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SUPERSYMMETRY IN EP COLLISIONS 

H.Komatsu•+ and R. RUckl 
Oeutsches Elektronen-Synchrotron DESY, Hamburg, Fed. Rep. of Germany 

ABSTRACT 

We study the production of supersymmetric particles in ep 
collisions which would be provided by LEP and LHC operating in the 
!e mode. 'l]}e following final states have been considered: eq + X, 
vq +X, eq1j + X, e1(!j' + X and e'y + X. The discovery potential of 
this ep option is estimated in terms of detection limits for 
sparticle masses. 

1. INTRODUCTION 

In the minimal supersymmetric extension of the standard model with two scalar Higgs 

doublets (1], one expects the following superpartners: spin 0 sleptons C\,nl and squarks 
(11 ) associated with the L- and R-handed leptons and quarks, spin 1/2 gluinos (~) and 

l, R ~ ...... + ::!: 
electroweak gauginos (y, Z, w-) associated with the gluons and the photon, Z and W bosons, 
respectively, and spin 1/2 higgsinos (Hl. H~. H~. H2) associated with the Higgs bosons. 

The couplings of these new fie 1 ds are re 1 a ted by supersymmetry to the fami 1 i ar gauge and 
Yukawa couplings of the ordinary standard model. The breaking of SU(2), x U(1) and super
symmetry induces mixings among superpartners with the same SU(3) x U(1) quantum numbers 

c •• 
and generates masses. Possible dynamical schemes for symmetry breaking are suggested by 

supergravity models (1]. 

High-energy electron-proton machines providing, effectively, collisions of electrons 

and (virtual) vector bosons with quarks, gluons and (virtual) vector bosons open several 
ways to search for supersymmetric particles. The possibility to pair-produce 

- sleptons and squarks (2-4]: eq ~ eq, vq, 
- squarks and antisquarks (2;5]: yg ~ q~, 
- squarks and gluinos (2,5]: yq ~ qg, 
- sleptons and gauginos [6,7]: ey ~ e(y or Z), \iw, 
- squarks and gauginos: qy ~ q(y, Z or W), 
in principle, allows to check the existence of many of the sparticles expected in· the 

supersymmetric standard model. Additional, but less direct evidence may arise from effects 

of squarks and gluinos on the running of the strong coupling constant as(Q 2 
), and from 

changes of properties of deep-inelastic structure functions and sum rules due to the 

evolution of a q and g sea in the proton (a]. However, in view of the current limits on 
sparticle masses (9], for example, 

"'e, "'W 2. 20 Ge V 

mq, mg 2. 60 GeV 

* Present address: Institut fUr Physik, Universitat Dortmund, 0-4600 Dortmund 50, FRG 
+ Supported by the Deutsche Forschungsgemeinschaft 
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to quote only the least model-dependent bounds, eq, qq and qg production seem to offer by 
far better prospect for discoveries than the other possibilities mentioned above. We shall 
therefore concentrate on these processes. 

The aim of the present study is to calculate the total production cross-sections for 
ep ~ lqx, ep-+ eQCfx and ep -+ ecrgx using various models for sparticle masses, and to 

estimate discovery limits. The following substitutions have been made in our numerical 

calculations: set I of ref. [10] with varying evolution scales for the quark distribution 
functions, "s(Q 2

) = 4rr/7~n(Q' /(200 MeV)') for the running coupling constant of QCD, a 
1/137 for the fine structure constant, sin 'Gw = 0. 23 for the Weinberg angle and mz = 
mw/cosew = 93 GeV for the masses of the Z and W bosons. 

Finally, for most estimates we have assumed the ep c.m. energies and luminosities, 

(I) IS= 1.4 TeV and L 1032 cm- 2 s- 1 

(II) IS= 1.8 TeV and L 10' 1cm- 2 s- 1 

( 2) 

which could be obtained by colliding an (50-100) GeV electron (or positron) beam of LEP 
with a 8 TeV proton beam of LHC, the hadron collider in the LEP tunnel. The feasibility 
and machine parameters of this ep option have been discussed at this workshop [ 11] . A 
summary of our main results is given in the report of the physics~2 working group by J. 

Ellis and F. Pauss [12]. 

2. SLEPTON-SQUARK PRODUCTION 

Sleptons and squarks are pair-produced in ep collisions by t-channel exchanges of 
gauginos and higgsinos. One has two kinds of processes, the charged-current type processes 
eq ... vq involving wt, Hi and H; exchanges, and the neutral-current type processes eq ~ eq 
involving Y, Z, H~ and H~ exchanges. As a matter of fact, these are in general not the 

physical fields which acquire definite masses. The mass eigenstates, called charginos and 

neutralinos, are rather mixtures of gauginos and higgsinos. Thus, before one can calculate 
1q production cross-sections, one has to solve the gaugino-higgsino mixing problem. 

