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Abstra
tEvents with an isolated high pT lepton, a hadron jet and missing energy as observed in theH1 experiment at HERA, are potentially asso
iated with R-parity violation in supersym-metri
 theories. However, stringent kinemati
 
onstraints must be ful�lled if the produ
tionof supersymmetri
 parti
les inR-parity violating s
enarios were the 
orre
t path for explain-ing these puzzling events. A referen
e point R= is spe
i�ed for whi
h these 
onstraints areillustrated and impli
ations of the supersymmetri
 interpretation for new 
lasses of multi-lepton events are indi
ated.
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1. Several events with an isolated lepton in asso
iation with a hadron jet and missing transversemomentum, e+p ! e+=�+ + jet + pmissT (1)have been observed in the H1 experiment at HERA. For events with the jet transverse momentumlarger than 25 GeV, the yield is larger, at a level of 3:4�, than the number expe
ted in theStandard Model [1℄, in whi
h W produ
tion [2℄, with subsequent leptoni
 de
ays, gives rise tothese �nal states. This type of events has been observed in running HERA with positrons butnot with ele
trons. ZEUS, on the other hand, has not reported the observation of ex
ess of su
hevents [3℄. A dire
t 
omparison of both experiments is diÆ
ult however sin
e H1 and ZEUS 
oversomewhat di�erent phase-spa
e regions [4℄.A potential interpretation of the events (1) is based on supersymmetri
 theories in
orporat-ing R-parity violating intera
tions [for a re
ent review of R-parity violating supersymmetry seeRef. [5℄℄. Most of the models assume the formation of fairly light stop parti
les in e+d fusion,via the R-parity violating intera
tion �0131L1Q3D
1 in the superpotential, with stops de
aying toa b-jet and a 
hargino.�(i) In Refs. [1, 3℄ the 
hargino de
ays to a W -boson and a neutralino ~�01, with the W -bosonde
aying leptoni
ally. The �nal-state 
on�guration in Eq. (1), 
ould be a
hieved if the neu-tralino is assumed to be meta-stable, de
aying outside the dete
tor. However, su
h an in-terpretation is very unlikely sin
e the lifetime for ~�01 de
ays is bounded from above by the~�01 ! b~b ! bd� 
hannel mediated by a virtual ~b. The size of the partial width, estimatedas �(~�01) � 3�W (�02131=4�)m5~�01=32�m4~b , is set by the size of the e+d~t 
oupling responsible forthe produ
tion pro
ess, see Eq. (3), and the ~b mass (�W denotes the ele
troweak SU(2)I �nestru
ture 
onstant g22=4�). Similar 
onsequen
es 
an be drawn when the 
hargino de
ays to alepton and a meta-stable sneutrino ~�� assumed to be the lightest SUSY parti
le, even if di-re
t R-parity violating ~�� 
ouplings are absent, 
f. Ref. [6℄. The sneutrino may de
ay \ba
k"through the 
hannel ~�� ! � ~�+1 ! �b~t ! �be+d involving virtual intermediate ~�+1 and ~t states,with �(~�� ) � �2W (�02131=4�)m7~��=256�2m2~�+1 m4~t . The estimated de
ay widths of the two modes,�(~�01) � 1 eV and �(~�� ) � 10�3 eV, for �0131 � 5� 10�2 and SUSY masses O(100) GeV, suggestlifetimes of order � 10�15 se
 and � 10�12 se
, respe
tively, mu
h too short for the parti
les toes
ape the dete
tor before de
ay.(ii) A di�erent 
lass of models is based on Rp= violation in both lepton-quark and lepton-lepton�Our dis
ussion applies equally well to s
enarios in whi
h a 
harm squark is produ
ed in e+d fusion via the�0121 
oupling) and de
ays to a s-jet and a 
hargino. However, due to possible strong mixing in the stop se
tor,the lightest stop 
an be expe
ted 
onsiderably lighter than the 
harm squark. The models di�er in the stru
tureof the subsequent de
ay 
hains of the 
hargino. 1



