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ABSTRACT

We consider gaugino-higgsine mixing in the minimal supersymmetric
extension of the standard model and determine the mass
eigenstates and eigenvalues taking the physical masses of the
lightest chargineo 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
chargine 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.

*
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1. Introduction

The assocliated production of a scalar lepton (& or V)
and a scalar guark (J} 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 inte sleptons and squarks proceed by t-channel
exchahge 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(B)c X
SU(Z)L x U{1} theory [1], which contains twc Higgs doublets, the
charged-current-type processes eg—V& are mediated by wino W* and
charged higgsine ﬁI and ﬁ; exchange, while the
neutral-current-type processes eq—&d involve the neutral SU(2)L
and U(1) gauginos W° and B and the neutral higgsino fields ﬁf and
H;.

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—+0 in the case of ep—14X, we only have
to deal with gaugino couplings later on. Masses can be generated
as usual through spontaneous SU(2)L x U(l) breaking. However, in
order tc agree with observations supersymmetry must alsc be
broken. In view of the missing experimental evidence for
supersymmetry it is not surprising that the SUSY breaking
mechanism is unclear. A possible dyramical 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(Z)L x U{l) breaking which can also be induced
dynamically in such schemes, these terms generate the mass
spectrum ¢f 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 predictiocns
of SUSY processes somewhat uncertain.
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The mixing of the scalar partners EL and Eﬁ of the
left- and right-handed fermicns fL’R={1/2)(1$x§)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->
TEX, EL—ER 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

(1 1,2) being mixtures of W (w+) and ﬁ'(ﬁ*) are called

charglnos, while the neutral mass eigenstates ZN {i=1,2,3,4)
being mixtures of B,w3,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—aiéx, and toc
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 f31]
calculated cross-sections for ep+Iax considering wino (ﬁi), zino
{5) and photino {¥) exchange in the absence of gaugino-higgsinc
mixing. The above gauginos are the superpartners of the W and 2
bosons and the photon, respectively, as it is evident from their

definition
st L ot ow 2
wo o= oy (w' T iw")
Z = cosé, Wi sin 8, B (1)
¥ = sin g, W? + cosg, B

in terms cf the SU(Z)L gaugine fields Wi(i=l,2,3) and the U{1}
gauginoc § with 9w 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 Mgy =M, Wy ~ M,
and me~0 assumed 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

4.

production cross-secticns for epe&ﬁx to mixing and demonstrated
this point for a few specilal cases. Our aim is a more
comprehensive study which improves, extends and corrects the

earlier analyses in several resgpects:

(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 neutraline and chargino eigenstates as input in the
diagonalization problem and determine the gaugino/higgsino
composition of the eigenstates and the remalning masses from
these directly cbservable parameters. The phenomenclogical

advantages of such a procedure are quite obvious.

{2} We investigate the total ep~9I§X cross—secticons for many
interesting chargino and neutralino solutions and clarify the
dependence of the cross-sections on slepton and sguark 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 mess relations (5] of the minimal
supergravity model.

(3) We indicate the regiog of the parameter space of the
supergravity model which can be prcbed at HERA in comparisen to
the already existing experimental bounds.

{4) Charge asymmetries derived from the cross-sections for efp—
18X are also investigated. These asymmetries provide particularly
sensitive tests of the chargine 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%. However, 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/higgsine mixing and the determination of charginc and
neutralino eigenstates and masses. In Chapter 3 we summarize
analytical formulas which are useful for cross-section
calculations. Qur numerical results are presented and discussed
in Chapter 4. Chapter 5, finally, contains some concluding
remarks.

2. Gaugino-Higgsino Mixing

In the minimal supersymmetric SU(2)L X U(l) model
[1,2], two SU(2} Higgs doublets H,=(H], H]) and H,=(H}, HJ)
exist with opposite U{1l) hypercharge. The neutral Higgs fields
Hf 2 acquire non-vanishing vacuum expectation values v1 2 which
break SU(Z)L X U(l) to U(l) . The higgsino superpartners i _(Hl'
Hl) and H w(H H ) of the nggs—doublets mix with the
SU(Z)L b4 U(l) gauglnos Wl(i=1,2,3) 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

N - N Hr

¥, = =) Yoo = 5 (2}
and the Majorana spinors

¥ ~ z L . A’

Ykr= 7 ’ Yhz= Z ] Ys = o N L (3)

as the basis of the gaugine-higgsino system, where W™, % and ¥
are defined in eq.(1} and

