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tThe H1 Collaboration at the DESY ele
tron-proton 
ollider HERA has observed,in photoprodu
tion and neutral-
urrent deep-inelasti
 s
attering, an unexpe
tedex
ess of events with isolated leptons and missing transverse momentum, espe
iallyat large values of hadroni
 transverse momentum|a signature typi
al for singletop-quark produ
tion. This observation is being substantiated in the HERA IIrun. Motivated by this, we evaluate the 
ross se
tion of single top-quark photo-and ele
troprodu
tion both in the standard model and its minimal supersymmetri
extension, 
onsidering both minimal and non-minimal 
avour-violation s
enarios inthe latter 
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1 Introdu
tionSear
hes for single top-quark produ
tion via the neutral 
urrent (NC),e�p! e�t+X; (1)have been performed by the H1 Collaboration [1℄ and the ZEUS Collaboration [2℄ atthe DESY ele
tron-proton 
ollider HERA. The H1 Collaboration found several events,leading to a 
ross se
tion of � = 0:29+0:15�0:14 pb. Alternatively, assuming that the observedevents are due to a statisti
al 
u
tuation, upper limits of 0.55 pb on � and of 0.27 on theanomalous tu
 
oupling �tu
 were established at the 95% 
on�den
e level (CL). On theother hand, the ZEUS Collaboration found no eviden
e for top-quark produ
tion and wasable to pla
e upper bounds of 0.225 pb on � and of 0.174 on �tu
 at 95% CL.Single top-quark produ
tion via the 
harged 
urrent (CC) is possible at the tree level,but its 
ross se
tion is less than 1 fb [3℄. Furthermore, su
h events 
an be separatedexperimentally due to the absen
e of a s
attered ele
tron or positron in the �nal state.In this work, we 
al
ulate the 
ross se
tion of pro
ess (1) in the standard model (SM)and its minimal supersymmetri
 (SUSY) extension (MSSM), 
onsidering both s
enarioswith minimal 
avour violation (MFV) and non-minimal 
avour violation (NMFV). Thebulk of the 
ross se
tion is due to photoprodu
tion and ele
tromagneti
 deep-inelasti
s
attering (DIS), while the 
ontribution due to the ex
hange of a virtual Z boson isgreatly suppressed by its mass. Sin
e photoni
 intera
tions 
annot 
hange 
avour andthe top quark does not appear as a parton in the proton, we are dealing here with aloop-indu
ed pro
ess. In the SM and the MFV MSSM, its 
ross se
tion is further sup-pressed by the smallness of the 
ontributing elements of the Cabibbo-Kobayashi-Maskawa(CKM) matrix. In more general MSSM s
enarios, misalignment between the quark andsquark se
tors 
an appear, and the CKM matrix is no longer the only sour
e of 
avourviolation. Thus, the 
avour-
hanging (FC) 
ouplings are not Cabibbo suppressed, andsizeable 
ontributions to FC NC pro
esses 
an o

ur. On the other hand, there are strongexperimental bounds on squark mixing involving the �rst generation, 
oming from dataon K0{K0 and D0{D0 mixing [4℄. If the squark mixing involving the �rst generation isnegle
ted 
ompletely, there are no new verti
es for in
oming up-quarks 
ompared to theMFV MSSM. Thus, every new 
ontribution in this s
enario is suppressed by the partondistribution fun
tion (PDF) of the 
harm quark in the proton. Be
ause the SM 
rossse
tion for NC single top-quark produ
tion is highly suppressed, every dete
ted event isan indi
ation of physi
s beyond the SM.This paper is organised as follows. In Se
tion 2, we des
ribe the analyti
al 
al
ulationof the SM 
ross se
tion. In Se
tion 3, we outline the theoreti
al framework of FC inter-a
tions in the MSSM. The numeri
al analysis is presented in Se
tion 4. Our 
on
lusionsare summarised in Se
tion 5.2 SM 
ross se
tionIn this se
tion, the analyti
al 
al
ulation of the SM 
ross se
tion is des
ribed. As indi
atedin Fig. 1, we denote the four-momenta of the in
oming proton, parton (up or 
harm quark),and ele
tron by P , p, and k, respe
tively, and those of the outgoing top quark and ele
tronby p0 and k0, respe
tively. As for the 
entre-of-mass (CM) energy and the top-quark mass,2



