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ABSTRACT 

We consider gaugino-higgsino mixing in the minimal supersymmetric 
extension of the standard model and determine the mass 

eigenstates and eigenvalues taking the physical masses of the 
lightest chargino and neutralino as input in the diagonalization 
procedure. Using the results we calculate cross-sections and 

charge asymmetries for the associated production of sleptons and 
squarks in ep collisions and investigate the dependence of the 

chargino and neutralino properties and on the slepton and squark 
spectrum. The numerical analysis is performed within the minimal 
supergravity model as well as in a more general framework. 

Although predictions are made also for higher energies, the main 
focus is on the HERA energy range. We indicate the values of 

sparticle masses accessible to SUSY searches at HERA and 

illustrate the expected reach beyond the present bounds. 

* Supported by the Deutsche Forschungsgemeinschaft 
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1. Introduction 

The associated production of a scalar lepton {e or~) 
and a scalar quark (q) constitutes the most important process in 
the search for supersymmetry in ep collisions as it provides the 
clearest signatures and allows to explore the largest mass range 

of supersymmetric particles. The transitions of the initial 

electron and quark into sleptons and squarks proceed by t-channel 
exchange of gauginos and higgsinos being spin 1/2 partners of the 

electroweak gauge bosons and the Higgs bosons, respectively. In 

the minimal supersymmetric extension of the standard SU(3)c x 

SU(2)L x U(l) theory [1], which contains two Higgs doublets, the 
charged-current-type processes eq~~q are mediated by wino W7 and 

charged higgsino Hi and H~ exchange, while the 
neutral-current-type processes eq~eq involve the neutral SU(2)L 
and U(l) gauginos W3 and B and the neutral higgsino fields Ht and 
No 
H2. 

The couplings of the above SU(2)L x U(l) eigenstates 
are fixed by gauge invariance and supersymmetry and are related 
to the corresponding gauge and Higgs boson couplings. Since it is 

justified to take me,mq--1-0 in the case of ep_,.'fqx, we only have 
to deal with gaugino couplings later on. Masses can be generated 
as usual through spontaneous SU(2) 1 x U(l) breaking. However, in 
order to agree with observations supersymmetry must also be 

broken. In view of the missing experimental evidence for 

supersymmetry it is not surprising that the SUSY breaking 

mechanism is unclear. A possible dynamical framework is provided 
by supergravity models [1,2]. These models lead to effective low 
energy lagrangians with global supersymmetry broken by so-called 
soft breaking terms originating in gravitational interactions. 

Together with SU(2)L x U{l) breaking which can also be induced 
dynamically in such schemes, these terms generate the mass 

spectrum of the superpartners. As a characteristic feature, the 
mass eigenstates are mixtures of SU(2)L x U(l) eigenstates with 
mass eigenvalues and mixing angles depending on a more or less 
large number of model parameters. This fact renders predictions 
of SUSY processes somewhat uncertain. 
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The m1x1ng of the scalar partners fL and fR of the 

left- and right-handed fermions fL,R=(l/2)(1~(5 )f is expected [1] 

in supergravity models to be proportional to the fermion masses. 

Since only light leptons and quarks play an important role in ep~ 

lqx, fL-fR mixing will be neglected throughout this paper. Also 

flavor mixing has no essential influence on our analysis as will 

become clear later. on the other hand, the mixing of gauginos and 

higgsinos is typically substantial. The charged mass eigenstates 
~ N_ N+ N_ ~+ 

Xci(i=l,2) being mixtures of W (W l and H1 (H2 ) are called 

charginos, while the neutral mass eigenstates iNi(i=1,2,3,4) 
N ~3 ~o ~a 

being mixtures of B,W ,H1 and H2 are called neutralinos. It is 

the main purpose of this paper to study chargino and neutralino 

spectra in the mass range accessible at HERA, to investigate the 

model-dependence of the cross-sections for ep-+lqx, and to 

estimate the range of slepton and squark masses and other model 

parameters which can be explored at HERA energies. 

Already some time ago, Jones and Llewellyn Smith [3] 

calculated cross~sections for ep7lqx considering wino (W±l, zino 

(Z) and photino (r) exchange in the absence of qaugino-higgsino 

mixing. The above gauginos are the superpartners of the W and Z 

bosons and the photon, respectively, as it is evident from their 

definition 

,:v• = ,+ c w' + i w2
; 

z ~' = cos lj, w - sin Bw B I 1 I 

~ = sinew w' -t cos ew 8 

in terms of the SU(2)L gaugino fields Wi(i=1,2,3) and the U(l) 

gaugino B with BW being the Weinberg angle. Although one can 

approximate this case by diagonalizing the gaugino/higgsino mass 

matrices under rather special assumptions, it does not occur as a 

typical solution and not for the mass eigenvalues row e::.nw, mz ~ mz 

and mr ~ 0 asswned in ref. [ 3], at least not in the minimal model 

as will be seen. Gaugino-higgsino mixing was later included by 

Harrison [4] who emphasized the considerable sensitivity of the 
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production cross-sections for ep~lqx to mixing and demonstrated 

this point for a few special cases. our aim is a more 

comprehensive study which improves, extends and corrects the 

earlier analyses in several respects: 

(1) Instead of diagonalizing the gaugino/higgsino mass matrices 

for given values of the various mass parameters which appear in 

the effective lagrangian, we use the desired mass values of the 

lightest neutralino and chargino eigenstates as input in the 

diagonalization problem and determine the gaugino/higgsino 

composition of the eigenstates and the remaining masses from 

these directly observable parameters. The phenomenological 

advantages of such a procedure are quite obvious. 