~ 0 ) ~ g
cos 6, H, — sin8, H, ,
(AR v a2

sin 8, F:J,o + ces g, A, ' (4

T Iz

with

tan 8, = v, /v, . (5)

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

Here PL . (1/2)(l+ag) are the chlral progectlon operators and

the non- dlagonal mass matrices M 15 and M y read

e = My ifanWCOS&,)
Efi‘ﬂ1w sinq, — (1
and
Mnl Mri 0 0
MY Mo My, i, 0 )
¢ im,  -usin2f,  ycos2P,
0 ¢ M cos28, sin28,
with
M, = cos*g, M, + sin®g, M,
N 2
Myp = sin 6, M, + cos*6, M, (93

Mo= (M, - M, )sin8,, cos6,,
The generally complex mass parameters Ml' Mz and ( in the above
are soft SUSY hreaking parameters associlated with the U{l) and
SU(Z)L gauginos and with the higgsinos, respectively, while M,
and m, denote the physical W and 2 boson masses.

The mass matrices (7) and (8) can be diagonalized by

unitary matrices UL‘ UR and UN'
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( Ug M U, JLJ = Mgy SIJ' ) (1o}
T

( UN MN UN)I'.J' = mNt_ X‘J , (11}

with the (pOSltlve) eigenvalues My and mN being the masses of
the chargino (lbi' i=1,2} and neutralino (z' i i=1,2,3,4) mass
eigenstates. These states are obtained from the basis defined in
egs.(2) and (3) by the transformations

~ P ~ 1 ~

PLxc=UIPL’1”c , PoXe = Ug Pp Yo o (12)
o~ i ~t ~ .

FuXy= Uy P %, PXy= Uy P ¥ . (13)

The mass lagrangian (6) then takes the simple form

= I = o~
"Z:m = =M, Xey Koo — 7 Mg Ani K (14)

In order to determine the physical chargino and
neutralino states and their masses one must know MM, M,, M and
8, , in other words, the model must be further specified. As
reasonable assumptions, we shall adopt the following three
constraints:

(a) cos26,

) 2 L2
(b} 3M, cos g, = §5M,sin" 0, (15)
() M,, My and u reafl,

Assumption {a) is suggested by a renormalization group analysis
of a class of supergravity models {2,5] for a top guark mass m, =
50 GeV. Small deviations of cos2f, 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=m1/2 at a grand unification scale MX down
to energies of 0{1Tev). In that case,

—é;—mw = _E;—{Mz = ‘;3? M, (16)
where Iy is the unified gauge coupling at MX and g and g' are the
usual effective SU(2) and U(1) gauge couplings, respectively,
with g'/g = tan9 Flnally, assumption (c} 1is enployed merely for
reasons of 51mp1101ty Adding the specifications {15) to the

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

and M.

Tnstead of choosing certain values for M2 and p.and
deriving the corresponding chargino and neutralinc 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 (15a) in the neutral mass matrix
MN, eg.{8), one immediately sees that the higgsinc ? defined in
egs. (3) and (4) does not mix with the other neutral flelds ?Nl
i=1,2,3. Hence, acccrding to egs.{11) and (13}, the fourth
neutralino eigenstate X' remains a pure higgsino, 2N4=¢%4’ with
mass my yJL while the other elgenstates XN ; 1i=1,2,3 and their

masses m are found by diagonalizing the approprlate Ix3

Ni
submatrix of eq.(8). Ordering xNi; i=1,2,3 and Xci; i=1,2 such
that legmNngN3

and Meq and solve the eigenvalue equations.

and Mg SMayr W8 choose suitable values for My

In Table 1 we list solutions for a range of values of
Mgy and My which is of particular interest from the point of
view of future searches for electroweak SUSY signals, that is the
mass range up te 0(1TeV), Also quoted in Table 1 are the values
cf M2

solution. The following features are noteworthy:

[with the convention M220) and ;tassociated with a given

{i) For a fixed value of My solutions exist for My
; : I ] e
approximately in the range lenglg 4mN1 + my -

{1i) For 0=my<me~,

as well as in the other neutralino and chargino masses and in the
composition of the mass elgenstates. On the other hand, fer

there are two solutions which differ in M, ang M
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My =My cnly one solution yields finite mass values for all

states, while for le=0, Mg §Ty, one has unigque solutions.

{iii} The lightest state (le by definition) of the neutralinos
i&i; i=1,2,3 tends to be dominantly a photino or it normally
contains at least a large phetine component.