we have S = (P + k)2 and m2t = (p0)2. We negle
t the masses of the proton, the in
omingquarks, and the ele
tron, so that P 2 = p2 = k2 = k02 = 0. The four-momentum of theex
hanged photon is given by q = k�k0, and, as usual, we introdu
e the virtuality variableQ2 = �q2 > 0. The variable y = (q � P )=(k � P ) measures the relative ele
tron energy lossin the proton rest frame.2.1 Ele
troprodu
tionSingle top-quark produ
tion in NC DIS o

urs via the partoni
 subpro
esse�q ! e�t; (2)where q = u; 
. The Feynman diagrams 
ontributing in the SM to pro
ess (2) with q = uare depi
ted in Fig. 2. The ones for q = 
 are similar. The amplitude of this pro
esses wasalso 
al
ulated in Ref. [5℄. There appears at least one o�-diagonal element of the CKMmatrix in ea
h term. If the 
ontributions of the inner-quark 
avours to a single Feynmandiagram are added up and their masses are negle
ted, the amplitude of this Feynmandiagram vanishes due to the unitarity of the CKM matrix. Thus, we 
annot negle
t theinner-quark masses here. Although our 
hoi
e m
 = 0 < md appears unphysi
al at �rstsight, it is in
onsequential in pra
ti
e. In fa
t, we veri�ed that the use of a realisti
 valueof m
 a�e
ts our numeri
al results only insigni�
antly. A detailed proof of hard-s
atteringfa
torisation with the in
lusion of heavy-quark masses may be found in Ref. [6℄.Our 
al
ulation pro
eeds along the lines of Ref. [7℄. The di�erential 
ross se
tion ofpro
ess (2) reads  d�dQ2dy!part = 116��S jMj2Æ ��yS �Q2 �m2t� ; (3)where �, de�ned as p = �P , is the fra
tion of the proton momentum passed on to thein
oming quark and jMj2 is the squared amplitude averaged (summed) over the spin and
olour degrees of freedom of the initial-state (�nal-state) parti
les. The kinemati
allyallowed ranges of Q2 and y are Q2
ut < Q2 < ymaxS �m2t ;Q2 +m2tS < y < ymax; (4)where Q2
ut de�nes the demar
ation between photoprodu
tion and ele
troprodu
tion andymax is an experimental a

eptan
e 
ut. In Ref. [1℄, values for Q2
ut and ymax are notspe
i�ed. In our numeri
al analysis, we employ the typi
al values Q2
ut = 4 GeV2 andymax = 0:95. Our numeri
al results are insensitive to the pre
ise 
hoi
e of ymax as long itis 
lose to unity. On the other hand, the dependen
e on Q2
ut approximately 
an
els outin the 
ombination of photoprodu
tion and ele
troprodu
tion, as we expli
itly verify.In the parton model of QCD, the hadroni
 
ross se
tion of pro
ess (1) is obtained by
onvoluting the partoni
 
ross se
tion of pro
ess (2) with the appropriate PDF Fq(�; �F ),where �F is the fa
torisation s
ale, and summing over q = u; 
, as d�dQ2dy!hadr = Xq=u;
 Z 10 d� Fq(�; �F ) d�dQ2dy!part: (5)3



