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The search for R-parity violating Supersymmetry at HERA is reviewed with em-
phasis on the resonant production of squarks through electron-quark fusion via
lepton 
avour violating Yukawa couplings �0. The full consequences of the mixing
in the gaugino-higgsino sector on the possible squark decay chains are taken into
account and a rich phenomenology emerges for HERA. Direct searches carried re-
cently by the HERA experiments show a sensitivity to yet unexplored domains of
the squark mass-�0 plane. The analysis of 2:83 pb�1 of e+p data by H1 excludes
squark masses up to 240 GeV for �0 &

p
4��em and covers with good discrimi-

nating power a wide range of parameters values in supersymmetric theories with
minimal �eld representation. For squarks possessing �0 couplings to more than one
generation of leptons, the analysis of 3:8 pb�1 of e�p and e+p data by the ZEUS
experiment excludes masses up to 210 GeV for �0 &

p
4��em in models where the

lightest gaugino-higgsino is a \pure" photino. The HERA results are compared in
detail to other direct and indirect searches and future prospects are discussed.

1 Introduction

Supersymmetry (SUSY) which connects elementary fermions and bosons is
generally considered to be a likely ingredient of a true fundamental theory
beyond the Standard Model (SM). Traditionally, the study of observable con-
sequences of SUSY at energy scales well below the SUSY breaking scale have
been guided mostly by the theoretical framework of either the general Min-
imal Supersymmetric extension of the Standard Model (MSSM) 1 or of the
more restrictive Supergravity 2. Given a �nite and well de�ned set of free pa-
rameters, both theories o�er predictive power and have neither been proven
nor falsi�ed by experimental observations. In the strict MSSM framework, one
imposes that the SUSY theory be minimal not only in �eld content but also in
terms of allowed couplings. This is realized by imposing a strict conservation
of the R-parity de�ned as Rp = (�1)3B+L+2S = 1 (for particles) = �1 (for

aInvited speaker.
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sparticles), where S denotes the spin, B the baryon number and L the lepton
number. Imposing this discrete symmetry is a somewhat ad hoc prescription
which leads to the absolute stability of the lightest supersymmetric particle
(LSP). Hence to the characteristic hunt for \missing energy" signals in direct
searches at other existing colliders. But Nature might, after all, choose an
unstable LSP.

The essential instability of supersymmetric matter even seems very \nat-
ural" when considering that the general SUSY superpotential allows beyond
the MSSM for gauge invariant terms with Rp-violating (6Rp) Yukawa couplings

between the SM quarks and leptons and their bosonic squark (~q) or slepton (~l)
partners. This will be discussed in section 2 where we brie
y review and mo-
tivate the general 6Rp SUSY theory. Thus, the LSP becomes unstable through
e.g. (virtual) conversion to fermion-sfermion pairs followed by sfermion decay
via a Yukawa coupling. This has dramatic consequences. Besides the obvious
fact that the LSP does not qualify anymore as a candidate for Cold Dark Mat-
ter in cosmology, it moreover invalidates many existing constraints on sparticle
masses and other model parameters. The LSP decay leads to event topologies
which di�er strongly from the characteristic \missing energy" signal due to
LSP's escaping detection in the MSSM. Hence, except for exclusion limits de-
rived from indirect searches (e.g. from the intrinsic width of the Z0), the mass
constraints obtained in the MSSM framework do not apply directly in 6Rp mod-
els. The search for 6Rp squarks is \complementary" (hence mandatory) to that
performed in the strict MSSM framework.

The ep collider HERA which provides both leptonic and baryonic quantum
numbers in the initial state is found to be ideally suited for 6Rp SUSY searches.
The rich phenomenology expected for Yukawa couplings which induce lepton
number violating processes will be discussed in section 3. The direct constraints
on such couplings imposed by recent analyses of H1 and ZEUS experiments at
HERA and at other colliders are reviewed in section 4 and compared to results
from indirect searches in section 5. The future discovery prospects at HERA
are discussed in section 6. The main concepts and results are summarized in
section 7.

2 The General Yukawa Couplings in SUSY

Preserving the minimal �eld content of the MSSM, the most general Yukawa
couplings allowed by the SM requirement of SU (3)C �SU (2)L �U (1)Y gauge
invariance in a SUSY theory can be written 3;4 in the compact formalism of
the superpotential as WSUSY = WMSSM +W6Rp

. The WMSSM contains terms

which are responsible for the Yukawa couplings of the Higgs �elds to ordinary
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fermions. The additional W6Rp
terms b are given by:

W6Rp
= �ijkLiLj

�Ek + �
0

ijkLiQj
�Dk + �

00

ijk
�Ui �Dj

�Dk (1)

where ijk are generation indices of the super�elds L;Q;E;D and U . The L
and Q are left-handed doublets while �E, �D and �U are right-handed singlet
super�elds for charged leptons, down and up-type quarks, respectively. The
� and �

0 terms induce 6L. The �00 terms induce 6B. The 6L terms arise in a
fundamental way from the fact that SU (2)-doublet lepton super�elds and the
Higgs H1 super�eld are identical when viewed from the SM gauge symmetry.
The �ijk (�00ijk) couplings are antisymmetric under the interchange of the �rst
(last) two generation indices, �ijk = ��jik and �

00
ijk = ��00ikj. Hence, there

are 9 (for each) independent � and �
00 couplings whilst 27 independent �

0

couplings remain. Altogether 45 extra free parameters are grafted to minimal
SUSY models.