(2) We investigate the total ep~lqx cross-sections for many 

interesting chargino and neutralino solutions and clarify the 

dependence of the cross-sections on slepton and squark masses 

and on the chargino and neutralino spectra. This analysis is 

performed in a more general framework with basically free scalar 

masses as well as for sparticle spectra obeying the 

renormalization group me.ss relations ( 5) of the minimal 

supergravity model. 

(3) We indicate the region of the parameter space of the 

supergravity model which can be probed at HERA in comparison to 

the already existing experimental bounds. 

(4) Charge asymmetries derived from the cross-sections for e?p~ 

lqx are also investigated. These asymmetries provide particularly 

sensitive tests of the chargino and neutralino properties. 

(5) We have recalculated the cross-sections tabulated in ref.(4] 

using essentially the same values of parameters. In most cases we 

reproduce the results within a few percent and in .some cases 

within 30%. Hm¥ever, in a few cases we disagree by a factor 2 and 

more. 
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The paper is organized as follows. Chapter 2 deals with 
gaugino/higgsino mixing and the determination of chargino and 
neutralino eigenstates and masses. In Chapter 3 we summarize 

analytical formulas which are useful for cross-section 
calculations. Our numerical results are presented and discussed 

in Chapter 4. Chapter 5, finally, contains some concluding 
remarks. 

2. Gauqino-Higqsino Mixing 

In the minimal supersymmetric SU(2)L x U(l) model 
[1,2], two SU(2)L Higgs doublets H1=(H~, Hll and H2=(H;, H~l 
exist with opposite U(l) hypercharge. The neutral Higgs fields 
H~ 2 acquire non-vanishing vacuum expectation values v1 2 which 

, , ""' "'c 
break SU(2)L x U(l) to U(l) . The higgsino superpartners H1=(H 1 , 
..,_ ..... "'"'+ ..... 0. em 
H1 l and H2=<H 2, H2 J of t~e Biggs-doublets mix with the 

. ......~ . ""' SU(2)L x U(l) gaug~nos W (L=l,2,3) and B through the spontaneous 

breakdown of SU(2)L x U(l). Going from the two-component spinor 
notation tacitely assumed above to a four-component notation, one 
may choose the Dirac spinors 

fc, ( "'-) = w+ , rC2 = ( :~) I 21 

and the Majorana spinors 

tNI=(;), +:,=(;), ~3=(;), fN~=(;) I 31 

as the basis of the gaugino-higgsino system, where w~. z and r 
are defined in eq.(l) and 

H 
No No 

= cos e., H, - sin Bv H2 

H~ :::: No 
sin Bv H, + -o 

cos Bv H2 
I 41 

with 

6 

tan ev v, / v, . 

The most general gaugino-higgsino mass lagrangian (1] of the 
effective theory can then be written as follows: 

.{_m 
N'"" C C-* ....., 

= -'fc· (M,J. PC+ M .. r.)'fc· 
I Jt J 

I X N N* ~ --z rN, ( M,j P, + M,j PR) fNj 

I 51 

I 61 

Here, PL R= (l/2)(1=F'Ysl are the chiral 
the non-diagonal mass matrices M~j and 

projection 
N 

operators and 

and 

with 

Mij read 

Me 
( 

M2 

i r'2 mw sin 8v 

il2mw cos Bv) 

-)1 

M, 

MN = 
M,l 

0 

0 

M,2 

Mu 

tm2 

0 

0 

Lm;z. 

-p sin28v 

J.1 cos 211v 

Mn = cos 2 Gw M1 + sin2 Bw M2 

M, = sin 2 ew M, + cos2 ew M2 

M ,2 = ( M2 - M1 ! sinew cos ew 

0 

0 

)1 cos 18v 

Jl. sin .2 ev 

I 71 

I 81 

I 91 

The generally complex mass parameters M
1

, M2 and~ in the above 
are soft SUSY breaking parameters associated with the U(l) and 
SU(2)L gauginos and with the higgsinos, respectively, while mw 
and mz denote the physical W and Z boson masses. 

The mass matrices (7) and (8) can be diagonalized by 
unitary matrices UL, UR and UN, 
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t c s 
UR M UL ) 1j = me, ij (10) 

( u~ MN UN)ij = rnNi s,j I 11 l 

with the (positive) 

the chargino <ici' 
eigenstates. These 

eigenvalues mCi and mNi being the masses of 

i=l,2) and neutralino {XNi; i=1,2,3,4) mass 

states are obtained from the basis defined in 

eqs.(2) and (3) by the transformations 

~ t -
Pc XC' = UL Pl 'l'c 

- t ~ 
PRXc = UR PR 'fc 

- t .'Y. 
PN XN = UN PL '(N 

- T ~ 

PR XN = UN PR '/' N . 

~he mass lagrangian (6) then takes the simple form 

-;;;- 'V 1 ~ "" 
Lm = -mc,Xc, Xn - T mN, XN, XN, 

In order to determine the physical chargino and 

neutralino states and their masses one must know M
1

, M
2

, p 

Bv, in other words, the model must be further specified. As 

reasonable assumptions, we shall adopt the following three 

constraints: 

(a) COS 2 Bv = 0 , 

(b) 3M, cos2 6'w = 5 M2 s<n' ew 

(c) M1 , M2 and f' real. 