{iv) The approximate photino iNi is in most cases also lighter
than the pure higgsino XNQ, i.e. mN1<mN4, except in the
degenerate case My =Maq where mN4<le.

(v) The mixing of zino and higgsineo components in iNZ and %ﬁB is
similar to the mixing of wino and higgsino components in ch and
EEZ’ respectively. This similarity is also reflected in the mass
pattern msz Maq and msz Mg

One can easily understand these properties by
considering the limit sinzew—+0. In this limit, the photino ?kl
does not get mixed with the other neutral fields, i.e. £N1= N1t
and the mass matrix of ?;2 and ?%3 becomes identical to the
chargino mass matrix as can be seen from egs.{(7) and (8). Hence,

the neutralino masses assume the values

— = 7
Myr =My, My, = Moy, Py =Mea, My, =11, (17)

while the chargino masses are given by

! 2 3
Moy en = | Myt it 2y (M=) 4T, (18)

with the convention mc15mc2' Furthermore, we note the approximate
numerical relation

| .
W 7M. (12

M, =—§—tan29 M, =~

At small values of m the maés spectrum (17) is considerably

N1*
distorted due to effects of the non-vanishing Weinberg angle

10

sin26w=G.23. However, already for leleOGeV eq.(17) becomes a
very good approximaticn. Similarly, one expects the neutralino
and chargino eigenstates to approach the limits

NI w
e H oor w' = sin,, ¥ + cos6, L,
5 ~3 a1 wg mg (20)
Xyy 7 W7 or H"'V—T(H,—Hz),
> ™7 f ~e o
(Xw = H ==CH +H) ),
and
P o F 7
ey Hig or WO (21)
,— Wi or HI, o

respectively. This is obviously the case for the numerical
golutions given in Table 1.

3. Calculation of Cross-Sections.

Cur next task is to derive cross-secticon formulas for
slepton-squark production in ep collisions which take intec
account gaugine-higgsino mixing. To recapitulate, the couplings
of the SU(Z)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-+i§, the elementary
processes we are dealing with. Then, writing the
gaugino-fermion-sfermion lagranglian (1] of the effective theocry
in terms of the chargino and neutralinc mass eigenstates defined
in eqgs.(12) and (13), cne gets

I N T N
°‘5mf~ ‘f(?uL )i d.’. ch' t, "1(74)1 Yy ci"‘{e_
{22}
. N K N N o, YRR
L(?Z{L ); 'F,_ XNi 'fL L('ff )i o ZNL -{R + h¢
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with
c &
U .,
(rl“:.) sin 6, (U )y {23a)
¢ _e
= 23b
(Tﬂ sin 8, (UR ! (23b)
N Q, sin 8
.= ______i_ﬁ__ﬁ
S Ze (@ (U + sinB, 50, (Uyh; ), (2@
*
cqf“; ), =vze iUy, —ten b, (UY)a; ], (24b)

In the above, u and 4 dencte the up-type fermions {ve,u;yp, <5
etc.) and the down-type fermions (e,d;}hs;etc.), respectively,
while £ refers to both u and 4. The scalar partners are
correspondingly dencted by U, d and £. Summation over lepton and
quark flavers is implied in eq.{22) and is obvious. Furthermore,
the subscripts L and R mark the left- and right-handed fermion
components fL,R = (1/2)(J$Ih)f and their superpartners ?L,R'
whereas the labels C and N distinguish chargino and neutralino
quantities. The field ¥° is the charge conjugate of x. Finally,
the effective couplings given in eqgs.(23) and (24) involve the
electromagnetic coupling constant e, the electromagnetic charges
Q¢ {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 egs.{10-13).

More specifically, {UL)li and (UR)1i in eq.{23)
characterize the wino admixture in the chargino eigenstates
i&i; i=1,2, while (UN)1i and (UN)2i in eq.(24) describe then
photince and zino components in the neutraliino eigenstates le

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

neglected, the elements (UL}Zi' (UR)2i and (UN)3i' (UN)41

associated with the higgsino admixtures do not enter egs.{23} and

(24). Further simplifications arise from assumption (15a) which

* and (U ) -0 for i=1,2,3 reflecting the fact that

implies UR L

12

x
N4
introduction we disregard in eq.(22) the possibility of mixing

among the scalar partners fL and gR of the left- and right-handed
helicity components of a fermion field f. Alsc flavor mixing s
suppressed in eq.(22) since it is irrelevant for suitably defined
total cross-sections because of unitarity 1f 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,

is a pure higgsino. For reasons peinted cut in the

would not influence our numerical analysis of eq-aiﬁx

significantly.

