonsthat may be present.This approximatediagonalization
leadsto an effective7 X 7 neutralino massmatrix of the following form [101:

lii “d —ij’i:’3 —tB

0 h~tJvRJ 0 g2v~ —g1v~1

I~, h~1v~1 0 —p. —g2v~ g1v~ (12)

0 p. 0 g2v~ —g1L)~

—iW3 g2v~~ —g2v,, g2v~ M2 0

—~I~ —g~~u g1v~ —g1v~ 0 M1

In the abovetwo equationsM12 denotethe supersymmetrybreakinggauginomass

parametersand g12 are the SU(2)® U(1) gaugecouplings divided by V~.We
assumethe canonicalrelation M1/M2 = ~tan

2Ow.
Two matricesU and V are neededto diagonalizethe 5 x 5 (non-symmetric)

charginomassmatrix

x,~=V
13~Ii7, xi=U~IJJ (13),(14)

wheretheindices i and j run from ito 5 and = (ej~,e~,e~,H~,—iW~)and
~ —iW).

Similarly, the neutralinomass matrix (symmetric, due to the Pauli exclusion
principle) is diagonalizedby a single7 x 7 matrix N, i.e.

(15)

where ç1~,°= (i.’,, ~ lid’ —iW3, —iB), with v~denotingweak-eigenstateneutrinos.
Herethe indices i and j run from 1 to 7.

From the diagonalizationof the previous matricesin the rangeof parameters
given in eqs.(30) and(31), andafter imposingthe constraintsin sect.4, it follows
that
(i) the lightest supersymmetricfermion is always a neutralino;
(ii) the massof the lightestneutralinolies in the range25 GeV ~ M~o~ 500 GeV.
The lower bound is determinedby the experimentallimit on the charginomass;
(iii) the secondlightest supersymmetricfermion is most of the times the lightest
chargino.
In additionto the determinationof the lepton andSUSY fermion massspectrum,
the diagonalizationof thesematricesalso leadsto the mixing of the standard
leptonswith the supersymmetricones,which is the origin of R-parity violation in
thesemodels.In what follows we will give explicit expressionsfor the couplingsof
the SUSYparticlesin terms of thesediagonalizingmatrices.
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3. R-parity breaking couplings

Unlike the modelswith explicit R-paritybreakingin the Yukawa couplingsof
the superpotential,in modelswith spontaneouslybroken R-parity the R-violating
couplingsappearwhen writing all interactionsin the lagrangianin terms of the
masseigenstates.The mixing of the standardleptonswith the supersymmetricones

is what violates R-parity in thesemodels. R-parityviolation occursmostly in the
gaugecouplings,with subdominantR-parity breakingeffectsalso occurringin the
Yukawacouplings.

3.1. GAUGE COUPLINGS

Using the diagonalizingmatricesone can write the electroweakcurrents in
terms of mass-eigenstatefermions. For example, the chargedcurrent lagrangian
describingthe chargedlepton/neutrallepton weak interactionmay be written as

W~y~(KLEkPL+ KRikPR)Xk°+ h.c., (16)

where ~LR are the two chiral projectorsandthe 5 x 7 couplingmatricesKLR may
bewritten as

3

KLIk = ~1i V~L1~
5Nk6— L~4NkS— L , (17)

m=I

KRtk = — \/~Vj5NkÔ+ VE4Nk4). (18)

The matrix KL,k is the analogousof the matrix K introducedin ref. [26]. These

couplingsbreak R-parity for i= 1,...,3 and k=4,...,7, and i=4, 5 and k=
1,. ..,3.

Similarly, the neutralcurrentlagrangiandescribingthe chargedlepton/charged
lepton andneutrallepton/neutral leptonweak interactionmaybe written as

g ~ + °~ik~Rx~+ ~~Y~fiEkO~ikPL

(19)

wherethe 7 x 7 coupling matricesOLR and °~R aregivenby

3

°Lik = 2U;4Uk4 + (/SUk5 + ~ ~mUIcpn —

5ik sin2O~, (20)
m~1
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— ez 17 _ rz 17 —
‘-‘Rik — ~Vi

4Vk4 vi5~’k5 °ik Sifl

3

O’L1k=~IV~4Nk4—N~sNk5—~ IV~mNj,~m~’= (22)
m=1

In writing thesecouplingswe haveassumedCP conservation.Underthis assump-
tion the diagonalizingmatricescanbe chosento be real.The i~, and Ek factors are
sign factors, relatedwith the relative CP parities of thesefermions, that follows

from the diagonalizationof their massmatrices.Thesecouplingsbreak R-parity
for i = 1,... ,3 and k = 4,5 in thecaseof thechargedleptons,and i = 4,... ,7 and
k = 1, . . . , 3 for the neutralleptons.