There are two 
andidate mass s
ales for �F , namely pQ2 and mt, and the optimal 
hoi
eis likely to lie somewhere in between, at �F = �pQ2 +mt� =2 say. At any rate, we have�F � m
, so that 
harm is an a
tive quark 
avour in the initial state, 
ontributing at fullstrength via its PDF.The expression for jMj2 of pro
ess (2) may be de
omposed into a hadroni
 tensor H��and a leptoni
 tensor L�� , as jMj2 = e2Q4L��H��; (6)where e is the positron 
harge. We haveH�� = 12 XspinsHy�H�; (7)where H� = u(p0) (F1
�PL + F2
�PR + F3p�PL+ F4p�PR + F5p0�PL + F6p0�PR�u(p); (8)with heli
ity proje
tors PL;R = (1� 
5)=2 and form fa
tors F1; : : : ; F6, whi
h follow fromthe expli
it evaluation of the Feynman diagrams shown in Fig. 2 and their 
ounterpartsfor an in
oming 
harm quark. The leptoni
 tensor may be de
omposed into transverseand longitudinal 
omponents, asL�� = Q2y2 n[1 + (1� y)2℄���T � 4(1� y)���L o ; (9)where ���T = �g�� + 4Q2(Q2 +m2t )2p�p� + 2Q2 +m2t (p�q� + p�q�);���L = � 1Q2  2Q2Q2 +m2t p� + q�! 2Q2Q2 +m2t p� + q�! : (10)To obtain the transversal and longitudinal parts of the 
ross se
tion, the hadron tensor is
ontra
ted with the transversal and longitudinal parts of the lepton tensor, respe
tively.We generate and evaluate the Feynman diagrams in Fig. 2, with the virtual-photon legamputated, with the help of the program pa
kages FeynArts [8,9℄ and FormCal
 [9,10℄.We work in 't Hooft-Feynman gauge and use dimensional regularisation to extra
t theultraviolet (UV) divergen
es. We perform the Passarino-Veltman redu
tion and 
al
ulatethe squared amplitude (6) using the program pa
kage FeynCal
 [11℄. For the numeri
alevaluation of the standard s
alar one-loop integrals, we employ the program pa
kageLoopTools [10,12℄. We perform the numeri
al integration with the aid of the programpa
kage Cuba [13℄. As a 
he
k, we also 
al
ulate the amplitude of pro
ess (2) with thehelp of the program pa
kage FeynCal
 and by hand. All three independent 
al
ulationsare found to lead to the same result. Furthermore, we verify the 
an
ellation of the UVdivergen
es, 
urrent 
onservation, and the reality of the squared amplitude.4



2.2 Photoprodu
tionIn the photoprodu
tion limit, the virtual photon is 
onsidered as real, with Q2 = 0, sothat the longitudinal part of the 
ross se
tion vanishes. In turn, its energy distribution isdes
ribed in the Weizs�a
ker-Williams approximation by the ele
tron-to-photon splittingfun
tion f
(y) = �2� "1 + (1� y)2y ln Q2
utQ2min + 2ym2e  1Q2
ut � 1Q2min!# ; (11)where � = e2=(4�) is Sommerfeld's �ne-stru
ture 
onstant, me is the ele
tron mass, andQ2min = y2m2e=(1� y) 
orresponds to the kinemati
 lower bound. Thus, the 
ross se
tionof pro
ess (2) in photoprodu
tion is given by d�dy!part = f
(y)�
(y); (12)with �
 = ��yS jM
j2Æ(�yS �m2t ); (13)where M
 is the amplitude of 
q ! t. The kinemati
ally allowed range of y ism2tS < y < ymax: (14)The hadroni
 