Further complications may arise in the scalar sector due to mixing of the fL and f, part
ners of leptons and quarks. However, in supergravity models [1] this effect is expected to 
be small, perhaps with the exception of 1L - tR mixing, and will therefore be neglected. 
Also flavor mixing is disregarded being essentially irrelevant for the numerical examples 

we have chosen to study. 

2.1 Gaugino-Higgsino Mixing 

As a model for gaugino-higgsino mixing [1 J we consider the non-diagonal mass matrices 

w+ -+ H, 

( i/2 mw 

M, i/2 mw COS0v 

) 
w- ( 3) 

Me 
H~ 

and 
sin8v -v 
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y z il il• 

M,cos'SW + M,sin'SW (M, - M, )cosSWsinSW 0 0 y 

MN 
(M, - M >) cosSWs i nSW M1sin 2 8w + M2cos 28w imz 0 z 

( 4) 
0 imz -~sin20v ~cos20v H 

0 0 ~cos20v ~sin20v H' 

- -where the neutral higgsinos H and H' are linear combinations of the SU(2) -doublet fields 
L 

H~ 2 , 
' 

and 

H = cosev R; - sinev H~ 

R'= sinev H~ + cosev R~ 

v 
tanev = _2.. 

v 
1 

( 5) 

( 6) 

v 1 and v2 being the vacuum expectation values of the two neutral scalar Higgs fields H~ 

and H~. The generally complex mass parameters M1 , M2 and ~ in the above are soft SUSY 
breaking parameters associated with the U(1) and SU(2) gauginos and with the higgsinos, 

L 
respectively. Furthermore, we assume the constraints 

(a) cos20v = 0 

5 (b) M, = 3 tan 2 0w M2 

(c) M1 , M2 and ~ real 

(7) 

Assumptions (a) and (b) are suggested by the renormalization group analysis [ 13] of a 
class of supergravity models.(for a top quark mass mt =50 GeV), while assumption (c) is 
made merely for simplicity. With these specifications the model contains only two unknown 

parameters, M2 and ~· 

The mass matrices (3) and (4) can then be diagonalized by unitary matrices C and N: 

m 6 
Ni ij 

The (positive) eigenvalues mCi 

chargino states 

Clr+CH" 
li 2i 

and of the neutralino states 

1,2 and m 
Ni 

1,2 

(8) 

1, ... , 4 are the masses of the 

( 9) 
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X = N y + N z + N H + N H' 
Ni li 2i 31 4i 

i = 1 •.. .• 4, ( 10) 

respectively. As a consequence of assumption (7a), the higgsino H' does not get mixed with 

the other neutral fields so that N = 0 for i = 1, 2, 3 and X = H' with m = 1~1. 
4i N4 N4 

Ordering the remaining eigenstates x , i = 1,2,3 and x , i = 1,2 such that m ~ m ~ m 
Ni Ci Nl NZ NJ 

and me 1 ~ me2 , we use the physical masses "1; 1 and mel' instead of M2 and ~. as input in 

the diagonalization of Me and the appropriate 3x3 submatrix of MN. 

The resulting neutralino and chargino states and masses are given in Table 1 for 

values of mN
1 

and mCl up to 0(1 TeV), that is the mass range of interest for the present 

studies. Also shown in Table 1 are the values of M2 (with the convention M2 ~ 0) and ~ 

associated with a given solution. A detailed discussion of these mixing scenarios can be 

found in ref. [4]. 

2.2 Cross-Sections 

Cross-sections for ep + Tqx are calculated from the diagrams indicated in Fig.!. For 

an incident electron and quark with the same helicity a = Lor R one obtains the differen

tial cross-section [2,4] 

( 11) 

whereas for opposite heli.cities a= L·, b = R or vice versa one finds [2,4] 

I' 
(12) 

X [ -ts - (..:. -t)(m:. - t) ) , 
···la qb 

Here, we use the scattering variables 

s = (Pe + Pq) 2
, t = (Po- P}) 2

, u = (Pe- Pq) 2 ( 13) 

with s + t + u = m]: + m~, m; and m;; being the appropriate slepton and squark masses and p 

e-) _,v / 

Xc; i:1,2 
,, 

q ........ q 

E') ... t> ,/ 

XNi i=1,2,3.4 
,, 
', -q 'q 

(a] ( bl 

Fig.l Diagrams contributing to (a) ep• \iqX and (b) ep • eqX. 



Table 1 

Masses and eigenstates of neutralinos and charginos and the corresponding values of the gaugino and higgsino mass parameters M and~· . z 
The values of mN

1 
and mCI are used as input. The neutralino states xNi, i = 1,2,3 are characterized by the coefficients NJi of eq.(lO) 

with N
41 

= 0 and xN4 = H• with mN4 = 1~1. The chargino state XCI is represented by the coefficients CJ
1 

of eq.(9), while the coeffici

ents CJZ of the state Xcz are given by C
12 

= -i c c
21 

lc
11

1 /C
11 

and C
22 

= -i c IC
11
1 with c = 1 for M2 + ~ > 0 and c = i forM + ~ < 0. 