The diagonalcouplingsfor the lightest neutralinoandthe lightestcharginoare
of the sameorder as those in the MSSM. The coupling of the lightestcharginoto
the Z is maximumwhenit is mainly a gaugino.In thiscasep. >> M2 andtherefore

1V45 I U~ 1 and I Vt,,, I, U~I <<i for i ~ 5. On the otherhand it is mini-
mum when its largercomponentis along the higgsino.In this case p. ‘~ M~and
therefore I V44 I U44 1 and V~I, I U~ ~z 1 for i * 4. Includingthesevalues
in eqs.(20) and(21) one getsfor the allowed range

0.27�10L441,IO~44I~0.77. (23)

The R-parity conserving W-coupling of the lightest chargino to the lightest
neutralinois maximal when the charginoconsistsmainly of a higgsino (I V44
U44 1 and V~,I, I U~,I ~z 1 for i * 4). In that case there are two light
neutralinoswhich form a quasi-Diracstate[27] (I N44 I N~ 1/v~).Includ-
ing thesevaluesof the diagonalizingmatricesin eqs. (17) and (18) one gets the
upperboundon thesecouplings.Experimentalconstraints(see sect. 4) determine
the lower limit. With all that we havethe allowed range

10
4�1KL

441,IKR44I~r.. (24)

For the neutral current couplings of the lightest neutralino the situation is not so
clear,becausethey vanish in both limits p. >> M2 and p. <<M2. In the first case
sincethe neutralinois mainly a gauginoit doesnot coupleto theZ. In the second
casethe lightest neutralino is a quasi-Dirac fermion and the couplings cancel
almost exactly. After imposing the experimentalconstraintsdetailedin sect. 4
we get

IO~44I�0.1. (25)

In what concernsthe R-parity breakingcouplings, the biggestonescorrespondto
the standard lepton belonging to the third family. In fig. 1 we have plotted the
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Fig. 1. Attainable R-parity breakingcoupling strengthsfor the lightest neutralinoversus its mass:
KL

34 I (full line), I ~ I (dashline) and I O’~34I (dottedline).

valueof thesecouplingsfor the lightestneutralinoas a function of its mass.In ref.
[ii] it was notedthat this neutralcurrentcoupling (dotted line) is responsiblefor
interesting rare zen-eventsobservable at LEP. In fig. 2 we have plotted the
correspondingcouplingsfor the lightest chargino.In ref. [11] it was noted that
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Fig. 2. AttainableR-paritybreakingcouplingstrengthsfor the lightestcharginoversusits mass: I K1~
(full line), KR4S I (dashline), O~34I (dottedline) and I °LR4 I (dash—dottedline).
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theseneutralcurrent couplings(dottedand dash—dottedline) are responsiblefor
inducing the decayZ —~ T + x with ratesobservableat LEP. As we will seethe
above couplings can also give rise to observablesingle production of SUSY
particlesin hadronsupercolliders.

In our estimateof theattainablecouplingswe havetakeninto accountall of the
experimentalconstraints(seebelow).

3.2. YUKAWA COUPLINGS

The superpotential(6) includesthe following set of Yukawa couplingsterms
involving two fermions:

hutJ[ütJT~°uY+ u~I~°ü~- d~I~uy- diI~uyJ

+ hdiJ[~~dY+ - H~ü~d~- ñ~uiJ~j

+heii[~ëieY+H~e~ë~~

+ h~jj[vjI-2~,0I~7— ej-~I~J. (26)

We now write the weak eigenstatesfermionsin termsof the masseigenstates.We
will assumethat fermionsandsfermionsaresimultaneouslydiagonalizable.In this
approximationwe cantake

m~1
11 Al,

2 2\6ii’
,,j3VR)

m
=

md~ g2v,~+M~
hd

1J= —6,~, A = 2 (27)
2(vUv~g

2—p.M
2)

for i = 1,.. . , 3. With d7’ = Ctkd(”, where C is the CKM matrix. Wehave then the
R-parity breakingcouplings

+ v~u~u~)— A~~Jke~uYdk— A’~~kJe~dJü~

+ A~~Jk(l.’Id~dk+ ~ — ~kJeIdJuk — A’~~Jke1uJd~

+ A~tJkli~eJék + A 2iJkv~eIek — A 311ke~e1~‘k— A~lJkp~p~ + A~lJke[e7 i~ (28)
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TABLE 1
Upperlimits for the R-paritybreakingYukawa couplingsin thequarksector

