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SUPERSYMMETRY IN EP COLLISIONS

H.Komatsu** and R. Riick]
Deutsches 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
ep mode. The following final states have been considered: g + X,
Vq + X, eqq + X, efg + X and €% + X. The discovery potential of
this ep option is estimated 1n terms of detection Timits for
sparticle masses.

. INTRODUCTION

In the minimal supersymmetric extension of the standard model with two scalar Higgs
doublets {1], one expects the following superpartners: spin 0 sleptons (7 ) and squarks
(ﬁ ) associated with the L— and R-handed leptons and quarks, spin 1/2 glu1nos (9} and
e1ectroweak gauginos (7, Z, w } associated with the gluons and the photon, Z and N bosons,
respectively, and spin 1/2 higgsinos (Hy, H;. Hz, Hg) associated with the Higgs bosons.
The couplings of these new fields are related by supersymmetry to the familiar gauge and
Yukawa couplings of the ordinary standard model. The breaking of SU(Z)L x U{1) and super-
symmetry induces mixings among superpartners with the same SU(3)c X U(l)em quantum numbers
and generates masses. Possible dynamical schemes for symmetry breaking are suggested by
supergravity models [1].

High-energy electron-proton machines providing, effectively, collisions of efectrons
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 + &G, V4,

- squarks and antisquarks [2,5]: yg -+ a4,

- squarks and gluinos [2,5]: yq -~ 93,

- sleptons and gauginos [6,7]: ey + &(Yor Z), ¥
- squarks and gauginos: gy - 4{vy, Z or W},

in principle, allows to check the existence of many of the sparticles expected im 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(Qz), 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 {8]. However, in view of the current limits on
sparticle masses [9], for exampie,

ms, my 2 20 GeV ,
L P 2 60 GeV ,
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to quote only the least model-dependent bounds, &5, 43 and §g 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 + 14X, ep » edaX and ep - edgX using various models for sparticle masses, and %o
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, GS(QZ) = 4n/748n(Q* /(200 MeV)?} for the running coupling constant of QCD, o =
1/137 for the fine structure constant, sin 29y = 0.23 for the Weinberg angle and my =
my/cosdy = 93 GeV for the masses of the Z and W bosons.

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

{I) /S =1.4TeVand L = 10%2cm 25~ | (2)
(11) /3 = 1.8 TeV¥ and' L = 10%!¢cm~2s~1 |

which could be obtained by colliding an (50-100) GeV electron {or positron} beam of LEP
with a 8 TeV preton beam of LHC, the hadron collider in the LEP tunnel. The feasibility
and machine parameters of this ep opticn 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.
E1lis and F. Pauss [12].

. SLEPTON-SQUARK PRODUCTION

Sleptons and squarks are pair-produced in ep collisions by t-channel exchanges of
gauginos and higgsines. One has two kinds of processes, the charged-current type processes
eq +~ 3§ involving ¥*, RT and H} exchanges, and the neutral-current type processes eg + &g
involving ¥, E, ﬁf and ﬁg 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
Ta production cross-sections, one has to solve the gaugino-higgsino mixing probTem.
Further complications may arise in the scalar sector due to mixing of the ?L and ?R part-
ners of leptons and quarks. However, in supergravity models [1] this effect is expected to
be small, perhaps with the exception of EL - Eﬁ 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 Gauging-Higgsino Mixing

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

W T |
M, /2 my cosey W (3)
C . ~_ and
" W2 my singy -y Hy



5 7 i i
Micos?@y + Masin2@y (M - M)}cosOysingy 0 0 ¥

MN _ (M2 - M1)cosOysiny M s5in?8y + Mcos?dy imy 0 ?_ ()
0 imyz ~usin2d, ucos28y || H
0 0 pcos 29y, HsinZdy H

where the neutral higgsinos H and H' are linear combinations of the SU(2)L-doub1et fields
L
H = cosoy A - sing, A3 (5

H'= singy A° + cose, B2

and

v
tangy = ;1 , . (6)
1

v, and v, being the vacuum expectation values of the two neutral scalar Higgs fields HY
and H3. The generally complex mass parameters M, , M, and p in the above are soft SUSY
breaking parameters associated with the U(l) and SU(Z)L gauginos and with the higgsines,
respectively. Furthermore, we assume the constraints

{a) coszoy =0
(b) My = 3 tanZy M, ' (7)

{c) M, M, and | real .
Assumptions (a) and (b) are suggested by the renormalization group analysis [13] of a
class of supergravity models (for a top quark mass my = 50 GeV), while assumption (c) is

made merely for simplicity. With these specifications the model contains only twe unknown
parameters, M, and j. ' '

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

TuC _
(CM0 = medsy (8)
S
ij Ni ij
The (positive) eigenvalues m. s 1t = 1,2 and mey i =1,..., 4 are the masses of the
1
chargino states
Xe; Cliﬁ + %i A" i=1,2 (9)

and of the neutralinc states



SN YN FeN FAeN R i=1,...,8, (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' withm ‘o |p|

Ordering the remaining eigenstates ¥ X K i=1,2,3 and i . i=1,2 such that m s nme N3

and Mey, S M,, we use the phys1ca1 masses My and mCI, instead of M and y, as input in
N

the diagonatization of M and the appropriate 3x3 submatrix of M.