intera
tions. The 
hargino, generated in the stop de
ay, de
ays to a 
harged slepton and aneutrino, followed by the subsequent slepton Rp= de
ay to a lepton+neutrino pair, 
f. Ref. [7,8℄. This me
hanism generates the 
hara
teristi
 �nal state of Eq. (1) as shown in Fig. 1(a).The produ
tion of the intermediate stop parti
le is governed by the Rp= term �0 LQD
 in thesuperpotential, and the slepton de
ay to a lepton + neutrino pair by �LLE
. [The sleptonmay also de
ay ba
k, with strength �0, to a top + jet pair.℄ Moreover, if the 
hargino de
aysalternatively to a sneutrino and a 
harged lepton, the �nal state, three 
harged leptons and nomissing transverse energy as predi
ted by the same Rp= 
oupling, 
an be re
onstru
ted in toto,Fig. 1(b). [Also in this 
ase the lepton pair may be repla
ed by a jet pair.℄Besides the predi
tion of additional lepton and jet �nal states in the se
ond s
enario, the
lustering of partons and leptons at invariant masses 
orresponding to the 
hargino mass in allevents, and in addition the sneutrino mass in multi-lepton events, provides powerful internal 
ross-
he
ks of the SUSY Rp= interpretation of any events with signature (1). [If the on-shell 
onstraintsfail, the es
ape to virtual intermediate states is hardly a way out as rates fall dramati
ally inthis 
ase.℄The 
oupling �0 must be suÆ
iently large, a few 10�2 for �0131, to guarantee the ne
essarystop produ
tion rate. This size 
an only be maintained if the suppression of rare lepton �nalstates in meson de
ays is rea
hed ad-ho
 either by sele
tion of non-vanishing �0; � 
ouplings orby �ne-tuned destru
tive interferen
e between several �0; � 
ouplings. Though the �ne-tuningof order 10�1 to 10�2 remains moderate, both solutions are based on ad-ho
 assumptions whi
hsuper�
ially la
k naturalness.These general remarks will be illustrated in the analysis of a spe
i�
 referen
e point R= in thenext se
tion. Many of the dis
ussions will be generi
 and the emphasis will not be on the detailedproperties of the model but on the general 
hara
teristi
s that 
an easily be transferred to a widers
enario and to other s
enarios. In parti
ular the 
ru
ial 
lustering 
onditions will apply to anys
enario based on stop produ
tion in the s-
hannel and they are 
hara
teristi
 for a whole 
lassof Rp= models for the supersymmetri
 interpretation of the HERA events. The referen
e pointR= is 
hosen to develop 
onstraints on the SUSY Rp= interpretation of experimental data but itshould not be mis-interpreted as an outstanding 
andidate for explaining existing data.2. The referen
e point R= is de�ned su
h that stop states are mixed strongly and a rather light ~t1emerges while all the other squark states are heavy. The light 
hargino and the lightest neutralinoare assumed higgsino-like so as to suppress ~�+1 ! W+ ~�01 de
ays in the ~t1 
as
ade whi
h, withsubsequent Rp= violating ~�01 de
ays, would not generate the desired �nal states. The Higgs mixingparameter tan � is 
hosen moderate to allow 
omparable 
harged slepton and sneutrino de
ays2



e+d �0 ~t b~�+1 �~̀+L `+� �(a)
e+d �0 ~t b~�+1 `+~� � `+`�(b)Figure 1: Supersymmetri
 R-parity violating intera
tions generating isolated lepton eventsof the 
hargino. [R-type sneutrinos are assumed to be very heavy and ina

essible.℄Constraints on the �0 and � 
ouplings in R= from rare mesoni
 de
ays may be illustrated bythree important examples [9℄:B0d ! �� : j�0131��122 + �0331��322j <� 4� 10�6 [ ~m=100GeV℄2B0d ! �e : j�0131��121 + �0331��321j <� 8� 10�6 [ ~m=100GeV℄2K0L ! �e : j�01k1�0�2k2j <� 3� 10�7 [ ~m=100GeV℄2 (2)where ~m is the mass of the sparti
le involved in the de
ay. Vastly di�erent �0 and � values inany produ
t of the 
ouplings or �ne-tuning in destru
tive interferen
es 
an suppress all theseamplitudes. To illustrate the �rst point, we may assume �0131 suÆ
iently large for generating thene
essary ~t1 rate, and �322 or/and �321 suÆ
iently large for generating isolated � and e events [forthe sake of simpli
ity assumed to be equal℄. The 
onstraints from rare de
ays 
an be 
ompliedwith in this 
on�guration if �0331 and �122;121 are very small. The third 
ondition 
an be solvedin a similar way or by destru
tive interferen
es in the amplitudes. Even though su
h a spe
i�

hoi
e may look unnatural, it 
annot be refuted by experimental results on the other hand.In summary. The referen
e point R= de�ned in Table 1 does not appear in 
on
i
t withexperimental data. The Rp= 
ouplings of the super�elds generate intera
tions in the (s)quark and(s)lepton se
tors of the type:�0131L1Q3D
1 ) �0131 (e ~t d � �e~b d + 
y
led)�322L3L2E
2 ) �322 (� ~���� �� ~�� + 
y
led)�321L3L2E
1 ) �321 (� ~�� e� �� ~�e + 
y
led) (3)For brevity we use a simpli�ed notation in whi
h �elds are supposed to be 
y
led, with the tilde
hara
terizing the sfermion �eld kept in the middle position.Masses and mixings generated by this referen
e point, and relevant for the subsequent dis
us-sion, are listed in Table 2. These values are 
ompatible with the bounds on masses and mixings3



from LEP, Tevatron and HERA [10℄. If interpreted stri
tly within the MSSM, the parameterswould lead to too low a mass of the lightest Higgs boson; however, this mass 
an be raised be-yond the LEP limit in extended theories [11℄ without a�e
ting the mass and mixing parametersof Table 2 signi�
antly, 
f. Ref. [12℄.Table 1: De�nition of the referen
e point R=R= : Parameters Valueselw gaugino masses M2 = 2M1 = 1:5 TeVhiggsino mass � = 160 GeVHiggs mixing tan� = 1:5s
alar lepton masses ML =ME = 130 GeVs
alar quark masses MQ = MU =MD = 420 GeVtrilinear A 
oupling At = 840 GeV�0; � 
ouplings �0131 = 5� 10�2�322 = �321 = �0131other �0; � very smallTable 2: Masses and mixings at the referen
e point R=R= : Observables Masses and mixing elementsstop masses m[~t1=2℄ = 203=609 GeVstop mixing [U~t℄11 = �0:71slepton/sneutrino masses m[~̀L=~�℄ = 133=123 GeV
hargino masses m[ ~��1=2℄ = 156=1505 GeV
hargino mixings [UL=R℄11 = �0:049=� 0:068neutralino masses m[ ~�01=2=3=4℄ = 152=160=753=1505 GeVneutralino mixings [N ℄11=2=3=4 = �0:070=0:058=� 0:71=0:703. The produ
tion 
ross se
tion of stop parti
les at HERA, 
f. Figs. 1, is given in the narrow-width approximation by �(e+p! ~t1) = �̂0(e+d! ~t1) fd(m2~t1=s) (4)�̂0(e+d! ~t1) = �4m2~t1 j�0131j2 j[U~t℄11j2with the d-parton density fd in the proton evaluated at x = m2~t1=s. For the R= parameter setintrodu
ed above and the MRST2004 parametrization of the parton densities [13℄, the numeri
al4



value of �(e+p ! ~t1) = 0:54 pb leads to a sample of about ninety ~t1 events for an integratedluminosity of RL = 160 pb�1.Sin
e the t~�01 de
ay 
hannel is kinemati
ally ina

essible, ~t1 parti
les de
ay to nearly 100%into b~�+1 �nal states, as indi
ated in Figs. 1; remnant 6Rp de
ays to e+=�+d are redu
ed to a levelof 3% as a result of the small �0131=331 
ouplings 
ompared with the gauge 
oupling.Also the subsequent 
hargino ~�+1 de
ays follow the standard path to ~̀+L�` and ~�`+ �nal statessin
e the 
hargino de
ay to W+ ~�01 is strongly suppressed � (m~�+1 �m~�01)5 in the higgsino regionwith nearly degenerate ~�+1 =~�01 states, i.e. �m~� ' 4 GeV in R= . The partial widths are given by�(~�+1 ! ~̀+L�`=~�``+) = �16 sin2 �W m~��1 h1�m2~̀L=~�=m2~��1 i2 j[UL=R℄11j2 (5)To generate a suÆ
iently large number of isolated lepton plus missing pT events, the Higgs mixingparameter tan � 
annot be mu
h larger than unity; this is required by the ele
troweak D termm2~� � m2~̀L = m2W 
os 2� as well as the ratio of mixing elements [UL℄11=[UR℄11 � 1= tan�. Thebran
hing ratio for 
harged slepton �nal states amounts to 21% so that a signi�
ant number ofsneutrino �nal states is predi
ted in the R= environment. Redu
ing tan � further leads to nearbalan
e between 
harged and neutral �nal states.For the de
ays of the 
harged sleptons and sneutrinos a variety of 
hannels may be open. Inaddition to the leptoni
 6Rp de
ays, hadroni
 6Rp de
ays and standard gaugino de
ays to ~�01 maybe observed, with ~�01 �nally de
aying to leptons and hadrons through 6Rp intera
tions mediatedby a virtual ~b state: ~̀+L ! e+��; e+�� ; �+��; �+�� ; t�b ; `+ ~�01~�` ! e��+; e��+; ���+; ���+ ; d�b ; �` ~�01 (6)The bran
hing ratios depend strongly on the details of the parameter 
hoi
e, apparent from thepartial widths:�(~̀L ! `�=~� ! ``0) = j�j216� m~̀L=~� (7)�(~̀L ! td=~� ! bd) = 3j�0j216� m~̀L=~� h1�m2t=b=m2~̀L=~�i2 (8)�(~̀L ! `~�01=~� ! � ~�01) = �4 sin2 2�W jN12
W +N11sW j2m~̀L=~� h1�m2~�01=m2~̀L=~�i2 (9)In the referen
e s
enario sele
trons and e-sneutrinos de
ay into hadrons, but the other �; � typesleptons de
ay to leptons. Standard neutralino de
ays are also suppressed due to the redu
edphase-spa
e if the neutralino mass is 
lose to the slepton/sneutrino masses and if the neutralinois higgsino-like. 5