with the effective lagrangian (22) it is rather
straightforward to compute the differential cross-sections for eg—
Tﬁ according to the diagrams sketched in Fig.l. For an incident
electron and quark with the same helicity a = L or R, one obtains

(31

2
do ~ i Ma i (Mo, )
A6 4 G = o g e
d? a 1a a la T o ; 4
rems t i {25}
=do"(e9>{5)/4dt
whereas for an incident electron and quark with opposite
helicities a = L., b = R or vice versa, one finds (3]
do i (e, ) (g, )i ‘2
(e, S =
cl Qb % /67[32 Z{: f“miz
x(-E8 —oml - F)omp ~ 1)
{26)
_ ~ ~
:a’G‘Qb(e?a{?J/dz‘.
The scattering variables are defined as usual by
A 2 .'2'. A 2
S=p+R), T=p-R), d=(p-py) (27)
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with 8+840 = m% + m%, my and ma being the appropriate slepton and
squark masses and p denoting particle four-momenta. In the case
of the chargino exchange process e u~¥d (fig.la), one
substitutes the charginc masses Moy for my and the effective
couplings (quuL)i from eq.(23) for (qfh»%)i in eq.{26) and
uses the fact that (ﬂf )iEO. gimilarly, in the case of the
neutralino exchange processes e g-& 4 (Fig.lb) the appropriate
substitutions are My =y and ( qﬂJ{g)i = { Tz,fk)i where eg.{24)
is to be used. Furthermore, the polarized differential cross-

sections for the processes

ea qb —* [a ?b' ’
_ (28)
+ e
€ 95 > lo 3p
b= =
€ 9y — Loy

can be obtained form ddab(e_q~aia]/d% given in egs.(25) and (26)
by the following replacements:

* —_—
(4 0 — (g, £ 68, .
¥ —
(Mg i — (mg it fa— e

For clarity, we note that in our notation %; and %1 are the
scalar partners of the left- and right-handed antifermions fL and
fh, 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 #5 is obtained from the above polarized differen-
tial cross-sections as follows:

rot

i a& ~
ab Tavy L plodo (eq1§) . 0 o)
o (ep—»qu)_jdz S‘“(f —F ‘q( . @ (30)
min tmax

with the integration boundaries

14

2
Kpig = (Mg + M) /s (31)

(32)

1

| 2 2 2 2 .2 2 2
t:l‘ﬂ “?(Sx—mr—mq +‘/(5me2-—qu _ermTMq }_
ax

The factor 1/4 in eq.{30) arises froem averaging over the incident

- lepton and quark polarizations. Furthermcre, the functicn q(x,Qz)

denotes the appropriate quark density (or antiguark density in

the case of eﬁ-»i&) of the proton, x being the fraction of the

proton momentum carried by the (anti}qudrk and Q2 being the QCD
evolution scale for which we take

A (33
Q> = - 7. ’

Finally, the various production channels are indicated by a,b <
{L,R} according to the notation used in egs.(25), (26) 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 enerqy provided by HERA [6], that is #8=314 Gev,
but for completeness we shall also make a brief excursion to
higher energies. For the charginc and neutralino spectra we
exclusively use solutions for legloo 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 rencrmalization group relations [5] for sparticle
masses provided by the minimal supergravity model., Furthermore,
for the guark densities we take set I of ref.[7] with the evolu-
tion scale (33). We have checked that the results do not change

c o e . 2__
gsignificantly, if the scale ¢°= 1/2(tmin max
eg.{3Z) is used as in refs.[3] and [4]. Finally, for the

electroweak parameters we substitute the numerical values

+t ) with t,;, from
Max
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6=e®/41=1/137, sin®§,=0.23 and m,=m /cosf =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

pqﬁ = My = My = M

(34)
ma.L: m&.'q: métzma
where i 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

cep—=liX)=r £ & o tep-IfX) (35)
a=L,k b:L,R 4
by summing the cross-sections for i& production given in eq.(30)
with respect to the guark flavors present in the proten and the
IL- and R~sfermion species. Explicit calculation reveals that the
cross-sections depend, to a very good approximaticn, only on the
sum mi+ma of slepton and sgquark masses. This is expected from
eq.(31) and the fact that the dominant contributicns to the
integral over x in eq.{30) come from the region x ~ Roine only if
mi<<m§ cr mﬁ<<mT deviations from this simple behaviour are
observed. Therefore, one may conveniently take
(36}

My = My
in numerical calculations without loosing much of genexality.
More precisely, the cross-sections for mi+m§ are the same as the
ones for equal masses as long as m~+mq takes the same value and

1
my and m& are not too different.