Neut ro I i nos 

• 
N1 ( N11, N2,, N31l • NZ ( N,z, Nzz, N32 l 
011.000 
0 1.000 
0 1.000 

20 0.103 
20 0.996 
20 0.972 
20 0.997 
20 0.996 
20 0.997 

50!0.982 
50 0.374 
50 0.978 
50 0.872 
50(0.974 

100{0.931 
100(0.582 
100{0.924 
100(0.872 
100(0.919 

200!0.893 
200 0. 760 
200 0.891 
200 0.873 
200(0.889 

400!0.882 400 0.840 
400 0.881 
400 0.874 
400 0.880 

eoo!O.e79 800 0.867 
800 0.878 
800 0.876 
800 0.878 

0.0 
0.0 
0.0 

,-0.277 
0.047 

.-o.2J1 
0.009 

,-o.061 
.-0.032 

,-0.089 
,-0.635 
,-0.145 
,-Q.490 
• -0.175 

,-0.323 
,-0.624 
,-D.354 
.-0.489 
,-0.375 

. -0.437 
,-0.552 
,-D.·446 
,-D.488 
,-0.452 

,-0 469 
,-0 504 
.-0.471 
.-o.485 
. -0. 473 

,-D.477 
,-0. 486 
,-D.477 
,-o. 482 
,-0.478 

0.0 
0.0 
0.0 

3e!o.ooo .~0.9271. 0.375.) 
60 0.000. 0.839 ,-0.544~) 
91 0.000. 0.713 ,-0.7011) 

,-0.955 ! 
0.077 
0.050 
0.074 ) 
0.069 ) 
0.072 ) 

221(0.895 .-0.393. 0.2101) 
44(0.084i.-0.790i' 0.607) 
52!0.237. 0.952 ,-0.192i) 
64 0.058i,-0.711i, 0.701.) 
88 0.089 ' 0.847 .-0.5241) 
92(0.038i ,-0.6081. 0. 793 ) 

0.164 ) 
,-0.676 ) 
• c;L 150 ) 
,-0.008 ) 

64(0 087i ,-0.563i. 
123(0 898 . 0.066 . 
92(0 061 i .-0.488i. 

100(0.490 • 0.872 . 
111 (0.050i .-0. 447i . 0.142 ) 

0.170 
,-0.521 
. 0.143 
.-0 014 

0.123 

) 109(0.058i ,-0 329i. 
) 175(Q. 775 . 0 231 • 
) 157(0.041 i .-0. 281 i. 
) 200(0.490 • 0 872 . 
) 206(0.030i .-0 244i. 

0.105 ) 
,-o.343 ) 
• 0.085 ) 
,-o.o23 ) 

205(0.032i ,-0.171 i . 
314(0.561 . 0.292 • 
304(0.022i .-o. 144i. 
400{0.488 . 0.871 . 
403(0.0161 ,-0.1241. 0.071 ) 

0.055 
,-0.204 
' 0.044 
,-o.031 

0.037 

0.028 
,-0.109 
' 0.022 
.-0.030 

0.019 

) 402(0.016i ,-0 086i. 
) 609{0.347 . 0 209 . 
) 602{0.011i,-O 072i, 
) 800(0.486 . 0 871 • 
) 802(0.0081 ,-0 062i • 

) 801(0.0081 ,-0 043i. 
) 1205(0.188. 0.117 • 
) 1201(0.0061 ,-0 036i, 
) 1600{0.482 . 0.868 . 
) 1601(0.0041 ,-0.031 i. 

0.822 ) 
0.436i) 
0. 870 ) 
0.014i) 
0.893 ) 

0. 942 ) 
0.589i) 
0.959 ) 
0.0261) 
0.969 ) 

0.985 ) 
0. 775i) 
0.989 ) 
0.047i) 
0.992 ) 

0.996 ) 
0.9141! 
0.997 
0.0761 
0.998 ) 

0.999 ) 

0.975i! 0.999 
0.1171 
1.000 

Chorginos 

"•3 ( N,3, N23. N33) "c1 ( C,,, C21l 
230!0.000 0 0.375 o-D.927i! 
143 0.000 o-D.544io 0.839 
95 0.000 o-0. 70110 0. 713 

30!0.9391o-0.345! 
50 0.853 ,-0.5221 
80 0.714 ,-0.7001 

441!0.434 0 0.877 .-o.207i 
149 0.032 '0.611 ,-Q.791i 
429 0.0031 ,-Q.198i. 0.980 
123 0.047 ' 0.703 .-o.709i 
120(0.0261 .-o.5281, 0.849 
101(0.069 • 0.793 ,-0.6051 

