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LBL-19460
April, 1985 1 Introduction
The predictions of supersymmetric (SUSY) theories have come
under detailed scrutiny in recent months [1). However, most
R PARITY BREAKING of the studies have been done assuming an effective low energy
'IN SUSY theory in which baryon and lepton number are absolutely
SUPERSYMMETRIC THEORIES! conserved [2,3]. This requirement is not dictated by the super-
| symmetry, but must be imposed by hand. In this paper, we
examine the phenomenological consequences of relaxing this as-
sumption. The effects are small, but potentially measurable in
ete™ and hadron colliders.
Sally Dawson
: Supersymmetric theories have an additively conserved R quan-
Lawrence Berkeley Laboratory - tum number which can be defined such that left chiral super-
University of California fields-have R=2/3, vector superfields have R=0, and the anti-
Berkeley, California 94720 commuting # (#) variable has R=1 (R=-1) [4]. Majorana mass
terms for the gauginos certainly break this symmetry since the
gauginos have R=1. In addition, the vacuum expectation val-
ues of the Higgs bosons which break the SU(2) x U(1) symmetry
ABSTRACT also break the R symmetry. However, in most supersymmetric
' models there remains a conserved multiplicative quantum num-
We examine the consequences of R parity breaking in low en- ber which we call R parity. Frequently, R parity is a linear
ergy supersymmetric models. This breaking can occur through combination of R parity and discrete symmetries of the model.
explicit soft terms in the Lagrangian or through vacuum expecta- The R quantum number is +1 for all of the known fields and -1
tion values of scalar neutrinos. We discuss the new phenomenol- for their supersymmetric partners. The R parity of a particle
ogy expected in this class of models and compare it with the can be written as, '
predictions of the R conserving supersymmetric theories. R _ (_1)2S+L+3B ’ (l)

!This work was supported by the Director, Office of Energy Research, Office of High Energy R
and Nuclear Physics, Division of Bigh Energy Physics of the US Department of Energy wheie B is the ba,ryon number of the particle, L is the lepton
un(!er contract DE-AC03-76SF00098. ‘

2



number, and S is the spin. Hence a theory which conserves R
parity also conserves baryon and lepton number.

In supersymmetric theories, it is posssible to construct mod-
els in which R parity (and hence baryon and lepton number) is
violated at an experimentally acceptable level. R parity may be
violated explicitely by adding lepton or baryon number violating
terms to the Lagrangian or spontaneously by vacuum expecta-
tion values (VEVs) of the scalar neutrinos. We will explore both
possibilities.

Lepton number violation in SUSY theories has been consid-
ered by Hall and Suzuki [5] and by Lee [6]. The allowed values
of scalar neutrino VEVs are restricted by the experimental lim-
its on neutrino masses, while the magnitude of explicit lepton
number violating terms are constrained by the limits on certain
rare processes: T — e v, 4 — e 7 and g — 3e, for example.
Baryon number violating terms are of course restricted by the
limits on proton decay.

KR parity breaking terms are allowed in the Lagrangian then
the supersymmetric partners of the ordinary particles need not
be pair produced and many new reactions will be allowed such
as pp — 74 or pp — 7¢. Many of the most interesting new
processes will contain single leptons in the final state and the
experimental signals will be strikingly different from those of
the standard SUSY model. This new phenomenology has been
explored by Ellis et al.[7]. In addition, if the scalar neutrinos
have VEVg, then there will be mass mixing between the charged
leptons and the fermionic partners of the W bosons (winos) and
the fermionic partners of the charged Higgs bosons ( Higgsinos).
There will also be mixing in the neutral sector between the
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neutrinos and the photino,zino, and neutral Higgsinos. Mass
mixing caused by R parity breaking has been studied in Refs.
(6] and [7].

This paper is organized as follows: In Section 2, we discuss
the model which we consider in the remainder of this paper. It
is an effective low energy SU(3) x SU(2) x U(1) supersymmetric
model which contains terms which explicitely violate lepton and

‘baryon number. We examine the scalar potential and show that

in general the scalar neutrinos will get VEVs and spontaneously
break R [8]. Our analysis of the scalar potential is similar to
that of Ross and Valle [9] who showed that in the hidden sector
supergravity models {10] the 7 sneutrino naturally gets a VEV.
The limits on the magnitude of the R violating terms are re-
viewed in Section 3. Many of these limits have been obtained
by Hall and Suzuki [5] and by Lee [6], but we include them here
for completeness. Our most important results are contained in
Section 4 where we consider the new physics predicted by this
model. In particular, there will be single production of SUSY
particles and new decay chains for the SUSY particles. We end
by comparing the predictions of our model with those of the
standard R conserving SUSY model.