Fig.2 shows predictions on the total cross-sectlions
(35) versus mi+m§ for HERA. Plotted are the results for four
chargino/neutralino spectra selected from the solutions of Table
1 with legloo GeV including those which lead to maximum and

16

minimum cross-sections. Whereas for e+p cellisions the relative
magnitude of the cross-sections (al-(d) follows the pattern one
would naively expect from the masses of the wino-dominated
chargino and the photino-dominated neutralino states of the
spectra (a)-(d), 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 GelV for My ™ 20 GeV
Tn@ > {
60 6’9’/ For m}- e 0
(37
iy 2 590 GelV

mw 2 20 Gel

A"

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

and W bounds should be applied to %Nl and i%l' respectivley,
except in the case (k) where E&l is essentially a higgsino and
B‘::XNZ,

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+LSP and §->g+LSP where LSP
denotes the lightest supersymmetric particle which in the usual
medels 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—»egX.
This has been convincingly demcnstrated in ref.[9] fer the case
ep—>8d¥; & se¥, §—g¥ 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

103 em?s7t designed for HERA, provided &-»e¥ and §-sg¥ are the
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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 he a higgsino or a sneutrino
in which case one would expect & and § to decay through some
cascades. Moreover, the gluino may be sufficiently light so that
squarks decay dominantly through §-»qd followed by §-»qdt+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—>bdX with D-+v+LSP since both ¥ 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. Cne 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(e¥p—>&¥dX)20.1 ph. The
so-defined detection limits are

180 ca cd
Mg + g { 30 GeV , €, ) (38)
/60 GeV (k)
where (a) - (d) refer to the c¢hargino and neutralino models

considered in Fig.2. In fact, in the cases (a) and {(c) the
lightest neutralino 2;1 being a candidate for the LSP is
essentially a photino. Hence, if m§>m& 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 fhf:? is so heavy that either & »e¥ or J-+g¥ is
forbidden for mg+mas200 Gev. Thus, in these two cases the limit
(38) may be somewhat too optimistic.

18

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) gauginc mass parameters M3, M2 and Ml are
related to a single mass parameter ml/2 by rencrmalization group

equations [2,5] such asg eqg.(26). Assuming

My = M, = M, = m,,, (39)
at the grand unificaticn scale Mx=2.4x1016 GeV and using g;/4n ~
1/24, d(mw):zlllza and as(mw]zo.lz one obtains

Mg oy '2'qu2 and Ml jacd ZMI ~ ¢ 82 m,/_z (40)

at energy scales of O(mw). Mz and Ml enter the chargino and
neutralinc mass matrices given in egs.(7) and (8) and M3=m§ is
the effective gluino mass.

The model also provides renormalization group relations
for scalar masses [5]. For equal Higgs vacuum expectation values
vy=v, as assumed in (15a}, these relations read

2 2 2 2 2
my = my = Wy + 0,23 M) + 073 M,
2 2 z
ngz My, + 0.91 M,
Tﬂz _ rn2 ~ 2 2 1 2
o= My M M+ 0025 M #0713 M, +0.79 My
2 2 2 2
My, & Mo 0.4 M, +0.79 My (41)
2 2 2 2
m‘% = M, + o0 M) +0.T9 M

where the scalar mass parameter m, defined at Mx is the gravitino
mass and Ml’ M2 and M3 are as given in eq.{40). Contributions
from Yukawa couplings to eq.(4l) are neglected. These effects
mainly shift the mass of the scalar top quark t away from Ma and
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induce small mixing between sfermions with the same charge.
Combining egs.{40} and (41) one arrives at the approximate
slepton and squark mass relations [2]

m;: ~omd o+ oSmy, ,  mLo=mlousmy,, (4
m% :m?kf_vm:+7mi,2.

To proceed, we choose values for the lightest
neutralino and chargino masses Moy and L diagonaiize the mass
matrices egs.(7) and (8) under the assumptions (15) and determine
the remaining neutralino and chargino masses, the eigenstates and
the parameters M2 and p as explained in Chapter 2. From M2 and
eg.(40) we get my /s which is then substituted in eqg.(42).
Finally, using egq.{42) we compute the cross-sections defined in
eq.(35) as a function of mg Numerical results are depicted in
and m which are

N1 Ci
specified in the figure caption together with the corresponding

Fig. 3 for four choices {(a) - {(d) of m

values of mr2 and M. From current SUSY searches one has deduced
various limits (10] on the parameters LEwP and My such as

m, 2 55 Gev  for m; 220 GeV (a and b)
(43)

my 2 15 GeV for n =40 GeV {c and d).