In order to comply with the remarkable stability of the proton and the
absence of n� �n oscillations, it is su�cient to impose the baryon number con-
servation (B-parity) as a viable 5 and less restrictive discrete symmetry. This
implies �00 = 0 in Eq. 1. This might be seen as a \natural" choice for cosmology
where the observed matter/antimatter asymmetry imposes much more severe
constraints 6 on �00 than on � or �0. On the contrary, 6L terms do not unavoid-
ably su�er from cosmological constraints 6 and are even required for baryon
asymmetry genesis in some cosmological models with �rst order electroweak
phase transition 7. Provided that baryon number is e�ectively conserved at
low energy, sizeable �0 couplings are consistent with GUT's, Supergravity and
Superstring theories 3;5;8.

3 Phenomenology at HERA

3.1 Lagrangian and Free Parameters

Of particular interest for HERA are the terms �0ijkLiQj
�Dk in the 6Rp extension

of the MSSM which allow for 6L processes. This was �rst realized and was inves-
tigated theoretically in Ref. 9 which motivated early experimental searches 10.
These terms correspond in expanded �eld notation to the Lagrangian:

LLiQj �Dk
= �

0

ijk

h
�~eiLujL �dkR � e

i
L~u

j
L
�dkR � (�eiL)

c
u
j
L
~dk�R

+~�iLd
j
L
�dkR + �L

~djL
�dkR + (��iL)

c
d
j
L
~dk�R

i
+ h.c. (2)

bA bilinear term �LiH2 involving the Higgs doubletH2 is also allowed3 but not considered
further here.
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where the superscripts c denote the charge conjugate spinors and the � the
complex conjugate of scalar �elds. The `R' and `L' indices for the scalars dis-
tinguish independent �elds describing superpartners of right- and left-handed
fermions respectively. Among the 27 possible �0ijk couplings, the cases i = 1
can lead to direct squark resonant production through e-q fusion and are thus
of special interest at HERA. In the following we assume conservatively that
one of the �0 dominates. Recent investigations 11;14;12;13 have shown that a
new and rich phenomenology (di�erent for e� and e

+ beams) emerges when
considering the full complexity of the mixing in the gaugino-higgsino sector of
the theory.

The masses of the new squark and slepton scalars are treated here as free
parameters. In the gaugino-higgsino sector, there are four neutralino �

0
1;2;3;4

and two chargino ��1;2 mass eigenstates. The �0m are mixed states of the photino

~
, the zino ~Z and the SUSY partners ~
H0
1 and ~H0

2 of the two neutral Higgs �elds.
The ��n are mixed states of the winos ~W� and of the SUSY partners of the
charged Higgs �elds. The masses and couplings of the �0 and �� are calculated
in terms of the MSSM basic parameters :

� M1 and M2, the U (1) and SU (2) soft-breaking gaugino mass terms;

� �, the mixing parameter associated to Higgs super�elds;

� tan � � v2=v1, the ratio of the vacuum expectation values of the two
neutral Higgs �elds.

The number of free parameters is reduced by assuming a relation at the Grand
Uni�cation (GUT) scale between M1 and M2, namely M1 = 5=3M2 tan2 �W
where �W is the weak mixing angle. No other GUT relations are used and
in particular the gluino (~g) mass is left free. In the following, we moreover
assume to simplify that :

� all squarks (except the stop) are quasi-degenerate in mass;

� gluinos are heavier than the squarks such that real ~q! q+ ~g decays are
kinematically forbidden;

� the LSP is the lightest neutralino �
0
1.

The latter is assumed notwithstanding the fact that there are no compelling
cosmological constraint in 6Rp models which imposes that the (generally) un-
stable LSP be neutral and colourless. It is nevertheless justi�ed since other
possible choices for the LSP (e.g. ~g or ��) would not signi�cantly change the
search and analysis strategy. Other possible LSP choices will therefore only be
brie
y discussed.
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Table 1: Squark production processes at
HERA (e+ beam) via a R-parity violating

�
0

1jk
coupling.

�
0

1jk Production processes

111 e
+ + �u! �~dR e

+ + d! ~uL

112 e
+ + �u! �~sR e

+ + s! ~uL

113 e
+ + �u! �~bR e

+ + b! ~uL

121 e
+ + �c! �~dR e

+ + d! ~cL

122 e
+ + �c! �~sR e

+ + s! ~cL

123 e
+ + �c! �~bR e

+ + b! ~cL

131 e
+ + �t! �~dR e

+ + d! ~tL

132 e
+ + �t! �~sR e

+ + s! ~tL

133 e
+ + �t! �~bR e

+ + b! ~tL

3.2 Squark Resonant Production

Single squark production through resonant e-q fusion is illustrated in Fig. 1
for �0111 6= 0. By gauge symmetry, only ~uL-like or ~dR-like squarks (or their
charge conjugates) can be produced in ep collisions. The production of \left"
squarks is the dominating process if HERA delivers positrons, since the fusion
occurs via a d valence quark. On the contrary, with electrons in the initial
state, mainly \right" squarks are produced. This dichotomy has important
consequences since \left" and \right" squarks have di�erent allowed or domi-
nant decay modes as will be seen in the following sections. In particular, new
exotic �nal state topologies might have sizeable contributions in e+p collisions.

In contrast to most indirect processes, HERA o�ers a high sensitivity to
any of the nine �0

1jk couplings. The production processes allowed for each �0
1jk

are listed in Table 1 for an e
+ beam. With an e

� beam, the corresponding

charge conjugate processes are e
�
uj ! ~dkR (e� �dk ! �~u

j
L) for u-like (d-like)

–

~

~– – – –

~

~–

–

Figure 1: 6Rp resonant production of ~uL or ~dR squarks in e+p collisions with subsequent (a)
6Rp decay or (b) gauge decay involving a (generally) unstable gaugino-higgsino (�0 or �+).
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Figure 2: Squark production cross-
sections in ep collisions for a coupling
�0 = 0:1.