I J K
2’lijk A’~,~

5 ~ ‘

1’2ijk

1 1 1 2.5x 10_21 I.5x 10—14 1.2x1014 1.4xiO~
1 1 2 0 3.4x10’5 0 3.2X10~
1 1 3 0 1.7x iO~6 0 5.8x lOhl
1 2 1 0 8.1x10~ 0 6.4x108
1 2 2 6 X 10—19 3.6x 10—12 25%10 ‘‘ 2.8x 10~
1 2 3 0 1.6~10~ 0 1.3x108
1 3 1 0 1.6x 10—12 0 8 x 108
1 3 2 0 l.8x10’1 0 3.2x107
1 3 3 6.6x 10—17 4.1x 10—li) 6.2x 10— 12 7.3x10~
2 1 1 1.5%10— 12 54x 10b0 3.3xiO~ 2.1xi0~’
2 1 2 0 1.2x10~° 0 4.8x107
2 1 3 0 6.1x10~2 0 8.7~10~
2 2 1 0 2.9x10—8 0 9.7%106
2 2 2 3.7x 10_la 1.3>< i0~ 6.6x10—6 4.3x iO~
2 2 3 0 5.9xiO”~ 0 1.9x 10_n
2 3 1 0 5.9xiO~ 0 1.2x105
2 3 2 0 6.5x107 0 4.8x105
2 3 3 4.1 x 10_s 15%10~ 1.6xiO~ 1.1% io
3 1 1 1.8%i0~ 1.7x iO~ 3.3X10~ 3.2x iO~
3 1 2 0 3.9x10_8 0 7.2x 10_6
3 1 3 0 2 xlO9 0 1.3x107
3 2 1 0 9.5x10_n 0 1.5x iO~
3 2 2 4.4X10 4.2x105 6.6X10~ 2.9x105
3 2 3 0 1.9x106 0 1.3x107
3 3 1 0 1.9x105 0 l.8x104
3 3 2 0 2.lx i0’ 0 7.2x i0~
3 3 3 4.9x i~ 4.8x10 1.7x10_2 1.7x 10—2

with

A” =h N*~ A” =l, v”~111k uk 14 jk’ 2ijk uj 14 kj’

Ad =h N*6 Ad =h U*C111k dk 15 jk’ 211k dj 14 1k’

3 3

A” = h N*N* A” = h U*V*111k ,‘mk im j4 ‘ 21jk ,‘mk im j4
1=1 1=1

A~ =h N*V* A~ =h IN*U*_N*U*~ AC =h V’1’U”lijk ek i5 1k ‘ 2iik ek\ iS 1k ik i~1’ 3iik ek 1k 14

(29)

The maximum value for thesecouplings is given in the tables 1 and 2. The
couplingsA~

2and A’1
1

2 (table 1) are all smallexcept for the oneswith onequarkof
squarkbelongingto the third family which arenot relevantfor our purposeshere.
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TABLE 2
Upperlimits for the R-paritybreakingYukawacouplingsin the leptonicsector

I J K “lijk “2ijk

1 1 1 7.1x10
29 4.8x1022 6.3x1016 6.5x10’° 7.5x10’°

1 1 2 4.2%10_28 1.6x 10_20 2.6x 10_24 1.5x i0~ 1.6x 10— ~
1 1 3 4.9x10_27 3.3x 10—15 5.4%10_22 3.2xi0’~ 1 )< 10—14
1 2 1 2 x1023 3.2x10’8 1.2x1026 l.1x107 7.6X10’~
1 2 2 4.3x1021 7 X10~ 1.3x1013 1.3x107 1.5X10~
1 2 3 9 x1022 4.2x10° 6.5x 10_19 1.9x 10—13 6 x10’2
1 3 1 6.6x 10— 17 3.5x10 15 1.5 x 10_25 1.6x 10_n 2.9x 10— ~
1 3 2 3.9%10—18 1 x 10—14 3.9x 10_20 3.5x iO4 3.5 x 10~~’
1 3 3 5 x10~~ 2.4 x i0~ 2.2x 10_12 3.9x lO~ 2.6x10_n
2 1 1 1.7x10_22 1.6x 10_20 1.7%i0~ 1.7x10_8 1.1%i0~
2 1 2 3.8x10_20 3.4xi0’~ 6.6x 10_15 1.3x iO~ 3.4x 10— 14

2 1 3 8.6%10_21 2 x 10_13 5.2%10_16 1.4x 10_n 2.9x1014
2 2 1 4.7x 10—13 7 >< 10—16 3.2x 10_17 6.5x10_ID 1.6%10_In
2 2 2 1.4x101° 3.4x 10—13 3.5x106 3.9x106 2.3x105
2 2 3 2.2x10° 1.5%10—8 1.3 x 10° 3.9x i0—~ 1.5 x b_b
2 3 1 5 Xi0’° 6.9%10_15 1.5x1019 1.7x106 8.1X10_18
2 3 2 1.7xb0~ 2.8x 10—13 7.5x 10_13 3.3xi0~~ 9 x 1o~~
2 3 3 3.7x io~ 1.9x i0~ 5.9x iO~ 3.7xi0~ 3.9xi0~
3 1 1 1.9x10—21 3.3x10_is 1.7x10—6 1.7x 10—6 1.7x 10_6
3 1 2 1.1x 10_20 2 x 10—13 3.4x10_14 8.2x10_8 2.9x 10—14
3 1 3 2.4x10’8 7 X10~~ 2.2x10” 2.6x106 2.2x10_h1
3 2 1 3.5x i0’~ 4.2x 10_Il 1.7%10—16 4 x 10—10 1.4%10—16
3 2 2 3.6x 10—12 1.5x i0~ 3.5x io~ 3.5xi0~ 3.5x 10~
3 2 3 l.4x 10~° 1.1 x i0~ 3.3x 10—8 3.7x iO~ 3.3x iO~
3 3 1 1.6%10—8 2.4x 10—8 6.1 x 10_is 8.5x 10— 10 6.1%10— ‘~