1/2

These bounds are taken into account in Fig.3.

one 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 secticn 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 eg.{42) one finds

mg § 80 GeV, my g 100 GeV for (a) and (b),
(44)
my § 60 Gev, My £ 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 edq.(40) yielding ’

ma 2~ g0 GeV for {a} and (b} ,
(45)

m§ o~ mq for {c) and (d&).

Hence, in the cases (a) and (b) of Fig.3 squarks with masses
ma:=1oo GeV decay via §-gf and §—gT+LSP preducing a missing
momentum signal which is less striking than the one from the
direct decay §—+q+LSP. AS a consequence, we expect the detection
limit for (a) and (b} tc be somewhat lower than the one quoted in
eq. (44).

The prospects of testing the minimal supergravity model
at HERA are summarized in fig.4. This figure shows the contours
in the (ml/Z' mo)—plane for wEich the cross-sections defined by
eq.({35}) take the value O({egq—=>1gXx)=0.1 pb. Here, the higgsino mass
parameter u is restricted to the range U;]glOO GeV. However, as
expected and quantified in Fig.4, the value of M doeas not have a
decisive influence on the size of the cross-section. For
comparison, we alsc indicate the current limits [10] on T1/Z+igd
m, derived from the non-observation of the processes ¢ ¢ —e e
e"e = ¥¥r and of g preduction at the CERN collider. It becomes
guite evident from ocur analysis that the minimal supergravity
model can be tested at HERA only in a relatively small regicn of
the parameter space beyond the present bounds.

4.3 Unpelarized 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 slepton 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
pelarization, is investigated in Fig.5. These plots show the
asymmetries

An

X) - e g*y X )
T ) (e'p— 8§ (6)
g

g-
EEX)+a(ep—oEGX)

Tri(ep—
and

T(ep>PHX) - 0 (& p—sBGX)I tan

TleEp = VFX )+ o (&P TFX)

in the total slepton-squark producticn in e p versus e+p

Al =

collisions as specified in eq.(35). From this demonstration in
which all neutralino and chargino spectra of Table 1 with

lesso GeV are considered we learn that the above charge
asymmetries are very sensitive to neutralinoc and chargino
properties, while they depend only relatively weakly on the
slepton and squark masses in the interesting range mi+m&21006ev.
Both facts make these observables particularly useful for testing
the neutralino and chargino sector at HERA in case a TE signal is
cbserved. Moreover, tests based on ratios such as egs.{46) and
{47) profit by cancellations of uncertainties in the experimental
cross~section determinations arising from systematic errors and a
priori unknown 1 and g branching fractions. It is clear from
Fig.5 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 gauginc-higgsino mixing, that is
on SUSY and electroweak symmetry breaking.

Finally, we want to mention the existence of various
asymmetries in I& production with langitudinally polarized e?
beams [4,11]. Measurements of polarization asymmetries, which may
indeed become possible at HERA [6], would shed light on further
details of the neutralino/chargino sector and on the mass

difference between &_ and &_.

L R
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4.4 Slepton-squark production at higher energies

We conclude our numerical studies with a brief outlock
for slepton and squark production at energies bevond 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
alsc roughly consistent with the mass relations (40) and (42) of
the minimal supergravity model considered in 4.2. The appropriate
values of ™ /2 and Ty to be substituted in these relations are

{a) My 0 = 40 GeV, m, = 40 Gev,

{b) ml/2 = 100 Gev, m, = 70 GeV, (48)

{c) Mg = 230 GeV, my = 100 ceVv.
For definiteness, we shall concentrate on the c.m.

energy vs=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 =10%2%em™ 257l 45 suggested by detailed machine
studies {13]. It is then reasonable to take lﬂ_zpb 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

My + mq >~ Too GeV (49)
as indicated by Fig.&.

5. Concluding Remarks.

In ep collisions, the occurrence of processes such as
eq-+§ﬁ} er->1%, yq—34 and g —+&y 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 uS(QZ}, and by changes to the
deep-inelastic structure functions due to the evolution of a g
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and g 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 colliders.