2 A SUSY Model with R Parity Breaking

We consider an effective low energy supersymmetric Lagrangian.

The model has three generations of left chiral matter superfields,
Q.(3,2,1/6) L,(1,2,—1/2)

U.(3,1,-2/3) E,(1,1,1) (2)
D,(3,1,1/3),



*,

where the SU(3) x SU(2) x U(1) quantum numbers are shown
in parenthesis and a is a generation index. The model also has

two Higgs superfields,
H(172) 1/2) H,(]"z’—l/z) ’ (3)

and three vector superfields, G(8,1,1),W(1,3,1) and B(1,1,1) in
the adjoint representations of the gauge groups. If we assume
that the supersymmetry is softly broken then the most general
SU(3) x SU(2) x U(1) invariant Lagrangian with the fields listed
above which conserves baryon and lepton number is,

£lc = ﬁKinetic + ESoft + EYukawaa (4)
where,

Lsope = {#112’W+ Yw- — #21ZH'—1ZH+ + igv Yw- g+
+iguy Y+ Yur- + %MNZA!?JA + Ma¥atz
+iMas¥z — iMzYs¥n — pi(bm-du+ — Sarodue)
LT M? | ¢ [ —polh sin 20(9nn — Yo
+cos209nn] + gm;,«Zch} +h.c.
+terms cubic in the scalar fields,

o ] (5)
and ¥4, Y6, ¥w, and ¢z are the two component Majorana
gauginos associated with the photon,gluon and W and Z gauge
bosons, JJH and @H: are the fermionic partners of the Higgs
bosons , v; = (¢y-) and v, = (¢yo). The soft masses p; and
M; are arbitrary and all of the spinors ¥; are written in two
component notation. Our notation is such that the superpart-
ners of the ordinary particles are denoted by tildes. The term
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Y M? | ¢; |? sums over all scalar fields in the theory and,

M, =sin? 8y p; + cos? Oy us
Mz = e(ps — pa)
M3 = cos? O piy + sin® O s (6)
th = J)Ha cosf + ;Lyro sin 0
Yw = Ygrocosf — Yp.sinf
where 0y is the Weinberg angle and tan 8 = —v;/v;. Lyukouwa
can be written in terms of the superfields as,

Lyukews = S d*0[gu, UHQs+ gp,, Do H'Qy + gE,, EH'Ly)
+ h.c.
)
Two types of explicit R violating interactions can be included
in the Lagrangian,

Li,=L1+L,. (8)

L, consists of the dimension two soft operators coupling the
scalar components of the Higgs doublet superfields, ¢y and
¢ ,to the scalar members of the lepton doublet superfield, ¢,

Ly = —m2,$udr, — M, + he (9)

(Note that an H' L term coupling the superfields is not invariant
under the supersymmetry. However the ¢L, ¢, term is included
in £; for generality.)

In addition, we can include the lepton and baryon number
violating terms resulting from the #4 term of QDL, LEL, and
UDD. Such terms could result from a supersymmetric theory
coupled to N=1 supergravity [5]. These terms are,

Li= —Cul¥u, ¥a, ber, + Vi Y3, 0, + ) — DalVer, Ve b,
+...) = Eo(Yz,,¥3, . 63,, + ) + he.,
(10)



where the . . . indicate SUSY permutations of the fields and
the coefficients C,, D,, and E, are arbitrary. (¢, is the left-
handed charge 2/3 quark of generation a and J}u“ is the asso-
ciated scalar, etc.) For simplicity, we have assumed that the
R violating terms of Eq. (10) are diagonal in generation space
[11).

The Lagrangians of Eqs.(9) and (10) can easily be forbidden
by imposing discrete symmetries. For example, ;SL — —2’ 1 for-
bids £; and Q = -Q, U — -U, and E — —E forbids £;. There
are many possibilities for such discrete symmetries.

2.1 Masses and Mixing

Lepton number violation also arises from the VEVs of the
scalar neutrinos. These VEVs introduce mass mixing among
the charged and neutral fermions. The charged mass eigenstates
are yt = U¥+ and x~ = V'¥~ where,

—itw+
= Y+ (11)
Yi:
and, 3
—iYw-
v = va- |- (12)
| 75 |

U and V are 5 x 5 unitary matrices which are determined by
diagonalizing the mass matrix, '

b gun O
MYt=1{gv, pp A, |, (13)

g 0 Asm
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where ¥, are the VEVs of the scalar neutrinos, ), is fixed by the
requirement that the leptons have their physical masses and,

Lay= -V TMYO+ 4 hec. (14)