I 12 l 

I 13) 

I 14 l 

and 

I 15 l 

Assumption (a) is suggested by a renormalization group analysis 

of a class of supergravity models [2,51 for a top quark mass mt~ 

50 GeV. Small deviations of cos2~ from zero do not alter our 

result significantly except in a small region of the parameter 

space where one has a mass degeneracy. Assumption (b) applies if 

M1 and M2 are evolved according to the renormalization group [5] 

from equal values M1=M2=m112 at a grand unification scale Mx down 

to energies of O(lTeV). In that case, 
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I 
3~ n1 o/2 

- I - yM2 - 3 
- 5 J'' M I 

I 16 l 

where gx is the unified gauge coupling at MX and g and g' are the 

usual effective SU(2)L and U(l) gauge couplings, respectively, 

with g'/g = tan8W. Finally, assumption (c} is employed merely for 

reasons of simplicity. Adding the specifications (15) to the 

model, one has to deal with only two unknown real parameters, M2 

~~ 

Instead of choosing certain values for M2 and ~ and 

deriving the corresponding chargino and neutralino spectrum, we 

want to proceed in the opposite way and use two physical chargino 

and neutralino masses as input in the diagonalization problem. 

Substituting first assumption (lSa) in the neutral mass matrix 

MN, eq.(8), one immediately sees that the higgsino ~N4 defined in 

eqs. (3) and (4) does not mix with the other neutral fields fNi; 

i=l,2,3. Hence, according to eqs.(ll) and (13), the fourth 

neutralino eigenstate XN 4 remains a pure higgsino, XN 4=¥N 4 , with 

mass mN4=~~ while the other eigenstates XNi; i=l,2,3 and their 

masses mNi are found by diagonalizing the appropriate 3x3 

submatrix of eq.(8). Ordering XNi; i=1,2,3 and Xei; i=1,2 such 

that ~1s~2s~3 and me 1 ~me 2 , we choose suitable values for ~l 

and mel and solve the eigenvalue equations. 

In Table 1 we list solutions for a range of values of 

mNl and mel which is of particular interest from the point of 

view of future searches for electroweak SUSY signals, that is the 

mass range up to O(lTeV). Also quoted in Table 1 are the values 

of M2 (with the convention M220) and~ associated with a given 

solution. The following features are noteworthy: 

(i) For a fixed value of mNl solutions exist for mel 

approximately in the range ~1 ~mc 1 ~/4m~1 + ~ · 

(ii) For O=mN 1<mcl there are two solutions which differ in M2 and~ 

as well as in the other neutralino and chargino masses and in the 

composition of the mass eigenstates. On the other hand, for 
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mN1=rnc 1 only one solution yields finite 

states, while for mN1=0, mel~~ one has 

mass values for all 

unique solutions. 

(iii) The lightest state <XNl by definition) of the neutralinos 

XNi; i=l,2,3 tends to be dominantly a photino or it normally 

contains at least a large photino component. 

(iv) The approximate photino XN1 is in most cases also lighter 

than the pure higgsino XN 4 , i.e. mN1<~4 , except in the 

degenerate case ~1=mcl where mN 4<mNl' 

(v) The mixing of zinc and higgsino components in ~2 and ~3 is 

similar to the mixing of wino and higgsino components in XCl and 

XCZ' respectively. This similarity is also reflected in the mass 

pattern ~2 !:::: mel and ny3 ~ mcz· 

One can easily understand these properties by 

considering the limit sin2 ew~O. In this limit, the photino fNl 

does not get mixed with the other neutral fields, i.e. XN1=fNl' 

and the mass matrix of fN 2 and ~NJ becomes identical to the 

chargino mass matrix as can be seen from eqs.(7) and (8). Hence, 

the neutralino masses assume the values 

mN,=Ml' mN2=mcr• mN3::::mc1.~ mN'f=lpl, 117) 

while the chargino masses are given by 

me, c2 ~ T I M2 + ,U ± ! ( M2-f' !
2 

+ -9-m~ \ I 18) 

with the convention mc 1~mc 2 . Furthermore, we note the approximate 

numerical relation 

M 5 2 
= - t•n B M 

I 3 W 2 "' 
I 

2 M:z. I 19) 

At small values of mNl' the mass spectrum (17) is considerably 

distorted due to effects of the non-vanishing Weinberg angle 

10 

sin2ew=0.23. However, already for mN1zlOOGeV eq.(17) becomes a 

very goOd approximation. Similarly, one expects the neutralino 

and chargino eigenstates to approach the limits 

and 

x -------7 if = cos ew t - sen ew z, 
Nl 

XN2 _____..;. 

XN3 ---7 

c xN. = 

XCI ---7 

x--> 
C2 

H ~, 

sin ew t + cos ew z or w = 
-3 N I 'VO No 
W or H =YT(H1 -H 2 ) 

"'/ 1 ""O ;vo 
H =v'TcH,+H2 l), 

-, 
H f, 2 

w' 
01" 

or 

w• 
~. 

H,. 2 

respectively. This is obviously the case for the numerical 

solutions given in Table 1. 

3. Calculation of Cross-Sections. 

I 20 l 

I 21 l 

Our next task is to derive cross-section formulas for 

slepton-squark production in ep collisions which take into 

account gaugino-higgsino mixing. To recapitulate, the couplings 

of the SU(2)L x U(l) gauginos to fermion-sfermion pairs are 

related to the standard gauge boson-fermion couplings, while the 

higgsino-fermion-sfermion interactions are of Yukawa type similar 

to the familiar couplings of Higgs bosons to fermions. Since the 

latter are proportional to lepton and quark masses, higgsino 

couplings can safely be neglected in eq~lq, the elementary 

processes we are dealing with. Then, writing the 

gaugino-fermion-sfermion lagrangian (1] of the effective theory 

in terms of the chargino and neutralino mass eigenstates defined 

in eqs.(12) and (13), one gets 

.(int 
L rv:t -;;;­

=- il'lu, )i dL XJi ilL 

-, ( nN ). 
-lfL l 

~" "' f f, XNi L 

. c ""* A7 
- tl"'d, l; u, Xc; dL 

. N "'* ;;.;--
-,(\ >; fR ,tNi-fR 

I 22) 