30!0.203 .• 0.979i) 
30 0. 7961,-0.605 ) 
50 0.985 .-o.175i 
50 o. 703i ,-0. 711 
80 0.868 ,-Q.497i.~ 
80(0.5861 ,-0.811 ) 

140!0.166 
258 0.232 
131 0.200 

6103 0.000 
127(0.219 

0.822 
0. 770 
0.860 
0.015 
0.877 

,-0.545 ) 
,-0.595 ) 
.-o. 469 ) 
,-1.000 ) 
o-0.427 ) 

50(0.5201 ,-0.854 ) 
80(0.575 . 0.8181) 
80(0.4411,-0.897) 

100(1.000 • 0.014i) 
100(0.400i,-0.916) 

210(0. 361 
324(0.247 
209!0.379 

3317 0.000 
208 0.393 

404!0.449 486 0.327 
404 0.454 

2139 0.002 
·404 0.457 

804(0.472 
853(0.418 
eo4!0.473 

1877 0.010 
804 0.474 

1607(0.478 
1633(0.461 
1607!0.478 
2301 0.030 
1607 0.478 

0.887 
0. 746 
0.892 
0.030 
0.894 

,-0.288 
,-o.618 
,-o.245 
,-1.000 
,-0.213 

0.883 ,-0.139 
0. 782 ,-0.531 
0.883 .• -o.118 
0.052 ,-0.999 
0.883 ,-0.103 

0.879 ,-0.068 
0.838 ,-0.350 
0.879 ,-0.058 
0;081 .-D.997 
0.879 ,-0.051 

0.878 
0.866 
0.878 
0.117 
0.878 

,-o.034 
.-a. 193 
,-Q.029 
,-o.993 
,-o.025 

) 100(0.275i ,-0.961 ) 
) 150(0.601 . 0. 799i) 
) 150{0.235i,-0.972) 
) 200(1.000 '0.026i) 
) 200(0.205i .-0.979 ) 

) 200!0.1361 .-0.991 ) 
) JOO 0.518 , 0.855i) 
) JOO 0.1171,-0.993) 
} 400 0.999 . 0.047i) 
) 400(0.102i.-0.995) 

! 
400(0.068i,-0.998) 
600!0.345 • 0.939i) 
600 0.058i,-o.998 l 

·9oo o.997. o.o76i 
800 0.0511,-0.999 

1200 0.192 .• 0.981i 

! 

eoo!0.034i,-0.999! 

1200 0.0291,-1.000 
1600 0.993 • 0.117i 

) 1600 0.025i .-1.000 

• 
cz 

zzz 
133 
e3 ... 

139 
424 
113 
109 
92 

134 
253 
126 

6103 
123 

209 
320 
zoe 

3316 
207 

404 
4e4 
404 

21J8 
404 

eo• 
852 
eo4 

1875 
eo4 

1607 
1633 
1607 
2300 
1607 

SUSY breoki ng 

• z 
0.0 
0.0 
0.0 

423.7 
32.1 
35.5 
32.5 
JJ.J 
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 

I.L 
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 

40776 

"' 
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denoting particle four-momenta. The effective couplings (n l. are given by 
f c ' 

C e c 
(n l. = sirew C1i, (n ) = o 

fL ~ fR i 

in the charged-current case 1 = v, and by 

Tlf - Orsin
2
0w 

+ ·~ e Slno-w cos-w (nr )N = 12 e [ Q N 
L 1 f li 

(n )N = /2 e Q [N* - tan0w N* 
fR i f li 2 i 

( 14) 

( 15) 

in the neutral-current case 1 = e. Moreover, Q denotes the electromagnetic charge (with 
f 

the convention of Oe = -1), T,r is the third component of the weak isospin, and Cli• Nli 

and Nz 1 are elements of the diagonalization matrices introduced in eq.(S) describing the 

wino, photino and zinc admixtures in the chargino and neutral inc eigenstates (see eqs.(9) 

and (10)). Since the higgsino Yukawa couplings vanish in the limit m., mq + 0, an 

approximation made throughout this paper, the higgsino contributions proportional to C21 , 

N, 1 and N41 are dropped in eqs.(14) and (15). Finally, the polarized differential cross-
-- - ::::; + ..... ..... +- .... = . 

sections for the processes e8 qb+l 8 Qb•, e8 qb+1 8 ,qb and e8 qb+l 8 ,qb'• can be obta1ned from 

dcr(e;qb+ T.qb)/dt by the following replacements 

(nrL) 1 + (nrR)! for fL + fl 

(nrRl 1 + (nrll~ for fR + TR 

( 16) 

In our notati.on, fR and fL denote the scalar partners of TL and fR so that in the above 

a' L,R is associated with a= R,L (similarly, forb and b'). 