In general, this matrix must be diagonalized numerically.
As an example, we consider the case of unbroken supersym-
metry where only the U, gets a VEV. In this case, g, =p,=0 and
gui=gv;=My . The mass terms in the Lagrangian are,

‘CM = _"/.)_TM-'-'Z-‘- - mc'pe'pe - mp¢y¢“ + h.c. ’ (15)
where,
AMylg gi, O
MY*=1Xx%, My O (16)
0 0 My
and
: Vo
vr=1 —igp- 17
Yu+
) ¥r-
Y= Y- | - (18)
—itw-
The eigenstates and eigenvalues are easily found in this example,
+ = s
Xi = (19)
X1 = —t¥w-
with mass My,
X2+ = _i'ZW“' + mr€/¥W'¢r+ (20)

Xz = m.e/Mp .- + Y-
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with mass My + m,€? and
Xg' = ¢T+ + iGmT/Mw‘l?)WAr
X3 = Y- —me/Mypg-

with mass m, , where we have worked to leading order in ¢ and
m, /My and,

(21)

€= —. (22)

In this example all effects of the R violation are suppressed by
powers of €. In general, mixing between the charged leptons and
winos and Higgsinos is suppressed by powers of 9,/v; or 9,/v;
as is obvious from Eq.(13).

The mixing in the neutral sector is similar to that in the
charged sector. The neutral fermion mass matrix is,

(M, My 0 0 0
M2 Ma —Mz 0 gz")a/(\/icos 9w)
M° = 0 ~M; Hosin 28 g cos2f 0
0 0 Hocos20 —posin 26 0
. 0 99,/ (v/2 cos By 0 0 0
. (23)
where,
L= —%\IWTM"\II" + he. (24)
and
[ —igs )
~iYz
o= T (25)
Vi
\ ¢Va )

Only one linear combination of the neutrinos, vy, partici-
pates in the mass mixing of Eq.(23) and gets a Majorana mass

9

)

at tree level,

VM = za: i')aua/‘/éa vZ. (26)

The two orthogonal combinations of neutrinos remain massless
at tree level. Limits on sneutrino VEVs from neutrino masses
will be discussed in detail in Section 3.

In the example of unbroken supersymmetry discussed above
(#1 = p2 = p3 = 0and gv; = gv; = My ) where the only nonzero
sneutrino VEV is v, , there are three zero mass eigenvalues,

Xi = ji:ﬁA
X3 = Y (27)
X3 =€/V2Ur+ ¥, + O() .

X5 and x5 may be combined to form a Dirac photino. In addi-

tion, there are two massive eigenvectors,

Xi= §/V2z = 1/V2h + €/29, + O(¢)
X2 = i/V2¢z +1/V2¢, — €/2¢, + O ()

with masses +Mz(1 + €2/4) + O(e®). Again, all mixing effects
are suppressed by powers of the sneutrino VEVs.

(28)

There is also mixing in the scalar sector between the Higgs
bosons and the scalar partners of the leptons. We will consider
only the mixing in the imaginary neutral scalar sector. One
linear combination of Im ¢z and Im ¢y becomes the longitu-
dinal component of the Z gauge boson and for a one generation
model there are two physical scalars, 3’1 and &2. &'51 couples to
the lepton current and is a would be Majoron [8]. However the
coupling of ;Sl to the fermions is proportional to gM;/My and
hence there is no alui coupling and so no problem with Ma-
joron emission in x or K decay. The only limits on 551 come from
energy losses in red giants via Majoron emission [12]. However,
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if the Majoron is heavier than the temperature of the red giant
(10 Mev ~ 108 © K) then there are no limits on the Majoron
mass. From Eq. (5), we see that &1 will get a mass on the order
of the soft scalar masses associated with $L, ¢u, or . Aslong
as these masses are greater than 10 MeV, models of the type we

are considering will not have problems with Majorons.

2.2 Scalar Potential

We turn now to a discussion of the scalar potential. We
consider a toy model with only one generation of fermions in

which the scalar potential is given by ,

V = [m2¢uds + midldr + pidudm — 5(mpdu + medh)és

—ép(mpdu + mpdl)bo — du(mudn + mudl)éo
+he]+ M| by P +ME | ¢ |2 +M3E | 4y 2

+ME | 5 P +ME | 4o I? +Mj | ¢5 |2 +M7 | ¢ *
+39% 5 1 P =318 P31 P+ 10 P+ | do |*
+11 652 =2 dp 12 + g (9hodn + ghodu

+8L06L + h0d0)*+ | gedEdL + apdpde P + | gedw ey |2

+ | gedpdn |® + | gudude I> + | 9pdpdm + gudpdn |2
+ | gpdwdo I’ + | gudndo I* +SU(3) D term ,

(29)
where ¢' and g are the U(1) and SU(2) gauge coupling constants,
respectively. In general; all of the neutral scalars can receive
VEVs and minimizing the potential yields the restrictions on
the allowed VEVs,

—m30 Jvo + plvy Jvo = MG, — Hg'? + ¢?) (v} — v —¥2) + gL¥?
i /o + plve/vi = MG + {(g% + ¢*)(v] — v} - 9})

mivi /0 — i /U = M} — (" +¢")(v] — v] — 9}) + gfo}.