3 3 2 2 x iO~ 1.8x 10~ 1.9x iO~ 3.9x10_n l.9x iO~
3 3 3 3.5X10~ 5.8x105 6 x103 3.9x104 6 x103

However they can have interestingeffects in the top physics [291.The couplings
A”

12 include the couplingsto the majoronafter propernormalization.For instance
A”13~3 and A’1133 are responsiblefor the decay i-’~—~i-’1J and the couplingsA”2113 can
give rise to flavour violating decaysof the type ~ —~ J andothereffectsanalysed

in ref. [25].

4. Experimentalconstraints

All supersymmetricextensionsof the standardmodel, are constrainedby data
that follow from severalcollider experiments,such as the recentLEP dataon Z
decays and by ~p collider data, e.g. on W ~, Z and gluino production. This
certainlyappliesto the spontaneouslybrokenR-paritymodels.In additionto these

constraints, there are important restrictions, characteristicof broken R-parity
models,related to weakinteractionsandneutrino massconsiderations[281.These
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follow from laboratory, astrophysicsand cosmology.They play a very important
role in restricting spontaneouslybroken R-parity becausethey are found to
exclude many parameterchoicesthat are otherwiseallowed by the collider con-
straints,while the converseis not true. The most relevantconstraintshavebeen
listed in ref. [ii] and include neutrinoless double beta decay and neutrino
oscillationlimits, direct searchesfor anomalouspeaksat mesondecays,limits on
the neutrinomasses,cosmologicallimits on neutrinolifetime, limits on muonand
tau lifetimes,universalityconstraints,andlimits on leptonflavour violating decays.

All of theseconstraintshaveto be taken into account.In order to do that

systematicallywe haveassumedthe following valuesfor the model parameters:

VL—VL3=
100MeV, VLI=VL2O.

VR=L’R
3—

1000GeV, VRI—VR2—O,

V

5 = 1000 0eV, tan /3 = vU/vd = 3, (30)

andwe havevaried randomly the SUSY parametersp., M2, and the parameters
h13 in the interestingrangegivenby

p. M
—1000~———-—~1000, 20~—~1000,

GeV 0eV

10_b0 ~ h~13,h~23~ 10_I, i0~ ~ h~33~ 10- ‘. (31)

We haveperformeda carefulsamplingof the points in our parameterspacethat

are allowedby all constraintsdiscussedabovein order to evaluatethe attainable
value of the couplings.The allowed valuesfor the diagonal(R-parity conserving)
couplings are given in eqs. (23)—(25). The results for the R-parity breaking
couplingsare plottedin figs. I and 2 for the gaugecouplings(with the standard
fermionin the third family) andlisted in tables 1 and2 for the Yukawacouplings.

5. Spontaneously broken R-parity at hadron colliders

The presenceof R-parity breaking couplings modifies both the production
mechanismfor the supersymmetricparticles and their decays. Concerningthe
production,oneis no longerforced to producethe SUSY particlesin pairs.Again,
unlike the modelswith explicitly broken R-parity, in the spontaneousbreaking
case both the standardpair production and the single production take place
throughthe gaugecouplings.

Thereforeat hadroncolliders the main productionmechanismis of the Drell—
Yan type,

ab_-8X1X1X, (32)
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where Xi and can be both supersymmetricparticles (standard SUSY pair
production) or one standardand one supersymmetric(R-parity breakingsingle
production).We label a and b the colliding hadrons.Theseprocessesare medi-

atedby W ± or Z exchange.
The differential crosssectionof theseprocessesis given by

do.(a+ b —‘

= ~ fdXa dxb ~ M2)f,~(xb,M2) dcr(n +m ~XiXj), (33)
n ,in

where Xa and xb are themomentumfractionscarriedby the interactingpartonsin
the protons a and b, respectively.M is the invariantmassof the pair x~X

3~the
functions f,,~,(xab,M

2) are the parton distribution functions describing the
probabilityof finding the parton n(m) in the hadron a(b)with momentumfraction
xa(h).