In the next paragraph, we present numerical predictions for the total unpolarized 

production cross-sections 
1 tmin 

cr(ep + 1qX) = ~ E j dx j dt l dcr(eag'l + 1.9, l q(x,Q2) 
a;b q 4 dt 

( 17) 

X min tmax 

where the integration boundaries are given by 

Xmin = ('"f8 +mqb)
2/s ( 18) 

1 ( 2 2 
-., SX - m- - ~ 

" la qb 
+ /(sx - m2 - m£ )2 - 4ml m1 ) 

Ia Qb ···la qb 

The factor{- in eq.(17) arises from averaging over the incident lepton (e- or e•) and 

quark polarizations. For the evolution scale of the quark (and antiquark) distribution 

functions q(x, Q2
) we choose, somewhat arbitrarily, Q2 = -t. Furthermore, we sum over all 

flavors present in the proton and add the cross-sections for the final states l. qb with 

a,b .: {L,R ) . 
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2.3 Numerical Results 

The following numerical examples illustrate pair-production of sleptons and squarks 
for chargino and neutralino spectra taken from Table 1. As far as the scalar masses are 

concerned, we have studied three cases: ml ~ m~, m1 << mq, and m1 and mq as given by the 
renormalization group relations of a supergravity model. 

2.3.1 cr(ep + lgX) form]" m0 
Fig.2 shows the rq production cross-sections versus mr + mq for mrl= mrR= mql= mqR 

and for the gaugino~higgsino mixing scenarios indicated below: 

(a) 
(b) 

(c) 
(d) 
(e) 

Fig.2 

mNl mC! M2 

20 50 36 
50 100 87 

100 200 202 
200 300 435 
400 600 822 

~ 

-410 
- 64 
3314 
349 
630 

8 

in 

:;; 
.!! 
b 

GeV 

7 

Slepton-squark production cross-sections at (a) IS = 1.4 TeV and 
(b) /S = 1.8 TeV assuming mr = mq and using models (a)-(e) of (19) 
for the chargino and neutralino states. 

(19) 
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The full i(Ci and i(Ni spectra for the cases (a)-(e) can be found in Table 1. These 

examples demonstrate a great sensitivity of the cross-sections to the chargino and neu

tralino models. It is interesting to note that the relative magnitude of the e•p cross

sections follows the pattern one would naively expect from the masses mN
1 

and mc
1 

of the 

lightest states, while the e-p cross-sections exhibit a more irregular behaviour due to a 

subtle interplay of valence and sea quark contributions. Furthermore, although we have 

taken "T = mq in the calculation, the results plotted in Fig.2 also apply to cases "T I mq 
as long as the slepton and squark masses are not too different. The point is that inte

grated cross-sections receive the dominant contributions from the region x ~ x . = (~ + 
ml.n l 

m-)2 /s (see eqs.(ll) and (18)) and thus depend, to a rather good approximation, only on 
q 

the sum ~&- + m-. 
1 q 

We shall now use Fig.2 to estimate detection limits being aware of doing something 

slightly illegal. One would clearly need more detailed Monte Carlo studies of the 

dominant 1 and q decays in the background of standard model processes in order to draw 

definite conclusions. Such studies are presently only available for fq production and 

decay at HERA [14]. For the case ep ~ eqX, e ~ ey and q ~ qy where the photino is assumed 

to be massless and stable, it was concluded that 10 events per year are sufficient for 

detection. This implies a minimum observable cross-section of 0.1 pb at the HERA lumino

sity L == 10 31 cm-·2 s --1 , provided e + ey and Q + ci( are indeed the dominant decay modes. 

This result provides some justification for taking o(ep ~ eqX) = 0.01(0.1) pb as the dis

covering limits in ep collisions at IS= 1.4 (1.8) TeV and L = 1032 (1031 )cm- 2 s- 1 • Making 

the above assumption, '1e find from Fig.2 that the following sparticle masses can be 

reached: 

m- o m- o (360-380) GeV at IS= 1.4 TeV, L 10"cm- 2 s- 1 , 
e q 

m-om-= (260-310) GeV at IS= 1.8 TeV, L 1031 cm- 2 s- 1 • 
e q 

(20) 

Interestingly, mixing scenarios for which the e-q production is small, the e+q production 

is relatively large, and vice versa. That explains why the detection limits, eq.(20), are 

almost the same for the different chargino and neutralino spectra considered in Fig.2. Al

so, for some models vq production is more abundant than eq production. On the other hand, 

vq final states may be more difficult to detect than eq events [14] and hence we do not 

take advantage of this fact in our estimates. Finally, it should be stressed that the 

higher luminosity of ep collisions at 1.4 TeV more than compensates for the lower energy 

when compared to the capabilities of the 1.8 TeV option. 

