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SUPERSYMMETRY AT HERA, RESULTSAND PROSPECTS�Johannes HallerPhysikalis
hes Institut, Philosophenweg 16, 6900 Heidelberg, Germanyemail: haller�mail.desy.de(Re
eived July 1, 2002)The existing results from HERA on sear
hes for supersymmetry are re-viewed in this arti
le. Within the framework of the Minimal Supersymmet-ri
 Standard Model with Rp 
onservation, no eviden
e for the produ
tionof supersymmetri
 parti
les was found by H1 and ZEUS. HERA is parti
u-larly sensitive to the resonant produ
tion of squarks in SUSY models withRp-violation (=Rp). Sear
hing for the pro
ess eq ! ~q ! eq (or e�), in alarge number of possible de
ay modes of the � no eviden
e for ~q produ
-tion was found. The limit on the 
orresponding Yukawa 
oupling �0 wasfound to be weakly dependent of the free MSSM parameters and extends todomains not ex
luded by other dire
t or indire
t sear
hes. Squark massesup to 260 GeV 
an be ruled out for 
ouplings of ele
tro-magneti
 strength.The interpretation of the HERA results in the framework of various 
on-strained supersymmetri
 models are 
ompared to the results from otherexperiments. The perspe
tives of SUSY sear
hes at HERA are reviewed.PACS numbers: 14.80.Ly 1. Introdu
tionSupersymmetry (SUSY) is likely to be an essential property of a theorybeyond the Standard Model (SM). Among the most 
ompelling argumentsfor supersymmetry are the stability of a softly broken supersymmetry, whi
hnaturally avoids arbitrary �ne tuning of parameters, and the `explanation'of the hierar
hy between the Grand Uni�
ation s
ale (or the Plan
k s
ale)and the ele
troweak mass s
ale.The minimal supersymmetri
 extension of the Standard Model (MSSM)predi
ts for ea
h SM parti
le a partner with spin di�ering by half a unit:squarks (~uL, ~dL), ~uR, ~dR are the partners of the up and down quarks, while� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3875)



3876 J. Hallersele
trons ~eL, ~eR are the partners of the ele
trons. Two s
alar Higgs doubletswith non zero va
uum expe
tation values (v1 and v2) are needed to generatemasses for up-type quarks (v2), down type quarks and 
harged leptons (v1).The supersymmetri
 partners of the SU(2)�U(1) gauge bosons 
; Z0;W�(Higgs doublets) are 
alled gauginos (higgsinos). These states mix to formmass eigenstates 
alled 
harginos (��1;2) and neutralinos (�01;2;3;4).SUSY must be broken, as parti
les and their superpartners are not de-generate in mass. In the MSSM this is a
hieved by the introdu
tion of extramass parameters M2 and M1 for the SU(2) and U(1) gauginos. As a resultthe masses of 
harginos and neutralinos depend on M1, M2, tan� � v2=v1and the higgsino mass term �. For details on SUSY models see [1℄.2. The MSSM at HERATo 
onserve lepton and baryon number, the MSSM is 
onstru
ted to
onserve R-parity, Rp = (�1)3B+L+2S , whi
h is even (odd) for ordinary SM(SUSY) parti
les. This implies, that the Lightest SUSY Parti
le (LSP) isstable and that SUSY parti
les 
an only be produ
ed in pairs.At HERA the dominant MSSM pro
ess is the produ
tion of a sele
tronand a squark via a t-
hannel ex
hange of a neutralino eq ! ~e~q and thesubsequent de
ays: ~e! e�; ~q ! q�. Thus the signature is an ele
tron withhight pt, a jet and missing energy. The HERA 
ollaborations [2,3℄ set a limitto the sum of sele
tron and squark mass (m~e+m~q)=2 > 77GeV, whi
h is nomore 
ompetitive to new results from LEP and Tevatron in Rp-
onservingmodels. 3. /Rp supersymmetry at HERAThe most general theory that is supersymmetri
, gauge-invariant andrenormalizable allows for additional terms in the superpotential that areex
luded in the MSSM as they violate Rp:W=Rp = �ijkLiLj �Ek + �0ijkLiQj �Dk + �00ijk �Ui �Dj �Dk ;where i; j; k are family indi
es and �E, �D and �U (L, Q) are right-handedsinglet (left-handed doublet) super�elds for 
harged leptons, down and up-type quarks respe
tively.As HERA provides leptoni
 and baryoni
 quantum numbers in the initialstate, the se
ond =Rp-term is of spe
ial interest at HERA; it allows for theresonant produ
tion of squarks in the s-
hannel. With an initial e+-beamHERA is mainly probing the produ
tion of ~ujL squarks via Yukawa 
ouplings�01j1, as the produ
tion 
ross se
tion is proportional to the quark densitiesdk(x = m2~q=s).
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ts 3877Two squark de
ay modes 
an be distinguished: Firstly the squark mayde
ay Rp-violating dire
tly into a quark and a positron (neutrino). Thesede
ay modes are also relevant for leptoquark sear
hes at HERA and 
on-tribute mostly at high 
ouplings (i.e. high masses). In Fig. 1 examples forthe se
ond type of de
ay mode 
alled gauge de
ays are shown. The squark�rst de
ays into a quark and a gaugino. Then the gaugino de
ays eitherRp-violating into two quarks and a �rst family lepton or into two fermionsand a lighter gaugino, whi
h subsequently de
ays via the �rst me
hanisminto two quarks and a lepton. Both de
ays involve the =Rp 
oupling �0.
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(b)Fig. 1. Examples for produ
tion and gauge de
ays of squarks in =Rp SUSY at HERA.These de
ay modes result in a large variety of de
ay topologies with lep-tons, jets and missing pt. Among them are very striking signatures, likea `wrong 
harge' (
ompared to the initial positron beam) ele
tron. Thesede
ay 
hannels have been investigated in great detail by the HERA 
ollab-orations [4, 5℄ for the data period 1994�1997 
orresponding to 40pb�1 withan initial e+-beam. H1 sees no deviation in all de
ay 
hannels, while ZEUSsees a small ex
ess for the e + jets 
hannel, whi
h is still under investigation.4. Limits in various =Rp supersymmetri
 modelsBoth 
ollaborations set limits in the Un
onstrained (phenomenologi
al)MSSM, where the gaugino masses depend on the MSSM soft terms whilethe sfermion masses are free. The resulting limits on the 
oupling �01j1 areshown in Fig. 2(left). A s
an has been performed in the SUSY parameterspa
e by varying � and M2 for a �xed value of tan �. The 
omparison ofthe weakest (all spa
e points ex
luded) and the strongest (just parts of theparameter spa
e ex
luded) limit shows that the results are widely model