For the caseof Z mediatedprocessesonegets

du

dM dy d cos 6

M)Sq(M,cos6)

+g,~(y,M)Aq(M, cos 0)], (34)

where

gS~A(y M) =xaxh[f~(xa,M2)f8(xh, M2) ±f~(Xa, M2)f(xb, M2)j, (35)

Sq=P(vq~+aq~){Cij[Iv;j+Mjjcos20] + 8x~x
3D~1},

A0 = 4P cos 0 a0v0E11/M~, (36)

with

T3 T3
V0-~--—Q05~, ~ (37)

and

1
(38)

[(M2 -M~)
2+(EZMZ)2]
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The phasespacefunctions N~and M11 are

A~1=1-(x~-xfl
2,

M
11 = 1 — 2(x~+xfl + (x~—xfl

2, (39)

with xa = ma/M.The angle 0 is the scatteringanglein the partoncenter-of-mass
system(the anglebetweenthe partonin a andthe final positive lepton or with the
neutralino). K(M2) factorizesthe QCD radiativecorrections

K(M2) = exp4’wa
5(M

2),

l2ir 1
a(M2)= 33 — 2n~log(M2/A2)’

where flf is the numberof flavours and A is the QCD constant.For the caseof
chargedleptons:

— ~

‘-i1’-’Lil ‘-‘Ru’

(40)

~. ~ ~

— ‘—‘Lu —

whereasfor neutralleptons:

C
11 = 2 ~ (o~+ o~~)= (2 —

2—6.. 2—6.. 2

D11 = 2 ~ = — 2 ~ ~

E11 = 2 ~ (o~~— o~)= 0. (41)

The asymmetricpart of the crosssectionof the neutralinosvanishesbecausethey
aremajoranaparticles,which meansthat their couplingto the Z is purely axial or

purely vectorial(underthe assumptionof CP conservation).
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For the caseof W ±mediatedprocesseswe have

do-
(ab ~X~X~~X)

dMdydcosO

K(M2)Mg4

= 192 x 4~ I V,,~,’I 2[g~~,’(y, M)S(M, cos 0)

+g~(y, M)A(M, cos 0)] (42)

with

g~7(y,M) =xaxh[f(xa, M2)f’(x
0, M

2) ±fg~(x,,,M2)f(x,,, M2)j, (43)

S
0 = P{(K~1I + K~11)[I\’11 + M11 cos20] + 8xIxlKLIJKR~/},

Aq = 2P cos o(K~~1—K~11)~/M,1.. (44)

q is an up-typequarkand q’ is a down-typequark,andfr~ is the CKM matrix. P
is the correspondingpropagatorfactor for the W. In this casewe define 0 to be
the anglebetweenx,~andthe parton in the hadron a.

LHC -

3

10 - .~,, -

—4
10 .- ..~. -

10 0 125 250 375 500

My’ (Ccv)
Fig. 3. Attainablecrosssectionfor the singleproductionof the lightestneutralinoatLHC. The full line
correspondsto pp —s y°vX, the dashedline correspondsto ~ —‘ ~°r~ X and the dotted line corre-

spondsto pp —~y~i- X.
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io
2 I F

0~

U

10 —

SSC

10 - , -

—5 .. - _ -
IC

0 125 250 375 500
My’ (Ccv)

Fig. 4. Thesameas fig. 3 for SSC.

For the W~mediatedprocesswe have

do- do-
(ab—x~~PX)= (ab_x~XPX)(q4~*q’).(45)

dMdydcos9 ‘ dMdydcos0 ‘

In figs. 3—6 we plot the singleproductioncrosssectionfor the lightestchargino
and the lightest neutralino both at LHC and SSC. The expected integrated

10o I

O -

-i ~, LHC -

id_2 ~, -

3

10 - .‘,,, -

10~- .T -

10 ~ II
0 130 260 390 520 650

±
My (Ccv)

Fig. 5. Attainablecrosssectionfor thesingle productionof the lightestcharginoat LFIC. The full line
correspondsto pp —‘ x± — X, the dashedline correspondsto pp —~x± v~X and the dotted line

correspondsto pp —~x~u~X.
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1o2o I F F I
~2~

b10~

0 130 260 390 520± 650
MX (Ccv)

Fig. 6. The sameas fig. 5 for SSC.

luminosityat thesecolliders is L = i0~—i0~pb1. Thereforeat LHC it is possible
to havemorethan 10 eventsfor neutralinomassM~o~ 160—2800eV andchargino
mass~ 180—320GeV. The lower masscorrespondsto an integratedluminos-
ity of L = i0~pb’ andthe upperto L = i0~pb~.The correspondingmassesfor
SSC are M~o< 200—360 GeV and M~+<220—400 GeV.