ross se
tion is again obtained by 
onvoluting the partoni
 
ross se
tion for agiven in
oming quark with the 
orresponding PDF and summing over the in
oming-quark
avours. Here, the only 
andidate mass s
ale for �F is of order mt, and it is plausibleto 
hoose �F = mt=2 so that there is a smooth transition between photoprodu
tion andele
troprodu
tion. Again, we have �F � m
, so that the use of a 
harm PDF is justi�ed.3 Minimal and non-minimal 
avour violation in theMSSMIn the MSSM, there are two sour
es of FC phenomena [14℄. The �rst one is due to
avour mixing in the quark se
tor, just as in the SM. It is produ
ed by the di�erent
avour rotations in the up- and down-quark se
tors, and its strength is driven by the o�-diagonal CKM matrix elements. This mixing produ
es FC ele
troweak (EW) intera
tionterms involving CCs, now also involving 
harged Higgs bosons, and SUSY EW intera
tionterms of the 
hargino-quark-squark type. Thus, the SM Feynman diagrams of Fig. 2 aresupplemented by those shown in Fig. 3, in whi
h either 
harged Higgs bosons and down-type quarks or 
harginos and down-type squarks 
ir
ulate in the loops. In the MFVMSSM, this is the only sour
e of FC phenomena beyond the SM.The se
ond sour
e of FC phenomena, whi
h is present in the NMFV MSSM, is due tothe possible misalignment between the rotations that diagonalise the quark and squarkse
tors. When the squark mass matrix is expressed in the basis where the squark �eldsare parallel to the quark �elds (the super CKM basis), it is in general non-diagonalin 
avour spa
e. This quark-squark misalignment produ
es new FC terms in NC aswell as in CC intera
tions. In the SUSY QCD se
tor, the FC intera
tion terms involve5



NCs of the gluino-quark-squark type. In the 
ase of pro
ess (2), this gives rise to theadditional Feynman diagrams shown in the �rst row of Fig. 4. In the SUSY EW se
tor,the FC intera
tion terms involve NCs of the neutralino-quark-squark and the 
hargino-quark-squark type. The �rst type appears ex
lusively due to quark-squark misalignment,as in the SUSY-QCD 
ase, whereas the se
ond type re
eives 
ontributions from bothsour
es, quark-squark misalignment and CKM mixing. The additional Feynman diagramsinvolving neutralino-quark-squark intera
tions are displayed in the se
ond row of Fig. 4.In order to simplify our analysis in the NMFV MSSM, we take the CKM matrix tobe diagonal, so that SM 
ontributions (
f. Fig. 2) and the genuine MFV-MSSM 
ontri-butions, i.e. the 
harged-Higgs-quark 
ontributions and the part of the 
hargino-squark
ontributions due to CKM mixing (
f. Fig. 3), are zero. We are then left with the gluino-squark and neutralino-squark 
ontributions (
f. Fig. 4) and the residual 
hargino-squark
ontributions.Furthermore, we assume that the non-CKM squark mixing is signi�
ant only for tran-sitions between the se
ond- and third-generation squarks, and that there is only left-left(LL) mixing, given by an ansatz similar as in Ref. [15℄, where it is proportional to theprodu
t of the SUSY masses involved. This assumption is theoreti
ally well motivated bythe 
avour-o�-diagonal squark squared-mass entries that are radiatively indu
ed via theevolution from high energies down to the EW s
ale a

ording to the renormalisation groupequations (RGEs) [16℄. These RGEs predi
t that the FC LL entries s
ale with the squareof the soft-SUSY-breaking masses, in 
ontrast with the left-right (LR) or right-left (RL)and the right-right (RR) entries, whi
h s
ale with one or zero powers, respe
tively. Thus,the hierar
hy LL� LR, RL� RR is usually assumed. The same estimates also indi
atethat the LL entry for the mixing between the se
ond- and third-generation squarks is thedominant one due to the larger quark-mass fa
tors involved. On the other hand, the LRand RL entries are experimentally more 
onstrained, mainly by b ! s
 data [17℄. Withthe previous assumption, the squark squared-mass matri
es in the (~uL; ~
L; ~tL; ~uR; ~
R; ~tR)and ( ~dL; ~sL;~bL; ~dR; ~sR;~bR) bases 
an be written as follows:
M2~u = 0BBBBBBBB� M2L;u 0 0 muXu 0 00 M2L;
 �tLLML;
ML;t 0 m
X
 00 �tLLML;
ML;t M2L;t 0 0 mtXtmuXu 0 0 M2R;u 0 00 m
X
 0 0 M2R;
 00 0 mtXt 0 0 M2R;t

1CCCCCCCCA ; (15)
M2~d = 0BBBBBBBB� M2L;d 0 0 mdXd 0 00 M2L;s �bLLML;sML;b 0 msXs 00 �bLLML;sML;b M2L;b 0 0 mbXbmdXd 0 0 M2R;d 0 00 msXs 0 0 M2R;s 00 0 mbXb 0 0 M2R;b