In agreement with other studies we find that at the
c.m. energy +5=314 GeV and with the luminosity L =103 em2g7t
provided by HERA one may be able to reach slepton and squark
masses up to mi+m§x180 GeV. Our estimates further indicate that
ep collisions at +8§=1.3 TeV should give access to scalar masses
in the range ms+m.x700 GeV provided the luminosity is increased
to T =10%2em™%57L) In order to give more precise discovery limits
one must pay attention to the considerable model-dependence of
the ¢ross sections for ep—+iax and carefully investigate the
decay signatures of I and d. On the theory side, the main
uncertainties arise from the unknown masses and mixing angles of
the neutralino and chargino states and from the gluinc 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.

Finrally, it is interesting to compare the discovery
potential of HERA with the prospects for detecting selectrons at
LEP and sguarks at the Tevatron, although such a comparison
should be made with caution. Similarlyv 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:rdo GeV at
LEP I {15] and mé==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 Ppp collider up
to masses m§c=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 Vo
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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 M,

The mass values m and the constraints eq.(15) are used as input

in the diagonalizgtion of the mass matrices Mc and MN given in
egs,.{7) and (8}. The neutralino eigenstates QNi' i=1,..,4 are
characterized by the vectors (UNli' UNZi' UNBi’ UN4i) where the
elements UNjiL 1=£,..4 2f the diagonalization matrix in eg. (11}
describe the ¢,Z,H and H' admixture, respectively. The vanishing
components UN4i’ i=1,2,3 and the unmixed state £N4 which has the

mass my, = || are not shown. Similarly, the chargine eigenstates

.

Xbi, i=1,2 are gl:en by the vectors (ULli’ ULZi) where the
elements ULji = URji' j=1,2 of the diagonalization matrices in

eg.{10) refer tc the W! and H* components, respectively. The
state féz net shown can be obtained from %Cl as follows:
= L€ U Uy /Uy, and

= -iEIULlll with ¢ =1 for Mo+ p>0 and €=i for M,+pM <0.

Uiz
U2z
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FIGURE CAPTIONS

.1
Schematic diagrams contrikbuting to the inclusive processes
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.2
Slepton-squark production cross-sections at ¥s

+m. for equal scalar masses and the mixing scenarios (masses in

Fi

0, M=192},
30 (M, = 424, p& 47),

30 (M2 =

0, m 1
20, Moy =

]
Z 2
-
S~ -~
-y © Q
E WU - -

ME-410),
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specified further in Table 1.
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314 GeV versus the

scalar mass parameter M for the mixing scenarios (masses in GeV)