(30)
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The allowed VEVs can easily be found by neglecting the small
Yukawa coupling gg and by setting v; /v, = —cot 6 and ¥; /v, =
tan 7. In the limit in which the soft mass terms are equal,

m=my=m
m 2 : (31)

ML=MH=MHrEM,
the allowed VEVs are given by the equations,

0= tan®q[~m® + pim?(2M? — p2)] + tan? 4[3p2vmt — ps
—2M?%nY] + tan y(2m2ul)(u? - M?) — 2mi(u? — M?)
cot§ = m?(tan’q — 1)/(m? — pltanq)

v, = 2 My /(g/tan? v +csc?8) . 52)

The results for tan 4 are shown in Figure 1 for different values
of py,m, and M. Note that even for quite small values of 1, ¥,
can be of the same order of magnitude as v; . From Eq. (32)
it is obvious, however, that for m — 0, the sneutrino VEV, v;,
also vanishes.

3 Limits on R Violation
3.1 Neutrino Masses

The most severe limitations on R violation come from limits
on neutrino masses. We will assume that the neutrino which
gets a Majorana mass, vy, is v,. In this case we must have
m,,, < 143 MeV [13]. Assuming the parameters u, of Eq. (5)
are equal and much larger than M7, the mass matrix of Eq.(23)

gives the restrictions,

12 GeV if y; = 250 GeV

. (33)
24 GeV ifu;=1TeV

a

e

12



I 3

If vas is v, or v, then the restrictions on the sneutrino VEVs are
considerably stricter. For example, if vy is v,, then requiring
m,,< 6 eV (the limit from neutrino-less double beta decay) we

\E{; < 2 MeV ff B = 250 GeV ‘ (34)
3 5 MeV if ;=1 TeV

In addition, the sneutrino VEVs and the explicit lepton num-

have,

~ ber violating terms of Eq.(10) lead to one loop masses for the
Ve, Vy, and v, neutrinos. We will calculate one of these contri-
butions as an example and require that the contribution of each
diagram satisfy the limits on neutrino masses. For a discussion
of the limits on neutrino masses in a theory with R viclation and
SUSY coupled to N=1 supergravity see Ref. [5]. The diagram
of Figure 2 contributes a factor to the neutrino mass matrix,
2 uiaujafaam@mlaDa/[IG”Z(m?D - mi )]{m?b/(m%‘ - m%)
x In(mZ /m2) + m? /(m% — m?)In(m, /m) i}
(35)
where a is again a generation index , my, is the charged lepton
_mass, my is the wino mass, v} is the physical electron, muon, or
tau neutrino, and U is the unitary matrix which diagonalizes the
neutral fermion mass matrix. In the limit m; = m; = M>
m, , this reduces to,

Xa: Uil 2920, (my, /M)Da/(161r2)u,fv;- . (36)
Requiring m,, < 6 eV, m,, < 520 KeV, m,, < 143 MeV and
taking U,; = 8,;, Eq. (36) gives the restrictions,

D,<10%(M /250 GeV)(10 MeV/4,)
D,<5 x 10*(M /250 GeV)(10 MeV/4,) (37)
D,<108(M/250 GeV)(10 MeV/%,) .

Hence quite large values of the coupling D, are allowed.

13

3.2 Rare Processes

The limits on explicit lepton number violating interactions
from rare processes have been found in Refs. [5] and [6] and we
summarize them here in our notation. We have taken all of the
soft masses (M, Mg, Mg, Mp, My) equal to M and neglected
the photino mass in these limits.

1. # — e¥ gives,
C1V1i<2 x 10-3(M/100 GeV)?,

2. 4 — 3 e gives,

CHVILVE+ C3VLVE + CIV] VIS5 x 1073(M/100 GeV)?,

DLV} + D3V} VY + DV VESSE x 1073(M/100 GeV)?
3. u — ey gives,

DV} Vi(3./10 MeV) + D,V], Vi (5,/10 MeV)

' <$10-5(M /100 GeV)? .
(38)

Because of our assumption that the explicit lepton number vio-
lating terms of Eq. (10) are diagonal in generation space, there
is no contribution to processes such as K — e% or K; Ks mixing.