1CCCCCCCCA ; (16)
where M2L;q =M2~Q;q +m2q + 
os(2�)M2Z �T q3 �Qqs2w� ;M2R;q =M2~U;q +m2q + 
os(2�)Qqs2wM2Z (q = u; 
; t);M2R;q =M2~D;q +m2q + 
os(2�)Qqs2wM2Z (q = d; s; b);6



Xq = Aq � �(tan�)�2T q3 ; (17)and �tLL and �bLL measure the squark 
avour mixing strengths in the ~t{~
 and ~b{~s se
tors,respe
tively. As for the SM parameters, mq, T q3 , and Qq are the mass, weak isospin,and ele
tri
 
harge of quark q; MZ is the Z-boson mass; and sw = sin �w is the sine ofthe weak mixing angle �w. As for the MSSM parameters, tan � = v2=v1 is the ratio ofthe va
uum expe
tation values of the two Higgs doublets; � is the Higgs-higgsino massparameter; Aq are the trilinear Higgs-sfermion 
ouplings; and M ~Q;q, M ~U;q, and M ~D;q arethe s
alar masses. Owing to SU(2)L invarian
e, we have M ~Q;u = M ~Q;d, M ~Q;
 =M ~Q;s, andM ~Q;t = M ~Q;b. Further MSSM input parameters in
lude the EW gaugino masses M1 andM2, the gluino mass M3, and the mass MA0 of the CP-odd neutral Higgs boson A0.In order to redu
e the NMFV-MSSM parameter spa
e, we make the following sim-plifying assumptions. We assume that the 
avour mixing strengths in the ~t{~
 and ~b{~sse
tors 
oin
ide and put � = �tLL = �bLL for a simpler notation. Obviously, the 
hoi
e� = 0 represents the 
ase of zero squark 
avour mixing. We assume that the various tri-linear Higgs-sfermion 
ouplings 
oin
ide and write A0 = Au = A
 = At = Ad = As = Ab.We assume that the s
alar masses 
oin
ide thus de�ning the 
ommon SUSY mass s
aleM0 = M ~Q;q = M ~U;fu;
;tg = M ~D;fd;s;bg. As for the gaugino masses, we impose the GUT rela-tion M1 = (5=3)(s2w=
2w)M2, where 
2w = 1� s2w, while we treat the gluino mass parameterM3 as independent. We are thus left with eight independent MSSM parameters, namely,tan �, MA0 , M0, M2, M3, A0, �, and �.4 Numeri
al analysisIn this se
tion, we present our numeri
al results. We adopt the SM parameters fromRef. [18℄ and the e�e
tive masses of the down-type quarks from Ref. [19℄:� = 1=137:035 999 11; �s = 0:117 6;(�h
)2 = 0:389 379 323 GeV2mb; me = 0:510 998 918 MeV;MW = 80:403 GeV; MZ = 91:187 6 GeV; mt = 172:7 GeV;md = 0:041 GeV; ms = 0:15 GeV; mb = 4:5 GeV: (18)Here,mt andmb 
orrespond to pole masses, whilemd andms were determined so that theirinsertion in the perturbative formula for the va
uum polarisation fun
tion of the photonreprodu
es the result extra
ted from the total 
ross se
tion of hadron produ
tion in e+e�annihilation, measured as a fun
tion of the CM energy, using a subtra
ted dispersionrelation. This set of quark masses is espe
ially appropriate for quantitative studies inele
troweak physi
s and is frequently employed in the literature. It is used here forde�niteness and 
onvenien
e. As a matter of prin
iple, the pre
ise de�nition of quarkmass is not yet �xed in an analysis of leading order (LO) in QCD like ours. In fa
t, thefreedom of 
hoi
e of quark-mass de�nition 
ontributes to the theoreti
al un
ertainty. Weemploy the standard 
omplex parametrisation of the CKM matrix in terms of three angles�12, �23, �13 and a phase Æ13,V = 0B� 
12
13 s12
13 s13e�iÆ13�s12
23 � 
12s23s13eiÆ13 
12
23 � s12s23s13eiÆ13 s23
13s12s23 � 
12
23s13eiÆ13 �
12s23 � s12
23s13eiÆ13 
23
13 1CA ; (19)7