~ ~

~

~–

~

~–

quarks of the jth (kth) generation. Squark production via �
0
1j1 is especially

interesting in e
+
p collisions as it involves a valence d quark, whilst �0

11k are
best probed with an e� beam since squark production then involves a valence
u quark. This is seen in Fig. 2 which shows the production cross-sections �~q for

\up"-like squarks ~ujL via �
0
1j1, and for \down"-like squarks �~d

k

R via �
0

11k, each
plotted for coupling values of �0 = 0:1. In the narrow width approximation,
these are simply expressed as

�~q =
�

4s
�
02
q
0(
M

2

s
) (3)

where
p
s =

q
4E0

eE
0
p ' 300 GeV is the energy available in the CM frame

for incident beam energies of E0
e = 27:5 GeV and E

0
p = 820 GeV, and q

0(x)
is the probability to �nd the relevant quark (e.g. the d for ~uL and the �u

for �~dR) with momentum fraction x = M
2
=s ' M

2
~q =s in the proton. Hence

the production cross-section approximately scales in �
02. The full kinematic

domain will be probed at HERA for squarks c with couplings weaker than the
electromagnetic coupling (i.e. �

0
<
p
4��em) given an integrated luminosity

of LHERA ' 500pb�1.

cSquarks can also be created by pair at HERA via 
-gluon fusion or in associated ~e-
~q production via t-channel exchange of a �0m. The former process was studied by the H1
Collaboration12 for the ~t and 9.M~t . 24:4 GeV could be excluded for �0

13k
�cos �t > 10�4

where �t is a mass mixing angle. The latter was studied in Ref. 15 where it was shown that
�0 � p

4��em could be probed for couplings to any lepton generations for masses up to
M~e +M~q ' 200 GeV.
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3.3 Squark Decays

The squarks decay either via their Yukawa coupling into ordinary matter
fermions, or in a �rst step via their gauge coupling into a quark and a neutralino
�
0
m or a chargino �

+
n . The former modes are henceforward called \squark 6Rp

decays" and the latter \squark gauge decays".
6Rp decays of squarks: In cases where both production and decay occurs
through a �

0

1jk coupling (e.g. Fig. 1a for �0
111

6= 0), the squarks behave as

scalar leptoquarks16;17. For �0111 6= 0, the �~dR resembles on event-by-event (but
not in total intrinsic width) the �S0 leptoquark and decays in either e+ + �u

or �e + �d while the ~uL resembles the �~S1=2 and only decays into e
+ �d. Of

course this resemblance with leptoquarks possessing pure chiral couplings is
only super�cial since the ~qL and ~qR in the MSSM always mix at some level
and will be subject to speci�c indirect constraints as discussed further in 5.
The partial decay width reads :

�
~q!6Rp

= �~uL!e+ �d = � �~dR!e+�u
= � �~dR!� �d

=
1

16�
�
02
111M~q (4)

so that squark 6Rp decays will mainly contribute at high mass for large Yukawa
coupling values �0. Hence, the �nal state signatures consist of a lepton and a
jet and are, event-by-event, indistinguishable from the SM neutral (NC) and
charged current (CC) deep inelastic scattering (DIS).
Gauge decays of squarks: The MSSM Lagrangian contains terms coupling
a sfermion to an ordinary fermion and a gaugino-higgsino. The partial widths
for squark gauge decays depend on MSSM parameters via the composition of
the neutralinos or charginos.

Both ~qL and ~qR squarks can decay via ~q ! q�
0
m. The partial width of the

~q ! q�
0
m decay is calculated to be

�~q!q+�0
m
=

1

8�
(A2 +B

2)M~q

 
1�

M
2

�0
m

M
2
~q

!2

(5)

where for the ~uL :

A =
gMuNm4

2MW sin �
; B = eeuN

0

m1 + g(0:5� eu sin
2
�W )

N
0
m2

cos �W
; (6)

and for the ~dR :

A =
gMd

2MW cos �
Nm3 ; B = eedN

0

m1 �
ged sin

2
�W

cos �W
N
0

m2 (7)
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H̃

LSP = chargino

γ̃

Z̃

Figure 3: (a) Physical masses of the �0i and ��
i

as a function of � for tan� =
p
2 and

M2 = 60 GeV; (b) Main component of the LSP for tan� = 1

and where Nmn (N 0
mn) is the transport matrix which diagonalizes the neu-

tralino mass matrix in the ~A� ~W3 (~
 � ~Z) basis. In practice, the �0m masses
and the exact values of the \chiral" couplings A and B depend on the basic
MSSM parameters M2, � and tan �, or equivalently on the �01 nature in terms
of relative ~
, ~Z and ~H components 18;20.

The dependence of the �0m mass on the � parameter is shown in Fig. 3a for
�xed M2 and tan �. The dominant component (~
; ~Z or ~H) of the lightest state
�
0
1 is shown in Fig. 3b. For a ~
-like LSP, i.e. a �01 dominated by its photino

component, the ~q to q+ ~
 coupling is proportional to the q electric charge (i.e.
A = 0 and B = eeq for a pure ~
) and the ~q partial width reduces to

�~q!q+~
 =
1

8�
e
2
e
2
qM~q

 
1�

M
2
~


M2
~q

!2

: (8)

In such a case, more than 90% of the ~q ! q�
0
m decays will involve the �01. A

similar partial branching ratio holds for a ~H-like LSP with a relatively large
~Z component (e.g. in the ~H region close to the ~Z region in Fig. 3b). For
a ~Z-like LSP (A = 0 and B / g for a pure ~Z) this branching ratio reduces
to 20% < B < 80%. Decays involving the LSP are negligible only in the ~H
domain (A /Mq and B = 0 for a pure ~H) extending to negative �'s adjacent
to the ~
 domain (Fig. 3b).