2.3.2 o(ep ~ lQX) for m, << ffiq 

We have also considered the possibility that sleptons may be much lighter than 

squarks. The production cross-sections for m-1 
== m~1 << m- = ~ and the same gaugino-

L R Ql qR · 

higgsino models (19) as in the previous study are shown in Fig.3. One sees that even in 

this extreme case the cross-sections do not differ drastically in the main features from 

what we have found for mr :: mq, except that they are generally somewhat larger than the 

ones obtained in Fig.2. This means that one can reach very heavy squark if the sleptons 
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b) 

;; 
!! 
b 

Fig. 3 Same as Fig.2 for mr = 50 GeV << mq. 

are light. Taking miL = mrR = 50 GeV and estimating the detection limits for sparticle 
masses under the assumptions which led to eq.(20), we find 

m- = (700-770) GeV at IS= 1.4 TeV, L = 10''cm-'s-• 
q (21) 

m- = (450-630) GeV at IS= 1.8 TeV, L = 10"cm- 2 s-• 
q 

Again, the ep option with the 1 ower energy but higher 1 unii nos ity is· c 1 early preferred. 

2.3.3 Discovery limits in the framework of a supergravity model 

In minimal supergravity models, the SU(3)c x ·SU(2)L x U(1) gaugino mass parameters M
3

, 

M2 and M
1 

are related by renormalization group equations to a bare SUSY breaking gaugino 
mass m

11
i Assuming M

3 
= M

2 
= M

1 
= m

112
at a grand-unification scale Mx and evoluting Mi to 

a scale Q < Mx, one obtains 

(22) 

where gx is the unified gauge coupling at Mx and g
3

, g
2 

and g1 denote the usual SU(3)
0

, 

SU(2)L and U(1) gauge couplings, respectively. For gx/4n = 1/24 at Mx = 2.4·10"GeV and 
~(mwl = 1/128, sin'ew = 0.23 and ~s(mwl = 0.12, eq.(22) yields [12,13] 
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( 23) 

at energy scales of O{rnw). M2 and M
1 

enter the chargino and neutralino mass matrices 

given in eqs.(3) and (4), while M
3 

is the effective gluino mass mg. In addition, one also 

has renormalization group relations for scalar masses. For equal Higgs vacuum expectation 

values v1 = v2 as assumed in (7), these relations are approximately given by [12,13] 

miL:::: m; + 0.5 m~12 , miR:::: m~ + 0.15 m~12 , (24) 

m! ~ m! :::: m2 + 7 m2 

ql qR 0 1/2 ' 

where the scalar mass parameter mo defined at Mx is the gravitino mass. Contributions 

from Yukawa couplings, which mainly affect mt, are neglected. 

a) F==::::-r-~---.--,-~-.,-----.~ 

b) 

• E 

2 

0 

0 

2 

·~ 

\~. 
I \ 

/ i 
{ / 

CT{e-p-v(iX):0.1pb 

2 

(j(e•p-ii+Ci X)= Q01pb 

2 3 

2 3 

Fig.4 Discovery limits in terms of the parameters m112 and mo of a minimal 
s~ergravity model. The curves correspond to 10 events per year at {a) 
Is = 1.4 TeV and (b) IS = 1.8 TeV assuming ~ = -100 GeV (dashed
dotted), 0 (full), 100 GeV (dashed). 
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Within the above model, the chargino and neutralino masses and eigenstates are de
termined by two bare parameters m 12 and ~. while the scalar masses are given in terms of 

1 --ml/2 and mo. Hence, the significance of searches for ep + lqX can be described by limits 
in the (m 112 , mo)-plane with ~ as an additional variable. Fig.4 summarizes our estimates 
of the region in (m

112
, m,) which can be explored at IS= 1.4 TeV, L = 1032 cm-•s- 1 and IS 

= 1.8 TeV, L = 10 31 cm- 2 s- 1 
• In ref. [12], these limits are compared with constraints 

expected from SUSY searches in e+e- (CL1C) and pp (LHC) collisions, and with the current 
bounds implying 

m 112 ~ 55 GeV form, = 0 
(25) 

m
112 

~ 20 GeV for m, ~ 55 GeV 

One should, however, bear in mind the model-dependence of such a comparison. 

2.3.4 Energy-dependence of ig-production 

We conclude the discussion of iQ production with a brief look at the rise of the 
cross-sections with the ep collision energy. The parameters of the examples illustrated 
in Fig.5 are as follows: 

a 
b 

c 

m,, 

20 50 
50 100 

100 200 

33 31 
87 - 64 

190 -183 

50 100 
100 250 
150 600 

in GeV 

(26) 

with the chargino and neutralino spectra (a)-(c) fully specified in Table 1. The slepton 
and squark masses are chosen such that they are roughly consistent with the supergravity 
relations eqs.(23) and (24) for m112 = 40, 100, 230 GeV and m, = 40,. 70, 100 GeV in the 

-IT(••P-i+(iX) 
---- 0'1..-p-~QX) ~--"=! 