The surprise is that C; ~ 103 is completely consistent with
all experimental limits on lepton number violating processes
even for M as small as 100 GeV. The limits on D; from p — ey
are slightly stronger than the limits on C; if the mixing angle,
V.., is near 1. However, D; ~ 1073 is allowed for M ~ 1 TeV

and 9; ~ 10 MeV for any value of the mixing angle.

In addition, requiring the proton lifetime to be larger than
102 years imposes the restriction that E,$10-3%(10%/C,)(M
/100 GeV)!. Since E is forced to be so small, we will not con-

14



sider further the effects of such a term.

4 Phenomenology of R Violating Theories

In this section, we describe the new phenomenology predicted
by the R violating SUSY theories described in Section 2. These
effects fall into three categories: (i) Single production of SUSY
particles, (ii) New decay modes of the photino and sneutrino,
and (iii) New experimental signatures as the result of the differ-
ent decay modes. We will examine each of the consequences in
turn.

4.1 Single production of SUSY Particles

In the model of Section 2, SUSY particles can be produced
singly either due to mixing effects or due to the explicit R vio-
lating terms in the Lagrangian. A wide range of reactions such
as pp — W, q e, Z e, etc. are possible in theories with broken
R. However, the cross sections tend to be miniscule unless the
SUSY particles are light (~ several GeV). As an example, we
consider [,4 and /,g production in detail , (I, is e, u, or 7).

The reaction pp — [,7y procedes by t- and u-channel squark
exchange and by s-channel W boson exchange. Neglecting the
lepton mass and assuming all of the squarks are degenerate, the
cross section can be written as,

o(q:7; — 7)) = (7/s?) {A,S/(3(s — M} )?)(2s® — smi — mi)
+[A(S+ (mE+A)A+SA/(s+4))

+Au/(s — M%) (S(m? — (s + m?)/2) + AmEA)

+(t — u) ] } (59)
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where,

=m? — m?2
A—mq ms

A=ln[(s+A+ml-S8)/(s+A+mi+S) (40)
S=s-ml,
and the coefficients A; are,

A = (o"e)/(6sin’by) | Vi]g —iCu/g |*

A, =(a%e)/(6sin’8w) | Uay, —iCa/g |*

A, = (ca%e,)/(3sin?8y) | Usy, —iC./g |?

Ay =—(a’e,)/(3sin’ bw) | Vg ~iCu/g

A, =(a?)/(12si0*6w)(| Uni, —iCa/g |* + | Vils —iCu/q ).

‘ (41)

(We have neglected the generalized KM mixing between the
quarks and the squarks in Eq. (41)). C, is the coefficient of the
U,D,L, term in the Lagrangian of Eq. (10) and V and U are
the matrices which diagonalize the charged fermion mass matrix
(defined above Eq. (11)).

The reaction pp — [,g occurs through t- and u- channel
squark exchange. The cross section is given by Eqs. (39) and
(40) with the replacement m; — m;. The coefficients A; are,

A, =Ay=A,,=0

A; = (20,0)/(9sin? 8w ) | Vi — iC./g |2 (42)

A, = (20,)/(9sin® Ow) | Uz, —$C./g 2 .
To get an idea of the magnitude of the cross sections, we con-
sider the case where the only violation of R comes from the 7
sneutrino VEV and there are no soft mass terms (p; = p2 =
g3 = 0) and v; = v; = v. In this case, V,t;, =0and U}, =
—m, 03 /(Mwv) + O (6% /v?). o

The numerical results are shown in Figure 3 for pp — §T at

Vs = 540 GeV and 2 TeV. (We have taken 9, = 20 GeV in this

16
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example, but the results scale as #?). If the photino is light,
(m; ~ 1 GeV), then the cross section for 77 production will be
several orders of magnitude smaller than that for light gluino
plus tau production. The cross sections are small since they are
suppressed by powers of m2/M}. However, the experimental
signals for [,§ or I;7 production are quite striking. The reaction
PP — l,g will be signaled by an isolated lepton recoiling against
a single jet, while pp — [,¥ will produce a single lepton with no
other energetic tracks. '

4.2 New Decays '

In most SUSY models, the lightest supersymmetric particle is

taken to be the photino and it is assumed to be stable. However,

in theories with R violation, the photino can decay in several

ways,

) -
W F-a (43)
11) ¥ — u.d,l,

) - L.