(Almost) only the ~qL are allowed by gauge symmetry to decay into q0�+n .
This is because the SU (2)L symmetry which implies in the SM that the right
handed fermions do not couple to the W boson also forbids a coupling of �~qR
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Figure 4: Dominant gauge decay of a
150 GeV ~uL squark, for tan� = 1.

χ0
1

χ+
2

χ0
2

χ+
1

χ+
1

to the ~W . The �~qR decays involving the chargino is only possible through the
~H+ component of the �+ in which case the coupling is proportional to the q0

mass. Hence the decay �~qR ! q
0
�
+
n is strongly suppressed for a �~qR of the �rst

or second generation. The partial width of the ~uL ! d�
+
n decay is obtained

from (5) with the interchange M�0
n
!M�+n

and with :

A =
gVn1p

2
B =

�gMdUn2

2MW cos �
; (9)

V and U being matrices de�ning the composition of the charginos 18. The
regions of the M2 vs � plane where the ~u decays involving a chargino dominate
are shown in Fig. 4. In most of the parameter space, the ~uL squarks will
mainly undergo a decay involving a chargino if kinematically allowed. The
mass dependence of the �+n states on the � parameter is shown in Fig. 3a for
�xed M2 and tan �.

3.4 Gaugino-Higgsino Decays

In 6Rp SUSY models with �
0

1jk 6= 0, the LSP will undergo one of the following

decays : �01 ! � �dkdj , �
0
1 ! e

+�ujdk or �
0
1 ! e

�
uj

�dk. Representative diagrams
are given in Fig. 5. The relevant matrix elements for such decays can be found
in Ref.15. They depend on the coupling �

0, but also on the parameters M2, �
and tan �. This dependence is shown in Fig. 6a for the LSP decay �01 ! e

�
q�q0.

Such decay modes are seen to be dominant (63% < BR < 88%) if the �01 is
~
-like in which case both the \right" and the \wrong" sign lepton (compared
to the incident beam) are equally probable. This leads to largely background
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–

, ~

–

, ~

–

,

Figure 5: Example diagrams of the LSP decays �0
1
! lqq0 involving a 6Rp Yukawa coupling.

free striking signatures for 6L. The decay �01 ! � �dkdj will dominate if the �01 is
~Z-like. A ~H-like �01 will most probably be long lived and escape detection since
its coupling to fermion-sfermion pairs is proportional to the fermion mass 18.
This is illustrated in Fig. 6b, which shows the 
ight distance c�0 of the �0

1
in

the plane (M2; �) for �0 = 0:1. The c�0 exceeds 1 m in most of the ~H-like
domain surrounding the singularity at � = 0 where M�0

1
= 0 at tree level.

Hence processes involving a higgsino-like �01 will be a�ected by an imbalance
in transverse momenta.

Figure 6: (a) LSP (�0
1
) decay branching ratio into charged leptons (i.e. e� + jets), as a

function of � and M2 for sfermion masses M ~f
= 150 GeV and tan� = 1; (b) log c�0 (m) of

the LSP with �0 = 0:1, the LSP mass is vanishingly small around � = 0 and along the ridge
at large �+M2.

3.5 Chargino Decays

R-parity conserved �
+ decays into a �0 and two matter fermions, have been

investigated in detail in 19, where the relevant matrix elements can be found.
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~

–

~–

–

Figure 7: Example diagrams for the �+
1
decays �+

1
! lqq0 involving a 6Rp Yukawa coupling.

New decay modes of the �+ into e+ + dj + �dk or �e + uj + �dk are allowed by
the 6Rp couplings �01jk as illustrated in Fig. 7. The calculation of the branching

ratio of the �+1 into these 6Rp modes using the partial widths calculated from
the relevant matrix elements was performed in 20. The partial width obtained
after numerical integration over phase space is shown in Fig. 8.

The 6Rp decays of the �
+

1 will mainly dominate over MSSM decays as soon
as �0 is not too small. For �01 ' ~
, 6Rp decays of the chargino dominate over
MSSM modes for coupling values above ' 0:25, which is typically HERA's
sensitivity limit with current luminosity.

3.6 Observable Final States

Taking into account the dependence on the nature of the �01, the possible decay
chains of the ~uL and ~dR squarks can be classi�ed into eight distinguishable
event topologies listed in Tables 2 and 3 and labelled S1 to S8. The S1 and
S2 classes cover 6Rp squark decays. The S3 and S4 classes are squark gauge
decay topologies not accompanied by escaping transverse momenta 6P?, while

Figure 8: 6Rp chargino decay branching ra-
tio as a function of �0

111
and �, for M2 =

80 GeV, tan� = 1 and sfermions masses
= 150 GeV; the hatched domain corre-
sponds to � values for which M(�+

1
) <

M(�0
1
).
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Class �
0
1 Decay processes Signature

nature

S1 ~
, ~Z, ~H ~q
�0�! e

+
q
0 e

+ + 1 jet

S2
~
, ~Z, ~H

~H

�~dR
�0�! �e

�d
~q �! q �

0
1

6P? + 1 jet

S3

~
, ~Z

~
, ~Z, ~H

~
, ~Z

~q �! q �
0
1

�0

,! e
+�q0q00

~uL �! d �
+

1

�0

,! e
+
d �d

~uL �! d �
+

1

,! W
+
�
0
1

j �0

,! e
+�q0q00j! q �q0

e
+ + jets

S4

~
, ~Z

~
, ~Z

~q �! q �
0
1

�0

,! e
��q0q00

~uL �! d �
+

1

,! W
+
�
0
1

j �0

,! e
��q0q00j! q �q0

e
� + jets

Table 2: Squark decays in 6Rp SUSY classi�ed per distinguishable event topologies (Part
I). The dominant component of the �0

1
for which a given decay chain is relevant is given

in the second column. The list of processes contributing to a given event topology is here
representative but not exhaustive.

those with large 6P? are covered by classes S5 to S8. It is interesting to note
that the �nal state classi�cation discussed here should not be dramatically
a�ected when relaxing the hypothesis of section 3.1, e.g. in models where the
~g are lighter than the ~q, or where the LSP is the �+1 .