! 
b 

01 

Fig.5 Energy-dependence of slepton-squark production for the models (a)-(c) 
specified in (26). 
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cases (a,b,c), respectively. Fig.S shows the enormous gain in discovery potential by go

ing from the HERA energy range IS ~ 300 GeV to TeV energies. 

3. SQUARK PRODUCTION 

The dominant production mechanism for qq pairs at an ep collider is the photon-gluon 

fusion process described by the diagrams in Fig.6. The integrated cross-section for 

yg ~~(summed over ql and qR with mql = mqR) is given by [5]* 

n<>Q'<> (Q') 1 B 
o(s) = ~: [2(2 + B') - (1 - B') in 1 ~ 8 

] (27) 

where B = (1- 4me/s)112 and s = (p + p )'.Since the main contribution to the total ep 
q y g 

cross-section comes from (almost) real photons radiated off the electron, p2 is set to 
- y 

zero in eq.(27). Accordingly. the total cross-section for ep-+ eqqx can be evaluated in 

the Weizsacker-Williams approximation (WWA) which, for the case at hand, leads to 

with 

o( ep ~ ei{i\'x) 

z . (m 1 + m2) 2/xs, 
mm 

y~,/q 

g/'',,,'q 
4071110 

dz f (z,q 2 ) G(x,Q 2 ) o(xzs) 
Y;, 

X . 
m>n 

10 

:;;, 
0. 

b 

,o'L __ -1,!:-----::!:---'-:;~ 
0 100 200 300 

mq!GeVl 40110 

(28) 

(29) 

Fig.6 Diagrams contributing to ep ~ eqqX. Fig.7 Squark production cross-sections at 
LEP-LHC and HERA. 

*Our result seems to differ by a factor 2 from the cross-section quoted in ref. [5]. 
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and m1 = m2 = m.q. Here, the function 

f ( z ,q 2 ) = -"- 1 + (1 - z) 2 ln f, 
Y/e 27T Z e 

(30) 

describes the effective photon distribution in z = p /p , G(x,Q 2
) denotes the gluon 

distribution in the proton and o(xzs) is the basic cross~se;tion, eq.(27). Following ref. 
[6 1 we choose 

t
2 _ m 2 

Q2 • 
=n(q i/m 2) 

• 
( 31) 

as the gluon evolution scale with 

q2 = sx- (m + m )2 
1 2 (32) 

characterizing the maximum virtuality of the photon. 

Fig.? shows the production cross-sections o(ep + eqQX) versus the squark mass m0 for 
IS = 1.4 and 1.8 TeV in comparison to the expectation at HERA. Again, precise estimates 
of the values of re0 which can be reached in this channel must be left to a more detailed 
analysis. In particular, the heavy-quark backgrounds from ep ~ eTtX, vTbX require a care
ful study. Assuming that 100 q~-events per year are sufficient to establish a signal, one 
would be able to detect squarks up to 

m0 = 200 GeV at IS= 1.4 TeV, L = 10"cm- 2s- 1 , 

m0 = 150 GeV at IS= 1.8 TeV, L = 10 31 cm- 2 s- 1 • 

( 33) 

This, as we believe, reasonable guess indicates that eq production gives access to con
siderably heavier squark masses than q~ production, unless m1 >> m0 which is not expected 
in the usual models. 

4. SQUARK-GLUINO PRODUCTION 

Squarks and gluinos can be produced in ep collisions by photon-quark scattering as 
indicated by the diagrams shown in Fig.8. The integrated cross-section for yq+Qg reads(5] 

where 

o(s) = 4m,Q~cxs ( Q 2 ) 

35 

1 ~ + m2 
6 = ,1 -2 -- n s 

[s (1 + 7o) - 4o(1 + ol ln l + 6 + 6 
+ 0 - s 

m2 - m2 ·q }!' 

s 

(34) 

( 35) 

and where we have added qL and er. production taking mqL= m0 •. The total cross-section for 
ep + eqgX is then obtained from eq. (34) and the Weizsacker-William approximation des
cribed in eqs.(28-32). Evidently, in the formulas the gluon distribution G(x,Q 2 ) is to be 
replaced by the sum of the quark distribution functions E q(x,Q 2 ) and "a'("'g) is to be 

q substituted for m1 (m2 ). 
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y 

q 

Fig.8 Diagrams contributing to ep ~ eqgX. 