+ h.c 
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with 

c e q" ). = -- (UL!,. 
L L sin Bw t 

(23al 

c = _e_cu"'; ( 'ld )i sin 8, R n L w 
(23bl 

N [ T 3f - Qf sin
2 e., J 

( 'l f )i = {2e Qf(UN)H + . (UN):i ' 
L smBw Cos ew 

( 24al 

N = f2 e Qf ( (U~J, 1 -tan Bw ( u: )2 i j . qf ). 
R L 

( 24bl 

In the above, u and d denote the up-type fermions (Ve,u; ~· c; 
etc.) and the down-type fermions (e,d;p,s;etc.), respectively, 

while f refers to both u and d. The scalar partners are 

correspondingly denoted by U, d and f. Summation over lepton and 

quark flavors is implied in eq.(22) and is obvious. Furthermore, 

the subscripts L and R mark the left- and right-handed fermion 

components fL,R = (l/2)(/~r5 Jf and their superpartners fL,R' 
whereas the labels c and N distinguish chargino and neutralino 
quantities. The field Xc is the charge conjugate of X. Finally, 

the effective couplings given in eqs.(23) and (24) involve the 

electromagnetic coupling constant e, the electromagnetic charges 

Qf (with the convention Qe = -1), the third components of the 

weak isospin T3f and elements of the diagonalization matrices UL' 

UR and UN defined in eqs.(10-13). 

More specifically, (UL)li and (UR)li in eq.(23) 
characterize the wino admixture in the chargino eigenstates 

XCi; i=1,2, while (UN)li and (UN) 2i in eq.(24) describe the 
photino and zino components in the neutralino eigenstates XNi; 

i=1,2,3,4, respectively. Since higgsino Yukawa couplings are 

neglected, the elements (ULJ 2i' (URJ 21 and (UN)Ji' (UNl 41 
associated with the higgsino admixtures do not enter eqs.(23) and 

(24). Further simplifications arise from assumption (lSa) which 

implies UR=U~ and (UN) 14=0 for 1=1,2,3 reflecting the fact that 

12 

X N
4 

is a pure higgsino. For reasons pointed out in the 

introduction we disregard in eq. (22) the possibility of mixing 

among the scalar partners f 1 and fR of the left- and right-handed 

helicity components of a fermion field f. Also flavor mixing ts 

suppressed in eq.(22) since it is irrelevant for suitably defined 

total cross-sections because of unitarity if the scalar quarks 

are mass degenerate. such a degeneracy is approximately expected 

in supergravity models [2,5] and shall be assumed throughout this 

paper. Scalar top may be an exceptional case which, however, 

would not influence our numerical analysis of eq -tiCix 
significantly. 

With the effective lagrangian (22) it is rather 

straightforward to compute the differential cross-sections for eq~ 
lq according to the diagrams sketched in Fig.l. For an incident 

electron and quark with the same helicity a = L or R, one obtains 

[ 3 J 

dCJ" - "'"' df <e, q, ---->1,9,! 
2 

=-'-, iz'7;:>;'7y,J, m.l 
/67C s i t - m; t 

= drr"< e·1--'~ (if J/ dt, 

whereas for an incident electron and quark with opposite 

helicities a= L, b = R or vice versa, one finds (3] 

d~ <e;q6 ->~q,!= /67[s' dt 
12: i7e:\ i7,,!; 

1
2 

t t - m~ 
' 

"'"' 2 -' 2 A l x [- t s - (m, - t ) !m-- t ! 
i ' 

d ab - , /J ~ = rr !e-9 -->If!/. t 

The scattering variables are defined as usual by 

A 2 
S =!pe+ ?

9
!, 

A 2 

t = c Pe- PrJ , 
2 

u=CP,-Pr) 

< 25 I 

I 26 I 

( 27 I 
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with S+t+U = mf + m~, m1 and mg being the appropriate slepton and 

squark masses and p denoting particle four-momenta. In the case 

of the chargino exchange process e-u--tVd (fig.la), one 

substitutes the chargino masses me. for m. and the effective 
c 1 1 

couplings Ple~,uL )i from eq.(23) for ( 'lea_•'t'.b)i in eq.(26) and 

uses the fact that (~~).EO, Similarly, in the case of the 
• R l. - ..,-..., . . 

neutral1.no exchange processes e q-+e q ( Fl.g .lb) the appropr1.ate 

substitutions are m.=mN. and (rzf f).= {7N1 1 
). where eq.(24) 

1. 1. ~·Rl ~,R1 

is to be used. Furthermore, the polarized differential cross-

sections for the processes 

e~ qb - r • 'ib· 
e• fa: 'h 

1281 

4 9b _,. 

e• • 'fb - fa: ifb, 

can be obtained form dcrab(e-q~lqJ/dt given in eqs.(25) and (26) 

by the following replacements: 

• ''l" ). ----> i'lf ). 
T1. l R t 

* ( 'l fR )i ----> ('If, I[ 

tf f, -->f.. 
I 29 I 

if fR-t fo 

For clarity, we note that in our notation f:R and fL are the 

scalar partners of the left- and right-handed antifermions IL and 

~· respectively, so that the subscripts a and a' (and, 

similarly, b and b') specifying the processes (28) are just 

opposite to each other. 

The integrated cross-section for the production of a 

particular slepton-squark pair in unpolarized ep collisions at 

the c.m. energy ~ is obtained from the above polarized differen­

tial cross-sections as follows: 

o-•b(e p -->rr x J 
I tmi)) 

= jax Jdtf 
:X:min tma~ 

with the integration boundaries 

ab ~1 -) • 
d!J' ceq-> r ?IX, Q > 

dl (301 

14 

x,," = imr + m1 l I s 

t »rin 

"''' 
I ( , ' ~- ~ i-2 2 2. ) 

= -- sx - m_ - m .... + ( sx- m-- m ..... ) - tr- m7 m, 
2 t 'I l 'l l . 