Assuming M~g < M~q , the decay ~q ! q + ~g will generally dominate. If the
~g is the LSP, the ~q decay will be followed by the 6Rp decay ~g ! q + q

0 + e
� or

~g ! q + �q + �. In such a case, possible �nal states contain several jets and
either one electron or 6P?. These topologies correspond to channels S3 and S5,
previously considered. IfM~q > M~g , with the LSP being the lightest neutralino,
the ~g arising from squark decay will undergo ~g ! q+ ~q, the latter squark being
o�-shell. Possible �nal states are similar to those listed above, but more jets
would be expected. Assuming now that the LSP is the �+1 (see the relevant
MSSM parameters in Fig. 3b), a new event topology would only emerge for
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Class �
0
1

Decay processes Signature
nature

S5

~
, ~Z

~
, ~Z

~
, ~Z, ~H

~H

~q �! q �
0
1

�0

,! ��q0q0

~uL �! d �
+

1

,! W
+
�
0
1

j �0

,! ��q0q0j! q �q0

~uL �! d �
+

1

�0

,! �u�d
~uL �! d �

+

1

,! W
+
�
0
1

,! q �q0

6P? + jets

S6

~H ~uL �! d �
+

1

,! W
+
�
0
1

,! l
+
�

e
+ or �+,
6P? + 1 jet

S7

~
, ~Z ~uL �! d �
+

1

,! W
+
�
0
1

j �0

,! e
��q0q00j! l

+
�

e
�

+ e
+ or �+,

6P? + jets

S8

~
, ~Z ~uL �! d �
+

1

,! W
+
�
0
1

j �0

,! ��q0q0j! l
+
�

e
+ or �+,
6P? + jets

Table 3: Squark decays in 6Rp SUSY classi�ed per distinguishable event topologies (Part II).

a relatively stable �+1 which could behave as a \heavy muon". However, the
time of 
ight of the �

+

1 , obtained
20 from the integration over phase space,

reads as :

� =
4�

g2

1

jV11j2
1

�02
(8� 64�2)

 
M~q

M�+
1

!4

1

M�+
1

(10)

which numerically leads to :

� = (2:5 � 10�15s)
�
5:10�3

�0

�2
1

jV11j2

 
100 GeV

M�+
1

!5�
M ~f

150 GeV

�4
: (11)
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From this formula one obtains that the relevant parameter space for the �+
1
to

decay outside the detector (& 1m), is already excluded from the intrinsic Z0

width measurement at CERN 21.

4 Analysis and Exclusion Limits From Direct Searches at HERA

A set of event selection cuts has been developed and discussed in detail in10;12.
For S1 and S3 (or S4), the DIS NC background is strongly suppressed by re-
quiring a high P? e

� found at high ye, where ye is the usual Bjorken variable for
DIS. It is calculated in the laboratory frame (L-frame) as yLe = 1�Ee=E0

e sin
2
�e

where Ee (E0
e) is the scattered (incident) electron energy and �e the scatter-

ing angle. For S1, the ye distribution is 
at since the scalar particle de-
cays uniformly in the e � q center-of-mass frame (CM-frame) and given that
y
L
e = y

CM
e = 1=2(1 + cos �CMe ) where �CMe is the electron polar angle in the

CM-frame. For S3, the yLe distribution appears strongly shifted towards largest
values since the �nal state e carries only a fraction of the momentum of the �
which emerged from the ~q two-body decay. In each case the ye distributions
are in contrast to the 1=y2e spectrum expected for the DIS NC background at
�xed quark momentum fraction x.

For S3 the early H1 analysis12 has been recently improved22 in two ways.
First, the expected peak resolution for the reconstructed squark mass is im-
proved by a factor ' 2 by imposing overall kinematic constraints. Second,
the di�erent (spin dependent) characteristics of the angular distributions for
the expected signal and the DIS NC background is better exploited. A y

CM
jet is

calculated from the highest P? jet found in the azimuthal hemisphere opposite
to the e as yCMjet = 1=2(1 + cos �CMjet ) where �

CM
jet is the jet polar angle in the

CM-frame. For DIS NC processes at lowest order in QCD, one expects then

Figure 9: Distribution of the variable �y
for neutral current DIS processes, and for
a simulation of 75 GeV squarks undergo-
ing gauge decays involving 20 GeV neu-
tralinos; the vertical line is the cut used
in the H1 analysis22.
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Figure 10: Mass spectra for squarks
in the S3 channel for 1994 and
1994+1995 H1 data. H1 PRELIMINARY

P
y = y

L
e + y

CM
jet = y

CM
e + y

CM
jet ' 1 and QCD radiation will produce tails

mostly towards
P

y . 1. This is shown Fig. 9 where it is seen that a cut atP
y > 1:05 removes most of this DIS NC background while retaining S3 signal

events.