6. Chargino and neutralino decays

In modelswith R-parity conservationall supersymmetricparticleshavecascade
decaysfinishing in the LSP.Howeverif R-parity is brokennew decaychannelsare
open and the supersymmetricparticles can decayboth directly to the standard
statesbreaking R-parity or through R-parity conservingcascadedecays that will
finish in the lightestmassiveSUSY particlewhich has to decayto standardstates

breakingR-parity.
For simplicity we aregoingto studythedecaysof thelightestneutralinoandthe

lightest chargino,which on the other hand,one expectswould be the earliest-pro-
ducedsupersymmetricparticles.Heavierstateswould havecascadedecaysthat we

arenot going to considerhere.
The lightestneutralinohasto decayalwaysto standardstatesbreakingR-parity.

If its massis lower than the massof the gaugebosonsit decaysto the three-body
final states

—* ii
1ff with width = 8(v~?+ a~)F

31’(M~i,0, M~,O~4J,O~4J),

X0 -~~ with width F~
51= E

3L~(M~o,0, M~,KU
4, KR]4). (46)
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For the decayx°—~ ~ (7i~:thereis interferencebetweenthe chargedandneutral
current andthe width is givenby

F3o3s]=E
3bI(M~Ii,KU]

4, KR]4, O~4],O’~4J). (47)

On the otherhandif the neutralinois heavierthan the gaugebosonsthe two-body
decays

x° —*t’~W with width E~~1= ~E
2”(M~il, 0, Mw, KU

4, KR]4),

—n ii~Z with width E~°1=E
2h(M~o,0, M~,O~4],O’~4]) (48)

are dominantover the three-bodydecays.The explicit expressionsfor the widths
E31, E3b,, and E2’~aregiven in appendixA. The existenceof the majoronimplies
that in spontaneouslybrokenR-parity, the neutralinocanalwaysdecayinvisibly to

X°—~ (49)

with a decaywidth

= ~M~o(C~
41 +

V
CLI] = —CICICRI] = k=I + Ej!\~kN~4)h~k37r_Th (50)

The lightest charginocandecaybothdirectly to the standardparticlesbreaking
R-parity or to the lightestneutralinoconservingR-parity. If lighter than the gauge

bosons,the neutralinodecaysto the three-bodyfinal states

x~—~(iff with width Fit.~bI= 8(v~+ a~)E
35(M~+,0, M~,OL

4~~

~ r’]fUt~d with width E~01= E
35(M~+,0, M~,KL

4I, KR4I),

x~—’~ with width E~bJ= E
3h~(M~+,KU

4], KR4], 0L43, O~4J) (51)

breakingR-parityor to the R-odd three-bodyfinal state

~ with width E~o=E
3b(Mx+,M~o,M~,KU

44, KR44). (52)

Howeverwhenthe breakingof R-parityis largeenoughto havelargecrosssection
for the singleproduction of the chargino,this decaycan become less important
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than the previous ones.When heavier than the gaugebosonsbut lighter than
M~+ M~othe charginodecaysto

with width F~1=~F
25(M~+,0,M~,KU

4], KR4]),

X—t’JZ withwidth F~]=E
21’(M~±,0,M~,O’~

41,O~41) (53)

togetherwith the R-parity conservingthree-bodydecayin eq. (52). When M5±~
M~+ M~oit canalso decayto

~~—‘~°W~ with width E~1= ~~E
2b(M~+,M~o,M~,KL

44, KR44). (54)

This decayis kinematicallypossiblewhen the charginois relativelyheavyand the
breakingof R-parity cannotbe large enoughto make it unimportant.Again the
charginocanalways decayin the majoron

(55)

with width given in eq. (50) wherenow

CL]4 = ~VkI CR]4 = — ~Vk1 (56)

Both the neutralino and the charginodecaywidths are larger for the lepton j
belongingto the third family.

7. Signals

We now detail the signalsof the first kinematicallyaccessiblesupersymmetric
states,which include the single production of the lightest neutralino, the single
productionof the lightestchargino,andthe R-parityconservingpair productionof
the lightestneutralino,all of them followed by the subsequentdecayof the SUSY
particle.

The possible final statesfor the singleproduction of the lightestneutralino are

summarizedin table 3 for the two production mechanismsthrough neutraland
chargedcurrentandfor different massrangesof the neutralino. In all rangesthe
neutralinomay decayinvisibly to majoron andthis may dilute any possiblesignal.
However, a numericalinspectionof the different branchingratios showsthat, in
some regions of the parameterspace,the decayrate for this channel can be
smaller or of the sameorder than the other visible channels.One particularly

promising channel would be the singleproduction of the neutralino via charged
current togetherwith a T-lepton,followed by the decayof the neutralinoin a r of
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TABLE 3