I 311 

I 3 2 I 

The factor 1/4 in eq.(30) arises from averaging over the incident 

lepton and quark polarizations. Furthermore, the function q(x,Q 2 ) 

denotes the appropriate quark density (or antiquark density in 

the case of eq~lq) of the proton, x being the fraction of the 

proton momentum carried by the (anti)quark and Q2 being the QCD 

evolution scale for which we take 

Q.' - t . I 3 3 I 
= 

Finally, the various production channels are indicated by a,b £ 

{L,R} according to the notation used in eqs.(25), I 26 I and (28) . 

4. Numerical Results. 

Having at hand suitable examples of chargino and 

neutralino spectra as well as the necessary analytical 

expressions of cross-sections, we are now ready for numerical 

investigations. Thereby, we shall concentrate on the maximum ep 

center-of-mass energy provided by HERA [6], that is 15=314 GeV, 

but for completeness we shall also make a brief excursion to 

higher energies. For the chargino and neutralino spectra we 

exclusively use solutions for mN 1~100 GeV derived with the 

constraints (15) as explained in Chapter 2 and summarized in 

Table 1. As far as the scalar masses are concerned, we shall 

study two cases. In the first case, slepton and squark masses are 

considered as basically free parameters in the sense that no 

theoretical mass relations are used. In the second case, we 

employ the renormalization group relations [5] for sparticle 

masses provided by the minimal supergravity model. Furthermore, 

for the quark densities we take set I of ref.[7] with the evolu­

tion scale (33). We have checked that the results do not change 

significantly, if the scale Q
2=-1/2(t. . +t ) with t,..,,·

11 
from 

mln max 111,.,.. 

eq.(32) is used as in refs.[3] and [4]. Finally, for the 

electroweak parameters we substitute the numerical values 
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oi=e2/4'lt=l/137, sin26w=0.23 and mz=nw/cos€1w=93 Gev. 

4.1. Production cross-sections for unconstrained scalar masses. 

Taking the attitude that slepton and squark masses are 

unknown parameters to be determined by experiment, we are free to 

make the choice 

nt;:; :::. m~L ==: meR ""m[ 
I 34 I 

m- = m- = m,_ = my = m,. 
u.L uR qL f.l.R 7 

where U and d stand for all up- and down-type squark flavors, 

respectively. This simplification suffices for illustrative 

purposes. Furthermore, we define unpolarized total cross-sections 

<rCep-> l9X J =I: I: 
tt~L,R h~L,R 

.. -
L: <r <ep->li[XJ 
q 

I 3 5 I 

by summing the cross-sections for Iq production given in eq.(30) 

with respect to the quark flavors present in the proton and the 

L- and R-sfermion species. Explicit calculation reveals that the 

cross-sections depend, to a very good approximation, only on the 

sum my+mq of slepton and squark masses. This is expected from 

eq.(31) and the fact that the dominant contributions to the 

integral over x in eq.(30) come from the region x ~ xmin' Only if 

my<<mq or mq<<my deviations from this simple behaviour are 

observed. Therefore, one may conveniently take 

I 3 6 I 
mr=>nr 

in numerical calculations without loosing much of generality. 

More precisely, the cross-sections for m!+mq are the same as the 

ones for equal masses as long as mr+mq takes the same value and 

mi and mq are not too different. 

Fig.2 shows predictions on the total cross-sections 

(35) versus mr+mq for HERA. Plotted are the results for four 

chargino/neutralino spectra selected from the solutions of Table 

1 with ~1~100 GeV including those which lead to maximum and 
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minimum cross-sections. Whereas for e+p collisions the relative 

magnitude of the cross-sections (a)-(d) follo~1s the pattern one 

would naively expect from the masses of the wino-dominated 

chargino and the photino-dominated neutralino states of the 

spectra (a)-(dl, the relative magnitude of the e p cross sections 

is less easy to explain due to a rather subtle interplay of 

valence and sea quark contributions. We note that the current 

lower limits on sparticle masses (8], to wit 

{ 
20 Ge V for "'r "'20 GeV 

me z 
60 GeV for m1 ~ o 

I 3 7 I 

"'<r .(_ 6 o Ire V 

"'cv ;: zo fie V 

still allow cross-sections at HERA as large as 10 pb. Here, the 

and W bounds should be applied to XN 1 and XC 1 ' respectivley, 

except in the case (b) where iN1 is essentially a higgsino and 

i :::::XN2. 

Another important question concerns the minimum 

production rates which are required for detection. The answer to 

this question depends first and foremost on the dominant decay 

modes of sleptons and squarks. Rather clear signatures are 

provided by the two-body decays e'-)e+LSP and q4q+LSP where LSP 

denotes the lightest supersymmetric particle which in the usual 

models is assumed to be stable. Since the LSP is invisible, the 

above decays give rise to large energy-momentum imbalances and 

thus allow a very efficient separation of SUSY events from the 

ordinary deep-inelastic scattering background due to ep--?oeqX. 

This has been convincingly demonstrated in ref.[9] for the case 

ep__,.eqx; [i-)e(, Ci-+q~ where the LSP is identified with the 

(massless) photino. It was concluded that the standard NC 

background can be eliminated by suitable cuts without loosing 

more than about 20% of the signal. In that case, a .rate of ten 

such events per year should be sufficient for detection. This 

implies a minimum cross-section of 0.1 pb for the luminosity 

to 31cm- 2s-l designed for HERA, provided Ef-=,.e~ and q_,.q;. are the 

r 
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dominant decay modes. Although this situation is not unlikely, it 

is by no means guaranteed. Many other and more complicated decays 

may occur. For example, the LSP may be a higgsino or a sneutrino 

in which case one would expect e and q to decay through some 

cascades. Moreover, the gluino may be sufficiently light so that 

squarks decay dominantly through q-)'qg followed by 9--'l'q(i+LSP. 