3878 J. Hallerindependent. For 
ouplings of ele
tro-magneti
 strength (�01j1 = 0:3) squarkmasses up to 260 GeV are ruled out. The HERA sensitivity extends beyondindire
t bounds [6℄ from low energy experiment for ~
 and ~t-produ
tion.
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Fig. 2. Limits on �0 as a fun
tion of m~q in the phenomenologi
al MSSM (left) andlimits in the mSUGRA model for j = 1; 2 (right).
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tion (left) and produ
tion 
rossse
tion of up-type squarks for various beam energies in arb. units (right).H1 also gives limits in the mSUGRA model where a 
ommon sfermion(gaugino) mass m0 (m1=2) is assumed at the GUT s
ale and the ele
troweaksymmetry breaking is driven by radiative 
orre
tions. This model is 
om-pletely determined by four parameters: m0, m1=2, tan�, A0 and a sign of�. The resulting limits in the (m1=2;m0)-plane is shown in Fig. 2(right)
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ts 3879for negative � and a �xed value of tan � (A0 = 0). The HERA sensitivityfollows the squark iso-mass line of 260 GeV shown for illustration. The 
om-parison with other experiments shows that HERA and the Tevatron give
omplementary information for j = 1; 2. For j = 3 (Fig. 3(left)) HERA isable to 
over a larger part of the (m1=2;m0)-plane, as the ~t is the lightestsquark in mSUGRA. For intermediate m0 HERA rea
hes the sensitivity ofLEP. Their limit is expe
ted not to depend very mu
h on tan � and it isshown for a di�erent value of tan� for illustration.5. Future prospe
ts of SUSY sear
hes st HERAHERA was running with an e�-beam in 98/99. The 15 pb�1 taken inthis period allow to probe the produ
tion of ~dR squarks via =Rp 
ouplings�011k 
omplementing the ~u squarks in the e+-data dis
ussed before.In 99/00 the integrated luminosity of e+ data has been tripled and the
enter of mass energy has been in
reased from 300 GeV to 320 GeV, resultingin a strongly in
reased produ
tion 
ross se
tion at high squark masses dueto the steeply falling quark densities in the proton. With these data thesensitivity on �01j1(m~q) 
an be improved by a fa
tor of two in the high massregion. This will result in an in
rease of 15 GeV for the ~q masses probed atele
tro-magneti
 
oupling strength.The e�e
t of in
reasing the beam energies of HERA are shown inFig. 3(right) where the produ
tion 
ross se
tion of ~ujL squark is shown as afun
tion of the squark mass for various beam energies. At high masses largefa
tors 
an be gained for the produ
tion 
ross se
tion with higher 
enter ofmass energies.For the HERA II period �ve times higher luminosities are expe
ted andthe ele
tron beam will be polarized (Pe � 0:6�0:7). The squark produ
tionpro
esses in =Rp SUSY with polarized beams are e+R+dL ! ~uLj and e�L+uL !~dRk. So a e+R-beam or a e�L -beam are very useful for =Rp SUSY sear
h atHERA II; but the 
ru
ial point is ps.REFERENCES[1℄ S.P. Martin, hep-ph/9709356.[2℄ H1 Collaboration, Phys. Lett. B380, 461 (1996).[3℄ ZEUS Collaboration, Phys. Lett. B434, 214 (1998).[4℄ H1 Collaboration, Eur. Phys. J. C20, 639 (2001).[5℄ ZEUS Collaboration, Contribution to ICHEP00 Osaka, Abs. 1042.[6℄ H. Dreiner, hep-ph/9707435 and referen
es therein.