e+d! ~t~�+1 + b
~̀+L + � `+ + ~�

e+��e+�� �+���+�� t �d e��+ ���+ d�be��+ ���+e+j 6ET �+j 6ET jjt 6ET e��+�+j ���+�+j e+jjjFigure 2: Mixed R-parity 
onserving and R-parity violating de
ays of the lighter top squark ~t1whi
h give rise to multi-lepton and jet �nal states, in the left 
as
ade in
luding missing transversemomentum due to es
aping neutrinos.The 
hargino de
ay modes in the R= s
enario are summarized in Table 3, leading to theexperimentally observable �nal states indi
ated in the two bran
hes of Fig. 2 and for 
hargedleptons and sneutrinos. All multi-lepton events in R= 
ontain �+'s in the �nal state.A large variety of experimental signatures emerges from the model, with no overwhelmingpreferen
e for a parti
ular 
hannel, but large un
ertainties due to the 
hoi
e of mass, mixing and�0; � parameters. The table should therefore not be interpreted as a quantitative predi
tion butrather as a listing of interesting signatures to be sear
hed for experimentally.4. In on-shell ~t1 produ
tion in e+d 
ollisions, the ~t1 mass determines the value x of the target dparton, x = m2~t1=s (10)The 4-momentum of the stop quark, traveling along the proton dire
tion, is predi
ted to bep~t1 = pe + (m2~t1=s)pp (11)in obvious notation for the momenta of ~t1, positron and proton. Energy and 3-momentum of ~t1along the proton axis are �xed in the laboratory frame byE~t1 = Ee + (m2~t1=s)Eppz~t1 = �Ee + (m2~t1=s)Ep (12)6



Table 3: The 
hargino and the subsequent slepton/sneutrino de
ay modes and the experimentallyobservable �nal states in the R= s
enario. Estimates of the 
ombined bran
hing ratios for the ~t1de
ays to the observable �nal states are listed in the last 
olumn. [The top quark in ~e+L ! t �d isvirtual as m~eL < mt.℄ ~t1 ! b~�+1 ! b~̀+L� and b~�`+~�+1 de
ay �322 �321 �0131 e+p! ~t1 �nal state Estimated fra
tions (%)~e+L�e � � t� �d jjW+b 6ET 7.0~�+L�� �+�� e+�� � �+j 6ET and e+j 6ET 3.5 and 3.5~�+L �� �+�� e+�� � �+j 6ET and e+j 6ET 3.5 and 3.5~�ee+ � � d�b e+jjj 23.0~���+ ���+ e��+ � ���+�+j and e��+�+j 11.5 and 11.5~�� �+ ���+ e��+ � ���+�+j and e��+�+j 11.5 and 11.5These relations for the stop energy and momentum serve as basis for evaluating the kinemati
al
onstraint equations whi
h follow from the on-shell 
ondition for ~�+1 .In all s
enarios dis
ussed above, and universally for all SUSY Rp= s
enarios analyzed in theliterature we are aware of, the de
ay of ~t1 always pro
eeds through b ~�+1 if the �nal state in Eq.(1)is generated. Using the ~t1 4-momentum from Eq. (12) and the measured b-jet energy Eb andlongitudinal z-momentum pzb along the proton dire
tion, the ~�+1 mass 
onditionm2~�+1 = (p~t1�pb)2
an be 
ast in the formm2~��1 = m2~t1 [1� (Eb � pzb)=2Ee℄� 2Ee(Eb + pzb) (13)With the a priori unknown stop and 
hargino masses, ea
h event with measured values of b-jetenergy and longitudinal momentum de�nes, a