Possiblefinal statesfollowing from thesingleproductionof the lightestneutralino

Productionmechanism M~u© M~ M±u~ M~

Decaymode Signal Decaymode Signal

4!~T

I) 2~T+(f~t) X~~—WT ~T+(TW)x 3body 2~T+(r() y°~Zu, 2~T+Z

~T +[~~~Tl+2 Jets ~° —~ 3 i~T

I
0 ‘ ~T+(to)+T g°~-*W

3~ r+(rW)
x 3body ‘~

I I~T+(1~’HT x *Zvr T+jlT+Z
~- +[T, ~1Tl+2Jets x°—~Jv~ z +2 T~T

The total chargeof the particlesbetween parenthesismust be zero. The chargedparticleswithout
chargeassignmentcan be either positive or negative.The numberprecedingthe missingtransverse
momentumsignalcountsthe numberof neutralparticlescontributingto that missingmomentum.

the samechargeplus an electronor a muonanda neutrino.This signalis possible
becausetheneutralinois a Majoranaparticle.Thebranchingratio for this decayin
the regionwherethe singleproductionis big is of order 10_2.This signalhasthe
advantagethat thereis no backgroundfrom two gaugebosonproduction.The one
source of backgroundfor this signal would be 3W production either direct or
throught~W,with the top decayinginto Wb. The W’s canthen decayin

2T’S with
the samesign and a lepton with a different sign. The cross sectionsfor these
processeshavebeen evaluatedin ref. [32] and they are of order 4 x i0~ pb at
LHC and iO~pb at SSC. Thereforebefore including any cut the backgroundis
alreadylowerthan the signalfor all valuesof Mx ~ 90 0eV, ascan be seenfrom
fig. 3 for LHC and fig. 4 for SSC. However we must point out that a 90 GeV
neutralinowould leadto one singleeventper yearat SSCand LHC (assumingan
integratedluminosityof i0~pb 1), while 10 eventsperyear would be expected
only if the neutralinois lighter than 80 GeV. On the other hand 100 eventsper
yearwould require M~o~ 70 GeV.

In table 4 we give the possible final statesfor the single production of the

lightest charginofor the different massranges.Here the situation is a bit more
complicatedbecauseone has to include the possible intermediatedecayto the
lightest neutralinoin eqs. (52) and (53). Again here the decayto the majoron
would dilute the signalbut as in the previous caseits width can be small in the
range of masseswhere thesingleproductioncrosssectionis big. We havealso here
final stateswith multi-leptonswhichcan be highly visible.

For the case of the pair production of the lightest neutralino we give the
possible final states in table 5. Here R-parity breaking convertsthe ~T signal
characteristicof the modelswith R-parityconservationin visible signalsincluding
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TABLE 5

Possiblefinal statesfollowing fromthe pairproductionof the lightestneutralino

Productionmechanism MXII ~ M~ M~s~ M~

Decaymode Signal Decaymode Signal

611T

4
1-r +(et)

4iT+(T()

2~T+(t~r)+(e’~’) x°~Wrf 2(Wr)

g°’3body 2~T+(1”’1’)+(T() X°—*WT\ 2~
0 , 0 1 PT”WT)

x —‘3 body 2~T+(ri’)+(ri ) x -~Jv
3~T+[T,~Tl+2Jets X°-sWT\ (W )+Z .h

pp~x0x0x ~T+((t)+T,~TI+2Jets g°~zvf T +PT

~T-~-(zi’)-~-[T,~Tl+2Jets x°—*Z~\ 2Z+2~

[r~ t~-rl®[z, Vf’TH4 Jets x°— ZFJ FT

5?~T g°—*Zv\ Z+3~L
g°’3body 3~T+(t~t) X°—~JvJ PT

x°—’J~ 3t~T+(T() y°—*Jv\ 4~4

2 i~T+[r, 11T1+2Jets — J~-’J FT

g°*Jv ~!~T

-‘

multi-leptons, due to the decayof the lightestneutralino. However if the decay
into majoron happens to be dominant there would be no signal.

In the threetableswe haveexplicitly denotedwhen the chargedlepton hasto
be a r becausethe R-paritybreakingis bigger in the 3rd family. Any otherlepton
denoted by P canbelongto any generation.We havealso the gaugebosonsin the
final statesbecauseit gives moreinformation aboutthe kinematicsof the fermions
produced in their decays.

When going to chargino—neutralino masses higher than those discussed here
one has to deal with the cascade decays what would lead to a list of possible final
statestoo largeto considernow. In generalwe can saythat if we are in the sector
of the theorywhere the R-parity breakingis small to be detectedin the single
productionof the SUSY states,onewould havethe doubleproductionfollowed by
the standardcascadedecaysof the MSSM endingin the lightestneutralinowhich
now would decay.ThereforeR-paritybreakingwould showup only in the laststep
of the chain by convertingthe y~-~-signalinto visible states.Whenthe breakingof
R-parity is big enough to have both single and double production the chain of
possiblefinal statesis enormous.Onecan thenselecta final statewith promising

characteristic signal and follow the decay chain that would lead to that final state.
In the study of chargino and neutralino production at hadron colliders in the

MSSM, special emphasishas beenput in the signal coming from multilepton

decaysof the charginosandneutralinos[31], mainly thosewith 3 and 5 charged
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leptonsin the final state.The main sourcesof backgroundfor thesesignalsare the
productionand decayof multiple gaugebosonsandthe top quarkpair production
followed by semileptonicchaindecaysof the top. It is not clearwhetherthe signal
can be abovebackgroundin the MSSM. As we haveseenin the caseof R-parity
breaking models new sources of multilepton eventsare possible that can only
enhancethe signal with respectto that in the MSSM and in consequenceits
detectionbecomesmorehopeful.