Therefore, one should reckon with the possibility that a clear 

signal may only be obtained for cross-sections somewhat larger 

than 0.1 pb. This particularly applies to the chargino exchange 

process ep..-+Vqx with ~-H'+LSP since both ii decay products are 

invisible. Some further discussion of such more complicated cases 

can be found in ref.[9]. 

From the above remarks it is clear that one cannot just 

straightforwardly deduce detection limits from the theoretical 

cross-sections presented in Fig.2. One would rather need detailed 

Monte Carlo studies of the dominant decay processes for a given 

sparticle spectrum in order to draw definite conclusions. 

Nevertheless, it may be useful to at least indicate the reach of 

HERA by quoting the range of slepton and squark masses for which 

the larger one of the two cross-sections O"(eip_,.e;qX)LO.l pb. The 

so-defined detection limits are 

me+· mit ~ { 
I 8 o Ge V 

I 6 0 Ge V 

(a.>, (C), (d) 

I b) 
I 38 I 

where (a) - (d) refer to the chargino and neutralino models 

considered in Fig.2. In fact, in the cases (a) and (c) the 

lightest neutralino %Nl being a candidate for the LSP is 

essentially a photino. Hence, if mg>mq one is in the favorable 

situation analyzed in ref.(9] which confirms the limit (38). On 

the other hand, in scenario (b) the lightest neutralino is 

approximately a higgsino while in scenario (d) the lightest 

neutralino fN
1
:::.i is so heavy that either e 4ei or (! _,.qr is 

forbidden for me+mq~200 Gev. Thus, in these two cases the limit 

(38) may be somewhat too optimistic. 
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4.2 Production cross-sections in the minimal supergravity model 

In the framework of the minimal supergravity model, the 

SU(3)c x SU(2)L x U(l) gaugino mass parameters M3 , M2 and M1 are 

related to a single mass parameter m112 by renormalization group 

equations [2,5] such as eq.(16). Assuming 

M3 = M2 = M1 = m,/ 2 1391 

at the grand unification scale Mx=2.4xto16 GeV and using g~/4~ ~ 
1/24, ~<mwl~l/128 and as<mw>~O.l2 one obtains 

Ms ~ 2.9 m,/2 
and r-1 2 ~ 2H1 :::::: o. 82 m,/2 I 40 I 

at energy scales of o<mw> . M2 and 

neutralino mass matrices given in 

the effective gluino mass. 

M1 enter the chargino and 

eqs.(7) and (8) and M3=mg is 

The model also provides renormalization group relations 

for scalar masses (5]. For equal Higgs vacuum expectation values 

v1=v2 as assumed in (15a), these relations read 

2 2 m' 2 2 

m;; = m- "' + 0,23 1'1, + 0,73 M2 e, 0 

2 2 ' m.- "' ,..,0 + o. 9 I M, 
R 

2 ' 2 2. 2 2 
m- = md: "' m 0 + o.o2s M, + 0.13 M2 + 0.19 M

3 u, L 

2 2 2 2 I 41 I m,... ~ mo + o. 'I M, + o. 7 ~ M3 UR 

2 2 2 2 
mJ; "" mo + 0.1 M, + o. 7 9 M3 

R 

where the scalar mass parameter m0 defined at MX is the gravitino 

mass and M1 , M2 and M3 are as given in eq.(40). Contributions 

from Yukawa couplings to eq.(41) are neglected. These effects 

mainly shift the mass of the scalar top quark t away from m~ and 
u 
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induce small mixing between sfermions with the same charge. 

Combining eqs.(40) and (41) one arrives at the approximate 

slepton and squark mass relations (2] 

2 2 s l l l '-mr ~ mo + o. mv2 m~ ~ rn0 + o.IS m 1/z 

' > ' l l 
mit "'- mr. "" mo + 7 m,/2 

' I? 

To proceed, we choose values for the lightest 

I 42 I 

neutralino and chargino masses mNl and mel' diagonalize the mass 

matrices eqs.(7) and (8) under the assumptions (15) and determine 

the remaining neutralino and chargino masses, the eigenstates and 

the parameters M2 and~ as explained in Chapter 2. From M2 and 

eq.(40) we get m112 which is then substituted in eq. (42). 

Finally, using eq.(42) we compute the cross-sections defined in 

eq.(35) as a function of m0 • Numerical results are depicted in 

Fig. 3 for four choices {a) - (d) of mNl and mCl which are 

specified in the figure caption together with the corresponding 

values of m112 and p. From current SUSY searches one has deduced 

various limits (10] on the parameters m112 and m
0 

such as 

m0 .(:, 55 GeV for m112 ~20 GeV (a and b) 

I 43 I 

mO .(:. 15 GeV for m112 ~40 GeV (c and d). 

These bounds are taken into account in Fig.3. 

on~ sees that the maximum cross-sections compatible 

with the existing constraints on the present model are of the 

order of 1 pb. On the other hand, as argued in section 4.1 

detection of slepton-squark production at HERA [9] should be 

possible for cross-sections as small as about 0.1 pb. Thus, using 

the same criterion as in eq.(38) in order to estimate detection 

limits from Fig.3 and eq.(42) one finds 

mr ~ 80 GeV, mq $ 100 GeV for (a) and (b), 
I 44 I 

ffi] ~ 60 GeV, mq ~ 120 GeV for (c) and (d). 
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These values are consistent with the result (38) obtained for the 

previous model which is slightly more general. In addition, the 

gluino masses associated with the scalar masses (44) are fixed in 

the present model by eq.(40) yielding 

mg ~ 60 GeV for (a} and (b), 

1451 

mg:::::: mq for (c) and (d). 