Good signal detection e�ciencies are obtained in S1 and S3 classes, reach-
ing � 70% for S1 and up to � 60% depending on M�0

1
for S3. The S4 topol-

ogy with a wrong sign lepton in the �nal state is quasi-background free. Event
candidates in classes S2 and S5 to S8 have a large 6P?. Classes S2 and S5 suf-
fer from DIS CC background and from tails of photoproduction background.
The S6 to S8 topologies have one or many leptons in the �nal states and
are thus quasi-background free. Typical signal detection e�ciencies 12 reach
� 30% ! 80% in these channels. An excellent agreement is found between
observations and background expectations in all channels. In particular no
event candidate was found in the S4 class. A slight (� 2:4�) excess around
M~q = 70 GeV which was observed 12;22 in the H1 1994 data in the S3 class
(like-sign e) of events is seen in Fig. 10 to be essentially washed away by the
addition of the new 1995 data. An intriguing e+p! �

+ + jet(s) +X found in
the 1994 data sample 23 belongs to S6 (or eventually S8) event topologies 23.
No such event candidate was found with the 1995 data.

Combining all channels, exclusion limits have been derived by the H1 ex-
periment using the 1994 data sample. The relative contributions of the squark
6Rp and gauge decays are shown in Fig. 11. Gauge decays are seen to dominate
through most of the accessible mass range. Only large Yukawa couplings can
be probed at largest masses and thence 6Rp decays dominate. The shape of the
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~ ~ ~

Figure 11: Squark decay branching ratio as a function of squark mass, integrated over three
distinct set of event topologies for tan� = 1 andM�0

1
= 40 GeV for a �0

1
with dominant (a)

~
, (b) ~Z and (c) ~H components. The branching ratios are calculated for values of the �0 at
the boundary of the excluded domains obtained by the H1 experiment (see Fig. 12 ).

curves in Fig. 11 is only distorted at lowish mass (e.g. M~q . 75 GeV) when
convoluting with signal detection e�ciencies.

The results for �
0
1j1 combining all contributing channels are shown in

Fig. 12 forM�0
1
= 40 GeV. The existence of squarks with 6Rp Yukawa couplings

�
0
1j1 is excluded for masses up to � 220 GeV (240 GeV for M�0

1
' 160 GeV)

for coupling values �01j1 &
p
4��em. The Fig. 13 shows the excluded domains

Figure 12: Exclusion upper limits at
95% CL on �0

1j1
(regions above the

curves excluded).

~
~
~

H1

in the M2 versus � plane for M~q = 150 GeV and �0 values near (or below) the
sensitivity limit which is obtained at �xed M�0

1
= 40 GeV. To our knowledge,
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Figure 13: Excluded domains in the
M2 versus � plane for a �0 close to
the upper limits at M~q = 150 GeV
for tan� = 1.

LSP = chargino

no direct searches in the 6Rp SUSY framework with �0 6= 0 have been performed
yet by e+e� and p�p experiments.

From the analysis of the �0111 case involving the �~dR and ~uL squarks, H1
has deduced limits 12, on the �0

1jk couplings by folding in the proper parton
densities. Such limits are given in Table 4 at M~q = 150 GeV.

In the presence of two simultaneously non-vanishing Yukawa couplings
(e.g. �01jk and �

0
ijk with i 6= 1), resonant ~q production at HERA can be directly

followed by a 6L decay decay leading to �+ jet or � + jet signatures. Relevant
analyses for these quasi-background free channels have been performed by the
H1 16 and ZEUS 27 collaborations. Exclusion limits in the context of 6Rp SUSY
have been derived by ZEUS 27 based on L = 3:8 pb�1 of data and taking into
account the branching ratio for gauge decays involving a pure ~
 LSP (more
unfavorable cases of mixed gaugino-higgsino mass eigenstates have not been
considered) and assuming that only one type of squark is produced. Under
those limiting assumptions, squarks masses up to � 210 GeV (depending on
the LFV couplings) are excluded by the ZEUS analysis for �0 &

p
4��em.

5 Comparison with Indirect Searches

The H1 results are compared in Table 4 to the most severe indirect limits
existing.

The most stringent constraints concerns �0111 and is set by the non-observation
of neutrinoless double-beta decay (��0�) which involves only �rst generation

17



Table 4: Exclusion upper limits at 95% CL on �01jk for M~q = 150 GeV and M�0
1
=

40 GeV for ~
-like and ~Z-like �01. Indirect limits have been re-calculated using most
recent data and following phenomenology prescriptions of the cited papers. They are
scaled to M~q = 150 GeV and are quoted at 95% Con�dence.

H1 limits Indirect limits

~
-like ~Z-like Value Process ~q-type [Ref.]

�
0
111

0.056 0.048 0.003 ��0� decay ~uL, ~dR 32

0.011 K
+ decays ~dR, CKM mixing 44

�
0
112 0.14 0.12 0.05 CC-universal. 37

0.063 e-�-� -universal. ~sR 37

0.011 K
+ decays ~sR, CKM mixing 44

�
0
113 0.18 0.15 0.05 CC-universal. 37

0.063 e-�-� universal. ~bR 37

0.011 K
+ decays ~bR, CKM mixing 44

�
0
121 0.058 0.048 0.56 D

+ decays ~dR, 40

0.50 D
0 decays ~dR, 40

0.011 K
+ decays ~dR, CKM mixing 44

�
0
122 0.19 0.16 0.067 �e-mass ~s L-R mixing 42

0.011 K
+ decays ~sR, CKM mixing 44

�
0
123 0.30 0.26 0.56 D

+ decays ~bR,
40

0.50 D
0 decays ~bR, 40

0.011 K
+ decays ~bR, CKM mixing 44

�
0
131 0.06 0.05 0.32 Atomic 6P 37

0.7 �h=�e jZ 43

�
0
132 0.22 0.19 0.7 �h=�e jZ 43

�
0
133 0.55 0.48 0.003 �e-mass ~b L-R mixing 42

fermions. The ��0� process is a very sensitive probe of 6L interactions in gen-
eral and of 6Rp SUSY in particular as originally discussed in Ref. 29 and further
studied in 30 . This is essentially due to the presence in 6Rp SUSY of Majorana
heavy fermions such as the �01