8. Conclusion

We have shown that, in spontaneouslybroken R-parity, the ratesfor single
productionof thelightestSUSY fermionsat hadronsupercolliderscanbe sizeable
without conflicting any laboratory, cosmological or astrophysicalobservation.
Moreover, the reach of LHC and SSC are similar, especially for the most
optimistic integratedLHC luminosity correspondingto L iO~pb1 in a year.

This is seen from figs. 3—6. For example at LHC it is possible to have more than 10
neutralinoeventsfor massesin the rangeM~o~ 160—280GeV andcharginomass

M~+<180—3200eV. The lowermassescorrespondto L = i0~ pb~’ and the upper
to L = i0~ pb ~. The corresponding masses that canbe exploredat SSCare in the
range M~o< 200—360 0eV to M~+~220—400 0eV. We have also analysedall
possible decay channelsof the lowest lying SUSY fermions in spontaneously
broken R-parity, as given in the tables.Thesedefine the completemap of the
expectedsignals.

The possibility of having sizeableSUSY productionratesin thesemodelsmore
than justifies the interest in performingdetailedbackgroundstudiesand simula-

tions of individual signals and this will be taken up elsewhere. It should, however,
be clear from our discussionthat the SUSY signaturescanbe more easily visible
experimentallyif R-parity is brokenthan if not.As a specific exampleof a realistic
signaturewe suggestedthe productionof two like-sign tausplus an oppositesign
electron or muon. This processcan arise from single neutralino production,
followed by decay.The standardmodel backgroundfor this is negligible before
applying any cuts,for neutralinomassbelow 90 0eV. From figs. 3 and4 onesees
that a 10 event signal could be possibleif M~o~ 80 0eV. However we want to
remark that theseresults havestill to be folded with the appropriatedetection
efficiencies. Only when theseareknown one will be able to concludedefinitively
whethersuch signalwill be visible or not.

Wethank Vernon Barger for suggesting the like-sign tau signal discussed in the
text, andfor pointing out thework of ref. [32].
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Appendix A

In sect.6 we havedefinedthe following decaywidths:

m
1, mB, dU, dR) = ~ ~ — (x1 +xB)2][1 — (x1 XB)]

x {(d~+ d~(l ~x~)2 +x~(i +x~) - 2x~}

—l2dUdRx/x~}~ (A.l)

with x1 = m1/m1and XB = mB/mI, and

m1,mB, dU, dR)

G~-m
5 .2 .2

= 8x~4fXB_~)Idy y{d~y(x~—xj —y)IIlll(xB, x
1, y)

_d~[(y2 —y(2 +x~ —xi) + 1 —x~+x~)ziiiI(xB, x1, y)

+(2y —2 —x~+x~)Iii +1] + 2dLdRx]xB[—IlIIl(xB, x1, y)

+JiI(xB, x1, y)]}, (A.2)

where now x~= rn//mB. We havefollowed thenotationof ref. [30]. For complete-
ness we give here the valueof the functions

I =

I = — ~—ln[1 — yyj,

= 2 1 —yy’

x

2
y=l— ~‘ . (A.3)

x — y

In the limit where x
1 = ft

G2 5

1
31’(m

1, 0, in11, d1, d~~)= ~ (d~+ d~)f(x0), (A.4)
192~
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with

f(xB) = XB{ ~ 4 + 1 ~1n(1 _x~)j. (A.5)

For the case with interference between the charge and neutral current

cL, CR, dL, dR)

G~m5 m
1 m1

= 192~3[8( d~)(vi+a~)f(~) + (c~+c~)f(~)

rn rn
+4(af_vf)cLdL~(~~-~~-~—)I~ (A.6)

where

g(x, y)=~{_~x2y2(_5x2_5Y2+3x2Y2)

— ~(—3x
2 — 2y2+x2y2)x2(1 —y2) ln(1 —y2)

— ~-(—2x2— 3y2 +x2y2)y2(1—x2) ln(1 —x2)

+ (x2 + y2)(x2y2 — x2 — y2)

y2+x2—x2y2 y2—x2y2
x ln(1 —x2) ln( ) — Li

2 ~2 +~2 —x
2y2

(A.7)
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