In addition , the sneutrino can decay to a neutrino - anti neu-

trino pair.

The decay § — v can occur either because of the explicit R
violating terms in the Lagrangian or because of the presence of
sneutrino VEVs. In the case where the dominant contribution
is from the explicit terms in L, the diagrams of Figure 4 con-
tribute to the photino decay . The largest contribution is from

17

Figure 4a and has been calculated in Ref. [5],

T1(7.— w + 17) ~ 9a®m} /(647°)[C,e2, mqa/m}a(ln(mga/m%)
+3) + Doy, [m? (In(mf /m?) + )7,

(44)
where m,, (m;, ) are the quark (lepton) masses, e, are the quark
charges, and m;, (m;) are the squark (slepton) masses. In prac-
tice, the largest contribution comes from the loop containing the
b quark. This leads to,

(3 = y + 97) ~ 10~ %sec(mg, /100 GeV)*(1 GeV/m;)3
x (1/Cs)%.
(45)
It is clear that in order to have the phc;tino decay within a
detector, we must have m}a /C3<(180 GeV)for a 1 GeV photino.

In the case where the dominant contribution to photino decay
is from sneutrino VEVs, the diagrams of Figure 5 contribute.
We evaluate the contribution from Figure 5a as representative,

T2(3 — W + 1P) ~ (e*9,2m3) /(64 sin’ 65 )[1/(m? — MZ.)?]
x [In(m} /MZ))* .

(46)

For reasonable choices of the parameters this gives :

197 = W + 17) ~ 10~%sec(m: /100 GeV)*(10 GeV/v,)?
x (1 GeV/m;)3.
(47)
In theories with explicit lepton number violation, it may also
be possible to have the decay 4 — l,l,v or ¥ — q;Tv. The
diagram of Figure 6 gives the decay width,

aD; m;
12872 m} )

I‘3(:i — laEV + lazv) ~ (48)

18



(The rate for ¥ — g¢;gGv is obtained by multiplying Eq. (48)
by 3e3 and replacing D, — C,; and m; — mg,). This gives a
lifetime,

73(F — ladav+ll,7) ~ 107 sec(m;: /100 GeV)*(1 GeV/m;)*(1/D,)? .

(49)
(Note that in models with non-zero sneutrino VEVs the mix-
ing in the lepton sector will introduce the off diagonal decays
4 — l,lv.) Thus depending upon the parameters of the model,
photino decays may lead to observable tracks in the detector.
Certainly, for a large range of reasonable parameters, the photino

will decay within the detector.

4.3 New Signals

Finally, we consider the effects of the new decay patterns
on the signals expected from SUSY particle production. As
examples, we consider two processes: pp — 7¢ and pp — §g.
If the photino is stable (and lighter than the gluino), then we
expect § — gg3. Then the signal for pp — 4g is < 2 jets plus
missing pr and for pf — §g it is <4 jets plus missing py. If the
74 decays to qyv then the signal for 4g production will still be < 2
jets plus missing pr, but in addition there will be a photon and
the 7 decay will degrade the missing pr signal. If the photino
decays to qgv, then the signal for 7g productidn will be < 6
jets plus a degraded missing pr signal . For gg production, the
signal will be < 4 jets plus two photons if ¥ — v and < 8
jets if 4 — qgv. In all cases, the decay of the photino leads to
a degraded missing pr signal which yields significantly smaller

cross sections since fewer events will pass a given missing pr cut.

To analyze these decay modes we use a Monte Carlo program
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and approximate the UA1 cuts [14). We require that the missing
energy, ET, satisfy,

ET > 40 where 0 = .7V Er
and (50)
E7 > 32 GeV.

Er is the scalar sum of the transverse energy. Er cannot be cal-
culated within the parton model since it contains energy from
the spectator quarks as well as the interacting quarks. We ap-
proximate Er by includihg'}_in*i?t»' '_fhe energy of all the final state
interacting quarks whether or not they are included in a jet [15].
We also include in Er the photon enérgy in the case v — .

In addition EF must not point to within +20°’s of the vertical
because of reduced calorimetry in this region. We use the UA1
jet algorithm and define a jet by adding up all the energy within
a cone described by A¢2 + An? < 1. Also, the most energetic
jet must have Ej > 25 GeV and all other jets must have Ej >
12 GeV. Finally, one jet events are re'j_ected‘if cosA¢ > —.8.
(This is to reject the tail of the two jet QCD background). We
interpret all final state quarks as hadronic jets if they pass the
cuts described above. '

In Figures 7a and 7b, we show the EP spectrum at \/5 =
540 GeV for 7§ production in pp collisions assuming stable 7,
4 — qv, and 4 — g¢gv and for m; = 40 GeV and 60 GeV,
respectively. In both cases we have taken m; = 100 GeV and
m; = 1 GeV [16]. The EF spectra include all of the events
which pass the cuts which have at least one jet. In Figures 8a
and 8b we show the transverse mass spectrum undverithe same
set of assumptions. The most striking feature of these plots is
the degrading of the missing pr signal if the photino is allowed
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to decay. Only about 1/100 as many events pass the cuts if
¥ — qgv as for a stable photino.