where 
ij = 
os �ij and sij = sin �ij, and adopt from Ref. [18℄ the valuess12 = 0:227 2; s23 = 0:042 2; s13 = 0:004 0; Æ13 = 1:00: (20)As for the proton PDFs, we employ the LO set CTEQ6L1 [20℄ by the CoordinatedTheoreti
al-Experimental Proje
t on QCD (CTEQ) Collaboration. We 
hoose the fa
-torisation s
ale to be �F = �pQ2 +mt� =2, with the understanding that Q2 = 0 in the
ase of photoprodu
tion. At HERA II, ele
trons or positrons of energy Ee = 27:6 GeV
ollide with protons of energy Ep = 920 GeV in the laboratory frame, yielding a CMenergy of pS = 319 GeV.4.1 Standard ModelFigures 5 and 6 refer to the SM. Figure 5 shows the total 
ross se
tion of pro
ess (1) as wellas its photoprodu
tion and ele
troprodu
tion 
omponents as fun
tions of pS. We observethat, for our 
hoi
e of Q2
ut, the 
ontribution due to photoprodu
tion is approximatelytwi
e as large as the one due to ele
troprodu
tion. At the CM energy of HERA, the
ross se
tion is of order 10�10 fb and thus many orders of magnitude too small to bemeasurable. A possible future ele
tron-proton super
ollider that uses the HERA protonbeam with energy Ep = 920 GeV and the ele
tron beam of the international linear e+e�
ollider (ILC) with energy Ee = 500 GeV would have a CM energy of 1357 GeV. At thisenergy, the 
ross se
tion is of order 10�8 fb and likewise not measurable.Figure 6 shows the Q2 distribution of the ele
troprodu
tion 
ross se
tion as well as itstransversal and longitudinal parts. We observe that the transversal part makes the major
ontribution.4.2 MSSM with minimal 
avour violationFor de�niteness, we assume that SUSY is broken a

ording to the mSUGRA s
enario ofa Grand Uni�ed Theory (GUT). We assign the following default values to the mSUGRAinput parameters at the GUT s
ale:tan � = 56; m0 = 1:25 TeV; m1=2 = 140 GeV;A0 = �260 GeV; sign(�) = +1; (21)where m0 is the universal s
alar mass, m1=2 is the universal gaugino mass, and A0 is theuniversal trilinear Higgs-sfermion 
oupling. These values approximately maximise the
ross se
tion of pro
ess (1) and are in a

ordan
e with the experimental bounds fromb ! s
 de
ay and on the masses of the various SUSY parti
les [18℄. We 
al
ulate theMSSM mass spe
trum with the help of the program pa
kage SuSpe
t [21℄.Figures 7{10 all show the total 
ross se
tion of pro
ess (1) in the MFV MSSM. Spe
if-i
ally, Fig. 7 displays the pS dependen
e, also separately for the photoprodu
tion andele
troprodu
tion 
ontributions, while Figs. 8{10 exhibit, for HERA experimental 
on-ditions, the dependen
ies on tan�, m1=2, and A0, respe
tively, also separately for the
harged-Higgs-boson and 
hargino 
ontributions.From Fig. 7 we observe that the 
ross se
tion is of order 10�5 fb at HERA energyand of order 10�3 fb for the future ele
tron-proton super
ollider mentioned above. Bothvalues are too small to yield measurable results.8