The_resulting cross-sections are plotted in Fig.9 versus mg for the two ep energies, 

/S = 1. 4 and 1. 8 TeV, and for various va 1 ues of m0 . It should be noted that the SUGRA 

relation m~ = m; + 0.8 mlf implied by eqs.(23) and (24) favours cross-sections on the 

left-hand side of the predictions for mq = mg in Fig.9. If one takes the values of mq and 

mg corresponding to 100 qg-events per year as a rough estimate of the limits of observa

bility for this process, similarly to the assumption made in eq.(33), one finds the 

following detection limits: 

mg = 100 (400) GeV for mq = 300 ( 100) GeV (36) 

at /S = 1. 4 TeV, L 10 3 2cm- 2 s- 1 

mg = 160 (310) GeV for mq = 200 (100) GeV ( 37) 

at /S = 1.8 TeV, L = 1031 cm- 2 s- 1 

rs .. u.rtt~ {$:1.8TeV 

m~ {GeVJ 

Fig.9 Squark-gluino production cross-sections for various assumptions on the squark mass. 
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Roughly speaking, if gluinos and squarks exist with masses in the range m- + ~~ < 
g q -

(400-500) GeV, it should be possible to detect these sparticles at the LEP-LHC collider. 

5. SLEPTON-GAUGINO PRODUCTION 

As already pointed out in the introduction, searches for the processes ep + lx + X 
and ep + lqx + X, x denoting a chargino or neutral inc state, are not expected to produce 
very useful limits. Here, we substantiate this claim by presenting an example, namely 
ep + eyX, which has been studied in detail in ref.[6). This investigation was mainly mo
tivated by the possibility that squarks could be so heavy that the processes discussed so 
far could not take place or would be strongly suppressed, while fiY final states could 
still be produced if me<< mq and my, 0. Fig.lO shows the dominant diagrams contributing 
to ep + eyX and Fig.ll illustrates the total cross-sections for my, 0 and various values 
of m8. We see that at IS= 1.4 TeV and L = 10 32cm- 2s- 1 selectron masses m0 z 150 GeV are 
out of reach in this channel. The sensitivity at IS= 1.8 TeV and L = 10 31 cm- 2 s- 1 is even 
worse. Moreover, supposing m0 , 50 (150) GeV one expects more events from eq production 
if mq: 500 (600) GeV as indicated by the results for model (a) shown in Figs.2 and 3. 

y 

Fig.10 Diagrams contributing to ep + eyX. Fig.ll Selectron-photino production cross~ 
sections for varjous values of the 
selectron mass M assuming m- = 0. 
Also shown are the cross-sect\ ens 
(cr·B) for the background processes 
ep + eZX, Z + vV and ep + vWX, W+eV. 
(from ref.[6)) 



- 17 -

6. SUMMARY 

We have calculated total cross-sections for the production of the following spar

ticle final states in ep collisions: 

eq +X, \iq +X, eqq +X, eqg +X, (ey +X), 

and have investigated the model-dependence of these predictions. Furthermore, we have 

assumed c.m. energies and luminosities which would be available in collisions of e• beams 

of LEP with a p beam of the LHC. From these studies we have then estimated detection 

limits for sparticles masses taking cr(ep + eqX, eyX) = 0.01 (0.1) pb and cr(ep + eqqX, eqgX) 

= 0.1 (1) pb as the smallest observable cross-sections at IS= 1.4 (1.8) TeV and L = 1032 

(10 31
) cm- 2s- 1

• This assumption is equivalent to requiring 10 events per year for final 

states in which a sparticle {e, Y) emerges from the leptonic vertex, and 100 events per 

year if both sparticles are produced at the hadronic vertex. Obviously, one can expect a 

clearer signal from the first class of events than from the second kind. 

Fig.12 

m, 
{GeV] 

600 

<00 

200 

0 

0 

I yg-(j Q 
', f$50./ y9 

,~ / 

\ -~/ '9~ 
I ~/ _, 

1 / ___ m_j:_6~~~-- _ 
-7(-------------------
/1 

200 <00 600 

mg{GeV] 

so 100 150 200 

m112 [GeV] 40788 

Summary of discovery limits expected at the LEP-LHC ep collider. Current bounds 
are indicated by dashed lines. Using the renormalization group relations (23} and 
(24) one has mq ?. 0.9 m0 (dashed-dotted line) and m0 , 3 m112 (relation of 
horizontal scales). 



- 18 -

Fig.l2 summarizes our estimates of discovery limits. We see that the heaviest spar
ticle masses can be reached in pair-production of sleptons and squarks, although the 
individual detection limits depend crucially on the relation between ~ and ~ (and also 
to some extent on mg if supergravi ty mass re 1 ati ons are assumed). On the other hand, 
direct searches for gluinos produced in ep+ eqgX are restricted to m0 ~ 400 GeV, while 
the squark masses accessible in ep + eqgX and in ep + e'qqX are 1 imited to mq :s_ 200 GeV 
except for light gluinos. Finally, the bounds on charginos and neutralinos expected from 
the processes ep + iXx and ep + lQXX are not very interesting and are therefore not shown 
in Fig.12. However, it should be possible to extract some information on these states 
from a more detailed study of ep + eqX if a sufficiently strong signal is observed [4]. 
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