31. Besides the �01 (or ~g) the ��0� involves
either the ~eL or the ~uL and ~dR. A detailed investigation taking into account all
relevant diagrams 29 as well as the mixing in the gaugino-Higgsino sector was
carried in 32. The transition calculations are performed in the non-relativistic
impulse approximation and require a detailed evaluation of the proper nuclear
matrix element taking into account short-range correlations.

Using the published result of T ��0�
1=2;++

(76Ge) > 5:6� 1024 years (90% CL)

on the half-life of 76Ge published by the Heidelberg-Moscow Collaboration 34,
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stringent limits are deduced on �
0
111 from the dominant ~g exchange contribu-

tion. For M~uL 'M ~dR
and following 32, we obtain when extrapolating to 95%

con�dence

�
0

111 . 3:1� 10�3(M~q=150 GeV)
2(M~g=1000 GeV)

1=2
:

Under the hypothesis that M~uL � M ~dR
or M ~dR

� M~uL , this slightly
weakens to

�
0

111 . 4:5� 10�4(M~q=150 GeV)
2(M~g=1000 GeV)

1=2
:

At large masses the limits deteriorate faster (i.e. / ~M5=2) than for other
processes (e.g. tests of CC or e-�-� universality, etc.) involving usual four-
fermion operators (i.e. / ~M1). The number in Table 4 is given at M~g =
1000 GeV and assuming squark mass degeneracy. It should be noted that
the ��0� also severely constrains the coupling combinations �011i�

0
1i1 through

diagrams involving the exchange of a W boson and a mixing of ~fL and ~fR
components of scalar bosons (e.g. ~q) 35;36.

Besides constraints from 
avour changing neutral currents (FCNC) which
are discussed below, the most stringent constraints on �

0
112 and �

0
113 comes

from their contributions to violation of the universality of lepton and quark
couplings to the W boson in the SM (CC-universality). The presence of one
dominant �0 coupling gives extra contributions to quark semileptonic decays
as it changes the (V � A) � (V � A) structure of the e�ective four-fermion
interaction and a�ects relative sizes of left-handed mixing angles. Thus a
constraint is derived 37 from the comparison of the measured sum of Cabbibo-
Kobayashi-Maskawa (CKM) matrix elements

P j Vudj j2 with SM expectations
to which 6Rp SUSY adds a positive contribution proportional to (�0=M2

~dk
R

). The

95% upper limit in Table 4 is calculated conservatively assuming that the �0

would saturate a deviation at the m + 1:64�m level from the measured value
m. The latest experimental value 38 of

P j Vudj j2= 0:9965� 0:0021 is used.
The limits on �

0
11k from CC universality 37 a�ect only the ~dkR.

Of course, stringent constraints are also derived from changes induced
on (mainly) the longitudinal W coupling which in turn a�ects universality
in the leptonic sector. The e-�-� universality has been precisely tested by
comparing � ! e�(
) and � ! ��(
) decays. The measurement of the ratio
R
exp
� =R

SM
� where R� = �(� ! e�(
))=�(� ! ��(
)) is thus used 37 to set

stringent limits on �011k couplings of
~dkR squarks. The 95% upper limit quoted

in Table 4 is derived following 37 and using the most recent measurement 38

value ofRexp = 1:230(�0:004)�10�4which is compared with recent theoretical
estimates 39 (including radiative corrections).
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Semileptonic D decays extend the e-�-� universality constraints to pro-
cesses involving the second quark generation 40. Upper limits are derived from
the ratios Rexp

D+ and R
exp

D0 where RD = �(D ! Ke�e)=�(D ! K���), ne-
glecting the virtuality dependence of the hadronic matrix elements involved.
The limits quoted in Table 4 were derived in 40 and are here extrapolated
to 95% con�dence. For the D

0 decays, the latest 38 experimental value of
(R0

D)
�1 = 0:89� 0:07 as been used.

Upper limits are derived37 from tests of from Atomic Parity violation using
here also the latest experimental input 38. Constraints from forward-backward
assymmetries37;41 in e+e� collisions are still dominated by experimental errors
on axial couplings gca and g

b
a of b and c quarks (while the uncertainty on g

e
a

has been considerably reduced at LEP).

The presence in 6Rp SUSY of massive scalar bosons possessing 6L couplings
is dangerous as they can enter in internal loops giving a mass to the neutrinos.
Hence, constraints can be inferred 42 from the upper limits on M�e which only
receives contributions for �01jk � �

0
1kj coupling products 40 of which j = k

is a special case. From a close inspection of the 6RpLagrangian (Eq. 2) it is
clear that this contribution depends crucially on the mass mixing between the
superpartners ~fL ( ~fR) of the left- (right-)handed fermions fL (fR). No �

0
1jj

limits can be deduced here in absence of squark mass-mixing. The o�-diagonal
terms in ~q mass matrices scale with (Am0 + � tan �) �Mq for d-like squarks
where A and m0 are SUSY breaking parameters. In Refs. 42;40 it is implicitely
assumed that Amo � � tan�. The same prescription is followed for the upper
limits on �

0
122 and �

0
133 in Table 4 where we make use of the latest constraint

M�e . 15 eV evaluated by the Particle Data Group 38. The �01jj limits are
weaker by a factor up to � 5 than those given for a wide possible choice of
MSSM parameters (e.g. in the region at �� 0 with tan� = 1 where the LSP
is ~
-dominant).