Hence, in the cases (a) and (b) of Fig.3 squarks with masses 

mq~lOO GeV decay via q~qg and 9-+qCl+LSP producing a missing 

momentum signal which is less striking than the one from the 

direct decay q ~q+LSP. As a consequence, we expect the detection 

limit for (a) and (b) to be somewhat lower than the one quoted in 

eq. I 44). 

The prospects of testing the minimal supergravity model 

at HERA are summarized in fig.4. This figure shows the contours 

in the (m112 , m0 )-plane for w~ich the cross-sections defined by 

eq.(35) take the value ~(eq~lqx)=O.l pb. Here, the higgsino mass 

parameter~ is restricted to the range 1~1~100 GeV. However, as 

expected and quantified in Fig.4, the value of~ does not have a 

decisive influence on the size of the cross-section. For 

comparison, we also indicate the current limits [10] 

m~ ~er::ed from th~ non-observation of the processes 

e e -ttr~ and of g production at the CERN collider. 

on m
112 

and 
+ - ...... + ..... -

e e --)'e e , 

It becomes 

quite evident from our analysis that the minimal supergravity 

model can be tested at HERA only in a relatively small region of 

the parameter space beyond the present bounds. 

4.3 Unpolarized asymmetries 

If a sufficiently strong signal of slepton-squark 

production is found, there are several ways to extract informati­

on on the exchanged chargino and neutralino states. As obvious 

from Figs. 2 and 3 some insight could be gained directly from the 

size of the production cross-sections. However, since the latter 

are steep functions of the s1epton and squark masses, 
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such an attempt would require a sufficiently precise mass deter­
mination in addition to the knowledge of the branching ratios of 
the observed decay modes. 

Another possibility, which does not need beam 
polarization, is investigated in Fig.5. These plots show the 
asymmetries 

AN = 
a-( e'p---+ e·'i( X) <T ( e • p -> e• q X ! 

a-re-p-">e-'f x J + <T ( e' p --> e• 'if X ) 
and 

A ~ <r ( e-p-> v 'if' X J - cr ( e' p-> if q X J 

c <r c e· p ---+ 'iH( X ) + a- ( e• P ->IJ '{X ) 

I 46 l 

I 47 l 

in the total slepton-squark production in e p versus e+p 
collisions as specified in eq.(35). From this demonstration in 
which all neutralino and chargino spectra of Table 1 with 
mN1 ~50 GeV are considered we learn that the above charge 
asymmetries are very sensitive to neutralino and chargino 
properties, while they depend only relatively weakly on the 
slepton and squark masses in the interesting range mN1+mN>100GeV. qN 
Both facts make these observables particularly useful for testing 
the neutralino and chargino sector at HERA in case a lq signal is 
observed. Moreover, tests based on ratios such as eqs.(46) and 
(47) profit by cancellations of uncertainties in the experimental 
cross-section determinations arising from systematic errors and a 
priori unknown 1 and q branching fractions. It is clear from 
Fig.S that even a rough measurement of AN and Ac would sort out a 
particular class of neutralino and chargino solutions and thus 
provide valuable information on gaugino-higgsino mixing, that is 
on SUSY and electroweak symmetry brea~ing. 

Finally, we want to mention the existence of various 
asymmetries in rq production with longitudinally polarized e± 
beams [4,11]. Measurements of polarization asymmetries, which may 
indeed become possible at HERA (6J, would shed light on further 
details of the neutralino/chargino sector and on the mass 
difference between eL and eR. 
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4.4 Slepton-sguark production at higher energies 

We conclude our numerical studies with a brief outlook 
for slepton and squark production at energies beyond the HERA 
c.m. energy range (12]. Fig.6 exemplies the rise of the 
production cross-sections with the ep collision energy. The 
Parameters of these examples are chosen in accordance with the 
specifications of section 4.1, but in such a way that they are 

also roughly consistent with the mass relations (40) and (42) of 
the minimal supergravity model considered in 4.2. The appropriate 
values of m112 and m0 to be substituted in these relations are 

(a) m112 ~ 40 GeV, m0 ~ 40 GeV, 

(b) m112 ~ 100 GeV, m0 ~ 70 GeV, 

(c) m112 ~ 230 GeV, m
0 
~ 100 GeV. 

I 48) 

For definiteness, we shall concentrate on the c.m. 
energy 15~1.3 TeV which would be provided by collisions of 50 
GeV electrons from LEP with 8.5 TeV protons from LHC, the pp 
collider project in the LEP tunnel. For this ep option we assume 
the luminosity L =to 32 cm- 2s-l as suggested by detailed machine 
studies (13]. It is then reasonable to take l0- 2pb as the 
smallest cross-section for which a signal can be detected. In 
that case, one would be able to reach sparticle masses up to 

m 1 + mi( "" ?oo GeV 

as indicated by Fig.6. 

5. Concluding Remarks. 

I 49 l 

In ep collisions, the occurrence of processes such as 
eq-+lq, ey-?lX, rq-?gq and t"g-'1-C{¥ would be a clear manifestation 
of supersymmetry. Additional, but less direct evidence would be 
provided by effects of squarks and gluinos on the running of the 
strong coupling constant ~s(Q2 l, and by changes to the 
deep-inelastic structure functions due to the evolution of a q 
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and 9 sea inside the proton. However, in view of the current 

limits on sparticle masses some of these possibilities appear to 

be beyond or already quite close to the limit of observability 

[14]. It is the associated production of sleptons and squarks 

which will probably play the most important role in SUSY searches 

at future ep col-liders. 

c.m. 