In Figures 9a and 9b, we plot the EF* spectrum for gg produc-
tion assuming § — ¢G4 and for stable 4, § — qv, and 7 — qqv
and in Figures 10a and 10b we plot the transverse mass. Again
we note the drastic degrading of the missing py signal. From Fig-
ures 7 - 10, we conclude that if the photino decays, the search for

supersymmetry will be extremely difficult. The generic missing

pr signal is degraded and could easily become lost in the heavy -

quark background.

The different photino decay modes change the ratio of mono-
jets to dijets. In Figure 11 we show the one and two jet cross
sections for gluino pair production as a function of the gluino
mass (and for fixed squark mass) for each of the assumed photino
decay patterns. The largest jet cross sections result when the
photino is stable, with the two jet cross section becoming larger
than the one jet cross section for a gluino mass between 40 .and
50 GeV. The jet cross sections are approximately an order of
magnitude smaller when the photino decays to qv. This is be-
cause we have included the photon energy in our definition of
Er which means that fewer of the events can pass the E} cut.
The jet cross sections are considerably smaller when 4 — gqgv
with the two jet cross section always dominating over the one
jet cross section. In this case the three jet cross section becomes
dominant for gluino masses greater than about 60 GeV.

5 Conclusion

Low energy supersymmetric models can violate lepton num-
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ber either explicitely or spontaneously through the VEVs of
scalar neutrinos. Although both possibilities are unattractive,
explicit lepton number violating interactions are allowed by the
SU(3) x SU(2) x U(1) gauge symmetries and must be forbidden
by imposing discrete symmetries . Similarly, the scalar poten-
tial will naturally allow the sneutrinos to obtain VEVs if the
soft lepton number violating terms of Eq. (10) are allowed. The
experimental limits on explicit lepton number violating interac-
tions are quite weak, allowing coefficients on the order of 10~2
for these operators. Models with explicit or spontaneous lepton

number violation are thus experimentally viable.

In supersymmetric models with R parity violation the phe-
nomenology will be quite different from the usual SUSY theories.
Single production of SUSY particles, while having small cross
sections in most models, will lead to spectacular new signals.
These cross sections, unfortunately, will probably only be mea-
surable for extremely light SUSY particles. The most striking
new signature ,however, will be the decay of the photino which
leads to degraded missing pr signatures. This will considerably
complicate the search for supersymmetry!
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Figure 1

Figure 2
Figure 3

Figure 4 |

Figure 5

Figure 6
Figure 7

Figure 8

FIGURE CAPTIONS

Solutions to the minimization of the scalar poten-
tial in a model with one generation. Figure 1
shows tany = ¥;/v; as a function of /M and
ps/M. The solid, dashed, dot-dashed, and dot-
ted lines have u /M =7 x 103, 10-2,10~! and .3,
respectively.

Feynman diagram which gives the neutrinos mass.

Cross sections for pp — 73 at /s = 540 GeV (solid
line) and 2 TeV (dashed line). We have assumed
¥, = 20 GeV and m; =3 GeV.

Feynman diagrams for the decay 4 — v which are
proportional to C? .

Feynman diagrams for the decay 4 — v which
depend on the sneutrino VEVs.

~ Feynman diagram for the decay § — qqv.

Missing pr spectra for the reaction pp — g at
Vs = 540 GeV. Fig. 7a has m; = 40 GeV and
Fig. 7b has m; = 60 GeV. Both figures have m;
= 1 GeV and m; = 100 GeV. The dashed line
assumes a stable photino, the solid line § — v,
and the dotted line 4 — qgv.