When considering a combination of couplings, a sensitivity comparable to
existing indirect LFV limits 28 is obtained by ZEUS 27 at M~q ' 150 GeV for
some coupling combinations.

6 Discovery Prospects

In case of a discovery at HERA, the combination of the total cross-section
and the branching ratio into 6Rp and gauge decays would uniquely measure the
value of the Yukawa coupling �

0. The branching ratio fractions in the various
gauge decays would then allow to determine the M2 and � parameters. This
can be seen in Fig. 14. For example, the measurement of the relative branching
ratio in S3 and S4 in case of a discovery, could be used to constrain the �01
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Figure 14: (a) Ratio BS1=(BS1 + BS3) of the squark decay branching ratio into the \ 6Rp"
decay mode S1 and the \gauge" decaymode S3 viewed in theM2 versus � plane; (b) Similar
plot for the ratio BS4=(BS3+BS4) of the squark \gauge" decay branching ratios in channels
without 6P? involving a like sign (S3) and unlike sign (S4) lepton. The plots are obtained
for M~q = 150 GeV at the expected limit of �0 coupling sensitivity for an integrated HERA
luminosity of 100 pb�1.

LSP nature in the MSSM parameter space as seen in Fig. 14b.
To quantify the future mass-coupling reach of HERA, we derive exclusion

limits for the Yukawa couplings �01jk as a function of mass in the eventual
absence of a signi�cant deviation from the SM expectations. All channels
are combined with proper branching ratios and assuming realistic detection
e�ciencies. The results are shown in Fig. 15 assuming a 40 GeV ~
-like �

0
1.

The limits are plotted at 95% con�dence level (CL), for integrated luminosities
of L = 100pb�1 and L = 500pb�1. For L = 500pb�1, the existence of �rst
generation squarks with 6Rp Yukawa coupling �01j1 could be excluded for masses

up to � 270 GeV for coupling strengths �02111=4� & �em.

From the analysis of the �01j1 case involving the �~dR and ~uL squarks, limits
have been deduced on the �0

1jk by folding in the proper parton densities. Such
limits are given in Table 5 at M~q = 150 GeV and for an eventual integrated
luminosity of 500pb�1. The HERA sensitivity to explicit LFV processes at
a high integrated luminosity of 500pb�1 was studied in 45. A new range of
possible coupling products can be probed for several coupling combinations.

By the time HERA reaches high luminosity running conditions, new direct
limits (or a discovery !) from other colliders will have further constrained the
possible squark masses and SUSY parameters. It is likely that in e

+
e
� colli-

sions at LEP 200 where squarks are dominantly pair produced through gauge
couplings, squarks masses up to near the kinematical limit of

p
se+e�=2 '
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Figure 15: Exclusion upper limits
at 95% CL on the �0

1j1
coupling

as a function of squark mass which
could be reached with e+p collisions
at HERA (

p
s � 300 GeV) for inte-

grated luminosities of L = 100 pb�1

(dark shaded area) and 500 pb�1

(shaded).

Table 5: Exclusion upper lim-
its at 95% CL on the coupling
�0
1jk

for M~q = 150 GeV and

M�0
1
= 40 GeV expected for a

future integrated luminosity at
HERA of L = 500 pb�1.

Future HERA sensitivity

~
-like �01 ~Z-like �01
�
0
111 0.008 0.023
�
0
112 0.020 0.057
�
0
113 0.026 0.072
�
0
121 0.008 0.023
�
0
122 0.027 0.077
�
0
123 0.043 0.120
�
0
131 0.007 0.024
�
0
132 0.027 0.091
�
0
133 0.068 0.230

90 GeV can be reached within few years. In p�p collisions at the TEVATRON,
squarks can be produced in pairs or in association with gluinos. Given the
current mass reach for scalar leptoquark and MSSM searches in D0 and CDF
experiments, it is likely that M~q & 200 GeV can be probed through part of
the MSSM parameter space even for M~g > M~q. Such a mass reach might be
provided already by di-lepton data alone as was inferred in ref. 26. From these
and from di-lepton data 26, one can infer that the range 200! 300 GeV of 6Rp

SUSY squark masses will most probably be not fully excluded by TEVATRON
data for an integrated luminosity of � 100 pb�1, thus leaving open a discovery
window at HERA in the hypothesis M~g �M~q .
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7 Conclusion

Squarks of R-parity violating supersymmetry were searched through direct res-
onant production via Yukawa couplings �0

1jk by the H1 and ZEUS experiments
at HERA.

Assuming that one of the �0
1jk dominates, three families of event topolo-

gies were identi�ed for R-parity violating and gauge decays of squarks. It was
found that squark decays via a �0 coupling into l+q �nal states dominate only
at largest accessible masses, while elsewhere squarks undergo mainly gauge
decays into a quark and a (generally) unstable gaugino-higgsino. No signi�-
cant evidence for the production of squarks was found in any of the channels
and mass dependent limits on the couplings were derived. The existence of
�rst generation squarks with masses up to 220 ! 240 GeV (depending on
the MSSM parameter values) are excluded by H1 at 95% con�dence level for
�
0
1j1 &

p
4��em. These limits extend beyond the current reach at other ex-

isting colliders. At M~q = 150 GeV, the upper limits obtained for the four
couplings �01jk with j 6= 1 and j 6= k are comparable or better than the most
stringent indirect limits existing .
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