In agreement with other studies we find that at the 

energy Y8=314 GeV and with the luminosity L =to 31cm-zs-l 

provided by HERA one may be able to reach slepton and squark 

masses up to my+mq~180 GeV. 

ep collisions at iS=1.3 TeV 

our estimates further indicate that 

should give access to scalar masses 

in the range ml+mq~700 GeV provided the luminosity is increased 

to L =10 32cm- 2s- 1 . In order to give more precise discovery limits 

one must pay attention to the considerable model-dependence of 

the cross sections for ep~Iqx and carefully investigate the 

decay signatures of r and q. on the theory side, the main 

uncertainties arise from the unknown masses and mixing angles of 

the neutralino and chargino states and from the gluino mass. We 

have clarified the problem concerning the production cross­

sections in the minimal supersymmetric extension of the standard 

model with and without supergravity mass relations. The numerical 

examples shown give a fairly detailed account of slepton-squark 

production for the experimentally relevant range of parameters. 

Finally, it is interesting to compare the discovery 

potential of. HERA with the prospects for detecting selectrons at 

LEP and squarks at the Tevatron, although such a comparison 

should be made with caution. Similarly as present-day e+e­

machines, LEP will allow to test the existence of selectrons with 

masses almost as large as the beam energy that is mg ~40 GeV at 

LEP I {1SJ and me:::::90 GeV at LEP II [16]. Stronger limits are 

possible, but more model-dependent. Squarks, on the other hand, 

are expected [17] to be detectable at the Tevatron PP collider up 

to masses mg~ 120-200 GeV. There will thus be a considerable 

overlap of SUSY searches at these machines and at HERA which is 

useful to establish a clear signal or to put new stringent bounds 

on sparticle masses. Not to forget, these searches are also 
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complementary in the sense that they test different fundamental 

couplings among ordinary and supersymmetric particles. 

Note added: A first brief account of our work was given in 

ref. [14]. While this paper was written up, we received a preprint 

by A. Bartl. et al. [18], in which the production and decay of 

selectrons and squarks in ep collisions is studied for three 

cases of gaugino-higgsino mixing with v1=0.9 v2 . 
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TABLE CAPTION 

Table 1 

Masses and eigenstates of neutralinos and charginos and the 
corresponding values of the SUSY breaking parameters M2 and ~. 

The mass values mNl and the constraints eq.(lS) are used as input 

in the diagonalization of the mass matrices Me and MN given in 

eqs,(7l and (8). The neutralino eigenstates XNi' i=1, .. ,4 are 

characterized by the vectors (UNli' uN 2i, UNJi' uN 4i) where the 
elements UN .. , j=l, .. 4 of the diagonalization matrix in eq.(ll) 
describe th~lf,Z,H and H• admixture, respectively. The vanishing 

components uN4i, i=1,2,3 and the unmixed state XN 4 which has the 
mass mN 4 =I~ I are not shown. Similarly, the chargino eigenstates 

XCi' i=1,2 are given by the vectors (ULli' u12il where the 
elements u1 .. = U~ .. , j=1,2 of the diagonalization matrices in 

Jl Jl -~ ~. 
eq.(lO) refer to thew~ and H- components, respectively. The 

state ~C2 not shown can be obtained from XCl as follows: 

UL12 = -if UL2l[ULlll /ULll and 
UL22 = -i£]u111 1 with 6 =1 for M2+p_ >0 and €=i for M2+}l <0. 
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Table 1 

m 
C2 

222 
133 
83 

441 
139 
424 
113 
109 
92 

134 
253 
126 

6103 
·123 

209 
320 
208 

3316 
207 

404 
484 
404 

2138 
404 

804 
852 
804 

1875 
804 

1607 
1633 
1607 
2300 
1607 

SUSY breaking 

" 2 

0.0 
0.0 
0.0 

423. 7 
32.1 
35 .. 5 
32.5 
33.3 
33.0 

84.1 
196.1 
85.9 

101.1 
86.9 

185.2 
258.5 
187.8 
202.1 
189.7 

392.3 
434.7 
394.1 
403.8 
395.4 

798.6 
822.1 
799.5 
806.2 
800.2 

192.0 
-83.2 
-3.2 

46.9 
77.3 

-410.0 
30.7 

-62.7 
-21.0 

-0 4 
137 4 
-39 9 

6102 0 
-64 4 

-76 6 
211 .4 

-130 3 
3314.1 
-182.9 

-188.8 
349.4 

-290.4 
2133.9 
-391.6 

-394.4 
630.0 

-595.2 
1869.2 
-795.8 

1604.5 -797.2 
1616.8 1216.0 
1605.0 -1197.6 
1609.7 2289.9 
1605.3 -1597.9 
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Fig.5 
AsYmmetries of (a) ~q and (b) Vq production in efp collisions at 
/S=~n4 GeV versus m1+mq for equal scalar masses and all mixing 
scenar-ios of --Table 1 with mN1_slOO GeV. The numbers in the 
brackets give the values of mNl and mel in GeV with( ... ) and 
( ••. )' referring to the first and second solution, respectively. 

Fig.6 

Slepton-squark production cross-sections versus the ep c.m. 
energy IS for the following mixing scenarios (see Table 1) and 
scalar masses (in GeV): 

{a) '"Nl = 20, mel = 50 (M
2

<> 331 ~ /Z 3l),rny= SO, mq = 100 

{b) '"Nl = 50, mel = 100 CM2 ~ 87, )1!:::!. -64), my= 100, rnq = 250 
{c) rnNl = 100, mel= 200 {M2 "190,f'"'-183), rnl = 150, mq = 600. 
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