From Fig. 8 we learn that, as tan� approa
hes its upper limit, the 
ross se
tionstrongly in
reases and is mainly generated by the loop diagrams involving 
harged Higgsbosons. For small values of tan �, the SM 
ontribution (� 10�10 fb) is dominant. Negativeinterferen
e e�e
ts between the 
harged-Higgs, 
hargino, and SM 
ontributions 
an beseen at large values of tan �.From Fig. 9 we see that, as m1=2 approa
hes its lower limit, the 
ross se
tion stronglyin
reases and is essentially made up by the 
harged-Higgs-boson 
ontribution alone. Thelatter is dominant throughout the whole m1=2 range, but there are negative interferen
ee�e
ts for all values of m1=2. The signi�
ant suppression of the 
hargino 
ontribution fortan � = 56 familiar from Fig. 8 is a
tually present for all values of m1=2.As is evident from Fig. 10, the 
ross se
tion is largest for A0 = �260 GeV and falls o�by one (two) orders of magnitude as A0 rea
hes �1 TeV (1 TeV). However, the variationwith A0 is less signi�
ant than those with tan � and m1=2. For tan � = 56, the 
hargino
ontribution is several orders of magnitude smaller than the 
harged-Higgs one and almostindependent of A0.We 
on
lude that, in the MFV MSSM, the mSUGRA s
enario 
hara
terised by theinput parameter values spe
i�ed in Eq. (21) approximately maximises the 
ross se
tionof pro
ess (1), whi
h still 
omes out mu
h below the threshold of observability at HERAand a future ele
tron-proton super
ollider.4.3 MSSM with non-minimal 
avour violationPrior to presenting our NMFV-MSSM results, we explain our 
hoi
e of input parame-ters. S
anning the eight-dimensional parameter spa
e de�ned at the end of Se
tion 3, we�nd that the following assignments, whi
h we hen
eforth take as default, approximatelymaximise the 
ross se
tion of pro
ess (1):tan� = 8; MA0 = 170 GeV; M0 = 475 GeV; M2 = 655 GeV;M3 = 195 GeV; A0 = 950 GeV; � = 345 GeV; � = 0:73: (22)These parameters are in a

ordan
e with the lower bounds on the squark masses of100 GeV and with the experimental lower bounds for the masses of the other SUSYparti
les [18℄. They are also in a

ordan
e with the experimental bounds from b ! s
de
ay [18℄. We 
al
ulate the MSSM spe
trum using the program pa
kage FeynHiggs [22℄.Figures 11{14 all show the total 
ross se
tion of pro
ess (1) in the NMFV MSSM.Spe
i�
ally, Fig. 11 displays the pS dependen
e, also separately for the photoprodu
tionand ele
troprodu
tion 
ontributions, while Figs. 12{14 exhibit, for HERA experimental
onditions, the dependen
ies on �, M0, and M3, respe
tively. In Figs. 12 and 13, alsothe 
ontributions from loops involving gluinos, 
harginos, and neutralinos are shown sep-arately.From Fig. 11 we read o� values of order 10�4 fb and 10�1 fb for the 
ross se
tions atHERA and the future ele
tron-proton super
ollider mentioned above, respe
tively, whi
his dis
ouraging in the 
ase of HERA and 
hallenging for the ele
tron-proton super
ollider,depending on its luminosity.From Fig. 12 we observe that the 
ross se
tion strongly in
reases with �, by �veorders of magnitude as � runs from 0 to 0.73. For � > 0:73, the mass of the lightestsquark is less than the lower limit of 100 GeV. The 
ross se
tion is almost exhausted by9