Slepton-squark production cross-sections at ¥s
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The corresponding gauginc mas
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2 by the renormalization group equations (42). Cases
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tible with current experimental constraints are marked by
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SUSY breaking
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m (Ui UnznUnstd | Mg (Uniz, Unzz, Unaz) 5 (Un13, Unza.Unaa) | o, (Uia, Utaad o w
o{1.000 , .0 0.0 38(0.000 ,-0.927i, 0.375 230{0.000 . 0.375 ,-0. 30{0.939i ,~0.345 0.0 192.0
o{1.000 , 0.0 0.0 60(0.000 , 0.839 ,-0.544i}| 143(0.00¢ ,-0.544i, 0. 50(0.853 ,-0.522i 0.6| -83.2
0(1.000 . 0.0 ¢.0 91(0.,000 , ©.713 ,-0.701i 95(0.000 ,-0.701i, 0. 80(0.714 ,-0.700F 0.0 -3.2
20(0.103 277 ,-0. 221{0.895 ,-0.393 , 441(0.434 , 0.877 30(0.203 , 0.979i 423.7 46.9
20(0.996 047 , O. 44{0.084i,-0.790i, 0.807 149(0.032 , 0.61 30{0.7967,-0.60% 321 77.3
20§o.972 231, 0. 52(0.237 , 0.952 ,-0.192i)] 423(0.003i,-0.198i, 50(0.985 ,~0.175i 35.5] —410.0
20(0.997 cog . 0. 64(0.058i ,—0.711i, 0.701 123(0.047 , 0.703 .-0. 50(0.7031,-0.711 32.5 30.7
2050.996 061 , 0. 88(0.089 , 0.847 ,-0.524i)| 120(0.026i.-0.528i, 0. 80(0.868 ,=0.497i 33.3) ~62.7
20{0.997 032 , 0. 92(0.038i,-0.6087, 101{0.089 , 0.793 80{0.5861,-0.811% 3.0 -21.0
50(0.982 089 , O. 64(0.0877 .-0.563i, 140{(C. 166 , 0.822 50{0.520i ,-0.854 84.1 -0.4
50(0.374 635 ,-0. 123(0.898 , 0.066 ., 258(0.232 , 0.770 80{0.575 , 0.B18Bi 196.1| 137.4
50(G.978 145 , 0. 92{0.061i,-0.488i, 131(0.200 , 0.860 80{0.441i,-0.B897 85.9| -39.9
50(0.872 .-0.490 ,-0. 100{C.490 , 0.872 . 6103(0.000 , 0.015 100(1.000 , Q0.014i 101.1} 6102.0
50(0.974 175 , 0. 111(0.050i ,—0.447i, 127(0.214 |, 0.877 100(0.400Gi ,~0.916 86.9| -64.4
100(0.931 323 , 0. 109(0.05871 ,-0.329i , 210{0.361 , 0.887 100(0.275i ,~0.961 185.2| -76.6
100{0.582 624 ,—0. 175(0.775 , 0.231 , 324(0.247 , 0.746 150(0.601 , 0.799i 258.5| 211.4
100(0.924 354 , 0. 157(0.041i,-0.2811, 209(0.379 , 0.892 $50(0.235i ,-0.972 187.8| -130.3
100(0.872 489 ,-0. 200(0.490 , 0.872 , 331750.000 , 0.030 200(1.000 , 0.026i 202.1] 3314.1
100(0.919 375 , 6. 206(0.030i ,-0.244i, 208(0.393 . 0.894 200(0.205i ,—0.979 189.7| ~182.9
200(0.893 437 , 0. 205{(0.032i ,~Q. 1711, 404{0.449 , 0.883 200(0.1361 ,~0.991 392.3| —188.8
200(0.760 552 ,-0. 314(0.561 , 0.292 , 486(0.327 , 0.782 300(0.518 , 0.B55i 434.7| 349.4
200(0.891 446 , O. 304(0.022i ,~0. 144i, 404(0.454¢ , 0.883 300(0.117i ,-0.993 394.1| —290.4
zoo§0.573 488 ,-0. 400{0.488 ., 0.B71 , 2133(0.002 , 0.052 400{0.999 . 0.047i 403.8| 2133.9
200(0.889 452 , 0. 403{0.016i,-0.1247, 404(0.457 , ©.883 400(0.102i,-0.995 395.4| —391.6
40050.882 469 402(0.016i ,-0.0861, 804{0.472 , 0.879 400(0.068i1 ,~0.998 798.6| —394.4
400({0.840 504 609(0._347 , ©.209 , 853(0.418 , 0.838 600(0.345 , 0.939i 822.t] 630.0
400(0. 881 471 602(0.011i,-0.072i, 804(0.473 , 0.879 600(0.058i ,~0.998 799.5| -595.2
400(0.874 485 800(0.486 , 0.871 , 187750.010 , 0.081 800(0.997 , 0.076i 806.2| 1869.2
400(0.880 473 802({0.008i ,-0.062, BO4{0.474 , 0.879. BOO(0.051i1 ,-0.999 800.2| -795.8
800(0.879 477 801(0.008i ,~0.043i, 1607{0.478 , 0.878 800(0.034i,-0.999 1604.5( -797.2
800(0.867 486 1205(0.188 , 0.117 , 1633{0.461 , 0.866 1200(0.192 , 0.981i 1616.8( 1216.0
800(0.878 77 1201{0.006i,~0.036i, 1607(0.478 . 0.878 1200(0.0281.-1.000 1605.0[-1197.6
800(0.B76 482 1600{0.482 ., 0.868 . 2301(0.030 , 0.117 1600(0.983 , 0.117i 1609.7| 2289.9
800(0.878 .478 1601(0.004i ,-0.031i, 1607(0.478 . 0.878 , 1600(0.025i .—t.000 1605.3[-1597.9
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Asymimetries of (a) g& and {b)} Dd production in e*p collisions at
Y8=314 Gev versus mifmg for qual scalar masses and all mixing
scenarios of -Table 1 with legioo GeV. The numbers in the
brackets give the values of My, and moy in Gev with (...) and

{...)" referring to the first and second solution, respectively.

Fig.6

Slepton-squark production cross-sectiens versus the ep c.m.
energy ¥5§ for the following mixing scenarios (see Table 1) and
scalar masses (in GeV):

{a) Myy = 20, m.y = 50 (Mzz 33, ma 31), my = 50, mw~ = 100
(b) Mgy = 50, Moy = 100 (Mzz 87, U= -64), my = 100, m§ 250
(e) m,, = 100, m.y = 200 (Mzz 180, #>-183), my = 150, my
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Figure 3
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