Transverse mass spectra for one jet events in the
reaction pp — 77 at /s = 540 GeV. Fig. 8a has
m; = 40 GeV and Fig. 8b has m; = 60 GeV. Both
figures have m; = 1 GeV and m; = 100 GeV. The
dashed line assumes a stable photino, the solid
line 4 — v, and the dotted line ¥ — qgv.
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Figure 9 Missing pr spectra for the reaction pp — gg at
Vs = 540 GeV. Fig. 9a has m; = 40 GeV and
Fig. 9b has m; = 60 GeV. Both figures have m;
= 1 GeV and m; = 100 GeV. The dashed line
assumes a stable photino, the solid line ¥ — qv,
and the dotted line ¥ — gqgv. '

Figure 10  Transverse mass spectra for one jet events in the
reaction pp — §g at /s = 540 GeV. Fig. 10a has
m; = 40 GeV and Fig. 10b has m; = 60 GeV.
Both figures have m; = 1 GeV and m; = 100
GeV. The dashed line assumes a stable photino,
the solid line 4§ — qv, and the dotted line ¥ —
qqv.

Figure 11  Jet cross sections for the reaction pp — §g at /s
= 540 GeV. The solid lines are the one jet cross
sections and the dashed lines are the two jet cross
sections. The three sets of curves represent a sta-
ble 4, 4§ — v, and 7 — qgv.

27

rx)



tan ¥

-28-

-1
10

-2
10

-3
10

-4

-8
10

-6
10

3
3 3
a 3
r ]
- -
= 3
- -
= 3
J_ L ti1til
-8 -4 -3 -2

10 10 10 10 10 10

m/M

Figure 1

]
’—-\

X (V>

Figure 2



-20—

e T T T T T T3
Eo .
o) ]
o -

-8

10 - -

> i ]
E
®

-8

10 o —
L 4
- -

10-7 1
0 240

(a)

0
/’——\\
, ~
’/ N\
/ \\
- [ -
Y — \ v(¥
Y
(b) Y
]
—-T TN
’ ~
/’ \
/ N
-, ! -
¥(Y) I A v (Y

Figure 4



¢

-30-

'é'/' W
/7
/
- /
¥ L v
e e
X
(b) ¥
|
L
W ‘\\ §
‘i’(?) _ — : v(y)
W } W
Y
Figure 5
¥ . Q
\ o
\Q

Figure 6



—~~
<
N’

<
]

) T T W T 1 1 -1 1

-]
-

{A?2D/qu) guu\ov

10

Pt (c!')

Figure 7a

TV U0

1
Y ad

I

VY W N T

|

d44-d~j-

1 L

-4
10

(b)

- -TE-

(A®DH/qu) umv\ov

Pl (CeV)

Figure 7b



-32-

V)
-4
N

-4
1o T -T T T T ™)
I 7\ -

t ! A Y —_ -~

N PP 9 A

da/th (nb/GeV)

-
(-]
[]
L

(b)

-4

10

do/dMy (nb/GeV)

-
(-2
]
L)

10

7
A,

s
-
L
1 H 1 I ) ] I [
0 20 40 80 a0 100 120 140
.t {CeV)
Figure 8a
™ T T T T T T L
— pp — 77
1 |

IL (GeV)

Figure 8b



—~~
N2

»/

rrr r 1

'
F IS

-1

R

422 1 1 1 ~L

L _-q-q_q T

T —<_-—d-

100

T T

80

——__-——

—-—-\»P |

. -

i 1

10

”
'
©
-

(A%D/qu) QEU\ov

-4
10

-6
10

PL (GeV)

Figure 9a

1
3~

R

1420 1 2

TT 11 7T

1

T —44_-.1-\-

- —»—;—_P\F A

T

—qdﬂd T

T

T

_-—_-h

(b)

|MM|

"
]
©
-

.>u¢\n=v amu\ov

-4

10

-6

100

80 -

20

Pt (GeV)

Figure 9b



—~~
(-
g

Ty T T T

11 1

- Liaaay 5o

——‘_—1— 1

-

.Y

—4-__dq_

—u»Eb i

10

(A?D/qu) uzv\ov

-8

10

40 60 80 100 120 140

20

Ilt (GeV)
Figure 10a

h—-ﬂJl—}_ J—‘H__-—J T T ﬁ_\-l-_-. T
1 T
1
= ﬁ pa
-~
| I - ]
[~ 9 Ve
/7
/
- ’ -1
AN
~
| 4
A 01 11 i A _FPn___ 1 1 —-..-- 1
] L <* ©
[] 1 ] 1
4 =4 e 2
—~~
) (as5/qu) Vxp/op
N’
|¢M|
? »

40 60 80 100 120 140

20

My (Gev)

Figure 10b



-35-

¢ (nb)

-1
10

-2
10

-4
10

-6
10

-8
10

IE (GeV)

Figure 11

T T T T T T L E
F stab = == ]
p stable PP — 57
- photino 1
3 <o 3
E ,.7 - '71/ E
£ — qqV ;
3 ;

] 1 { 1 1 1 ]

10 20 30 40 L1 e0 70 (1



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




o i

LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