ording to Eq. (13), a line in the (mass)2 plane,the 
oordinates labeled by (m2x; m2y).Lines 
orresponding to the signal events must 
ross at the single point 
orresponding to thetrue values of stop and 
hargino masses (m2x; m2y) = (m2~t1 ; m2~��1 ), if the 
onsidered Rp= s
enario isthe 
orre
t interpretation of the data. This is demonstrated in Fig. 3(a) for the referen
e pointR= . All allowed signal lines in the mass plane are lo
ated within the double 
one formed by theline with slope = 1 and 
utting the m2y-axis at the minimum value = �(m2~t1 � m2~��1 ), and theline 
rossing the origin with slope = m2~��1 =m2~t1 , both inter
ept and slope given by the true massvalues. The opening angle of the 
one in
reases apparently with the ~t1 � ~��1 mass gap.On the other hand, lines 
orresponding to ba
kground events do not 
ross at a single pointbut rather form an irregular mesh over the (m2x; m2y) plane. This is shown in Fig. 3(b) for a few7



examples for whi
h the jet parameters are identi�ed with values derived fromW -photoprodu
tion
q !Wq0. Inserting jet energy and momentum for a sample of events apparently does not leadto any 
lustering of the solutions (in 
ontrast to the signal lines), re
e
ting that the pro
essdoes not pro
eed through resonan
e formation. For W -photoprodu
tion the lines �ll the areabetween (and in
luding) the double-
one of maximum 
q invariant mass, M2
q = s, and the line
orresponding to the degenerate double-
one for minimum 
q invariant mass, M2
q = M2W .
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Figure 3: Left: Lines 
orresponding to Rp= signal events. All signal lines must lie within thedouble 
one. The (blue) dot 
orresponds to the signal point for the true mass values, m2x ! m2~t1and m2y ! m2~��1 . Right: Lines 
orresponding to ba
kground events from W -photoprodu
tion
q ! Wq0. The kinemati
ally ex
luded regions bounded by bla
k solid lines are shaded. [Notethat the lower x-axis is 
ut to a

ommodate the forbidden wedge on the right.℄Apparent from Figs. 1(a) and (b) and Table 3, many more 
onsisten
y 
onditions 
an bederived from the leptons and jets in the �nal state.Two examples are provided by the �rst and fourth row in Table 3. The ~e+L events in the �rstrow must 
luster at the invariant mass M [jt℄ = m~eL (14)8



while the ~�e events in the fourth row must 
luster at the triple pointM [jj℄ = m~�eM [e+jj℄ = m~�+1M [e+jjj℄ = m~t1 (15)Moreover, sin
e the �� 3-momentum 
an be re
onstru
ted fully in single � events, the last tworows of Table 3 a

ounting for all sneutrino de
ays, must ful�ll a large set of 
onstraint equations.This may be illustrated by analyzing the �� 
hain of the last row in Table 3:M [��℄ = m~��M [�+��℄ = m~�+1M [j�+��℄ = m~t1 (16)and analogously for the other 
hains. Parti
ularly appealing is the requirement of 
lustering forthe 2-lepton and 3-lepton invariant masses at the ~� and ~�+1 masses.It should also be noted that the transverse energies of the b-jets in the laboratory 
luster for~t1 ! b~�+1 de
ays at the maximum possible valuemax [EbT ℄ = (m2~t1 �m2~�+1 )=2m~t1 (17)as a result of the well-known transverse Ja
obian peak.5. In this brief note we have examined ne
essary requirements whi
h the interpretation ofisolated lepton events with large missing transverse momentum and a hadron jet at HERA must
omply with in the 
ontext of R-parity violating supersymmetri
 intera
tions. Independent ofthe spe
i�
 referen
e point used in this note merely to illustrate the analysis in detail, two generi
impli
ations have emerged from the study:{ Kinemati
al 
onstraint equations relate the observed jet and lepton energies and momentawith masses of stop, 
hargino and sneutrino, and 
lusters of invariant masses must beobserved experimentally.{ R-parity violating 
ouplings 
onne
t leptons and sleptons of di�erent 
harges and spe
ies.This implies that also events in
luding multi-lepton �nal states and �+ leptons should beobserved.The lifetime of meta-stable neutralinos and sneutrinos is estimated to be very likely too short toprovide a possible alternative to the generi
 type of s
enarios analyzed above.9
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