the gluino 
ontribution. This may be understood by observing that the 
orrespondingFeynman diagrams are enhan
ed by a fa
tor of �s=� relative to those of the 
hargino andneutralino 
ontributions. The neutralino 
ontribution exhibits a � dependen
e similar tothe full 
ross se
tion, but is more than four orders of magnitude smaller. The 
hargino
ontribution os
illates about a mean value of 10�10 fb in the � range 
onsidered. For��< 0:3 (��> 0:3), it overshoots (undershoots) the neutralino 
ontribution.From Fig. 13 we observe that the 
ross se
tion strongly de
reases with in
reasing valueof M0, by more than three orders of magnitude as M0 runs from 475 GeV to 2 TeV. Thedominant role of the gluino 
ontribution observed in Fig. 12 attenuates in the large-M0regime, where the 
hargino 
ontribution gains in
uen
e. Nevertheless, there is a 
learhierar
hy among the gluino, 
hargino, and neutralino 
ontributions for M0�> 700 GeV,the latter one being least important. For M0�< 700 GeV, the neutralino 
ontributionex
eeds the 
hargino one. The 
hargino and neutralino 
ontributions exhibit minima at650 GeV and 850 GeV, respe
tively.From Fig. 14 we learn that the 
ross se
tion de
reases by about two orders of magnitudeas M3 runs from 195 GeV, the Tevatron sear
h limit [18℄, to 2 TeV.5 Con
lusionIn this paper, the photoprodu
tion and photoni
 ele
troprodu
tion of single top quarks inele
tron-proton s
attering was analysed for the �rst time. The analysis was performed atone loop in the SM as well as the MSSM with minimal and non-minimal 
avour mixing.In all three models, the 
ross se
tion turned out to be too small to be measurable atHERA. The physi
s at HERA remains interesting be
ause, in the light of our results, thesingle-top-quark-like events seen by the H1 Collaboration might be a sign of physi
s notonly beyond the SM, but also beyond the MSSM with 
onserved R parity.A
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 pro
ess (1) explaining the four-momentum assignments.
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u tdi diG 
u tG Gdi 
u tdi diW
u tG Wdi 
u tW Gdi 
u tW Wdi

 u tu diG 
 u tu diW 
u ttdi G
u ttdi WFigure 2: Feynman diagrams of partoni
 subpro
ess (2) in the SM. Here, G is the 
hargedGoldstone boson and di with i = 1; 2; 3 are the down-type quarks.
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u tdi diH 
u tH Hdi 
 u tu diH
u ttdi H 
u t~�i ~�i~dsi 
u t~dsi ~dsi~�i

 u tu ~�i~dsi 
u tt~�i ~dsiFigure 3: Additional Feynman diagrams of partoni
 subpro
ess (2) arising in the MFVMSSM. Here, ~dsi with i = 1; 2; 3 and s = 1; 2 are the down-type squarks, and ~�i withi = 1; 2 are the 
harginos.

 t~ua ~ua~g 
 
 tu ~g~ua 

 tt~g ~ua

 t~ua ~ua~�0i 
 
 tu ~�0i~ua 

 tt~�0i ~uaFigure 4: Additional Feynman diagrams of partoni
 subpro
ess (2) arising in the NMFVMSSM. Here, ~g is the gluino, ~ua with a = 1; : : : ; 6 are the up-type squarks, and ~�0i withi = 1; : : : ; 4 are the neutralinos. 14
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Figure 5: Total 
ross se
tion and its photoprodu
tion and ele
troprodu
tion parts in theSM as fun
tions of pS.
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Figure 6: Q2 distribution of the 
ross se
tion and its transversal and longitudinal partsin the SM under HERA experimental 
onditions.15
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Figure 7: Total 
ross se
tion and its photoprodu
tion and ele
troprodu
tion parts in theMFV MSSM as fun
tions of pS.
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Figure 8: Total 
ross se
tion and its Higgs and 
hargino parts in the MFV MSSM asfun
tions of tan� under HERA experimental 
onditions.16
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Figure 9: Total 
ross se
tion and its Higgs and 
hargino parts in the MFV MSSM asfun
tions of m1=2 under HERA experimental 
onditions.
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Figure 10: Total 
ross se
tion and its Higgs and 
hargino parts in the MFV MSSM asfun
tions of A0 under HERA experimental 
onditions.17
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Figure 11: Total 
ross se
tion and its photoprodu
tion and ele
troprodu
tion parts in theNMFV MSSM as fun
tions of pS.
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Figure 12: Total 
ross se
tion and its gluino, 
hargino, and neutralino parts in the NMFVMSSM as fun
tions of � under HERA experimental 
onditions.18
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Figure 13: Total 
ross se
tion and its gluino, 
hargino, and neutralino parts in the NMFVMSSM as fun
tions of M0 under HERA experimental 
onditions.
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