The resulting neutralino and chargino states and masses are given in Table 1 for
values of m,, and m,, 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 M, (with the convention Mz g 0) and p
associated with a given solution. A detailed discussion of these mixing scemarios can be
found in ref. [4].

2.2 Cross-Sections

Cross-sections for ep - TqX are calculated from the diagrams indicated in Fig.1. For
an incident electron and quark with the same helicity a = L or R one obtains the differen-
tial cross-section [2,4)

da 1 (Neg)i{Ngply 2 11
(EQ -»Tq) 16m% |§ t-m mi] ’ (11)
: ﬁhereas for opposite helicities a = L, b = R or vice versa one finds [2,4]
do . - 1 Mea)i(ap)y
df (esqb s Taqb) = l&"? I E f - mi |2
‘ (12)
- a 2 - 2 a
x [-38- (my -B)(mg - 1) ]
Here, we use the scattering variables
§ = (pe + Pq)?, = (pe - PY)7, 0= (po - p3)° (13)

with§ + £ +0 = m% + mﬁ, m and m- being the appropriate slepton and squark masses and p

e v e e
Xeii=1,2 Xni i21.2.3.4
q \\sa q \\\a
{a) {b)

40748

Fig.1 Diagrams contributing to (a) ep~ YgX and (b) ep ~ €aX.



0>+ a0y
-13134202 BY] dtiym *(g) ba jo

{o1)"ba 30

gLLl0Y

6 £65i=|c so91]zo91 [{ o001 1sz0-0)0091 [( 8L8°0 ' 8Lr 0)L091]{ 0001 TILE0 O-"1v00 0} 1091 8Ly 0-' 8.8°0)008
6'58ZZ {L's09i]o0cZ ({12110 * £66°0)0091 L1170 " ogor0)roce{{tL1 0 T 8980 ' zar D)oOOII I8y 0~' 9.8°0)00%
9 264 1-]0°5091 2091 |[{ 000 1-*1620°0)00Z1 QL8°0 ' BL¥ 0)L091|{ 666°0 "19C00="'1900°0)10Z1 Liv 0=" 918°0)008
0°94Z) Jg gigiicest (118670 * ZT6L'0)00TI 998°0 ' 19r 0)CCe1 {16670 " LV10 ' BALTO)SOTL 98y 0=' £98°0)008
'z 262- 15 v091§L091 [{ 666 0-"19£0'0)00OR 8i8'0 ' 8i¥'0)L094|{ 666°0 "1€¥0°0-"1800°0)108 Liv 0~' 618°0)008
866~ 12008 jro8 666 0="11g0 0)008 |{! 6.8°0 ' £y 0)y08 |{ 866 0 '1790°0-'1800 0)ZCB CLy 0-" 0887 0)00F
276981 (27908 i@ [(1920°0 * L6670)008. 180°0 ' 010°0)2281((1940°0 " 1870 ° om'.owoom §8Y 0=' ¥LB°0)00F
' c65- |s°66L [ro® 866°0="'1850°0)009 E/8'0 ' £L¥'0)r08 £66°0 "1ZL0T0-"5110°0)Z09 VLY 0—" 188°0)00F
ooce [i1-zze fesa [(16c6°0 ' s¥cr0)oo9 K 8C8°0 ' 817 0)8S8 |('¥16°0 " 60Z°0 T I#{°Q)E09 Y05 0-' 0¥8°0)00¥
Y ¥60- [9°864 {v08 |( 866 0-"1890°0)00F (! 68°0 " Ter 0)ro8 |{ 966°0 1980 0-'1910°0)Z0Y 69¥ 0" Z88' 0)00F
9'18c- lv'cec {rvor [{ s66-0-"1Z01-0)oor |( €88'0 ' £S5 0)p0F |{ Z66°0 T194Z10-'1810°0)COY ZS¥ 00— 688°0)00T
6 ¢eiz jercor Jecizi{rzvo0 * &e6 0)oor I Z50°0 * Z00°0)601LT M_h¢o_o " AL8°0 " 88¥ 0)00y g9¥ 0-' £LR°0)00Z
r 062- l1-¥6C |rOr M €EB6°0-"1441°0)00C T CR8°0 ° ¥S¥ 0)¥OF 686°0 ‘1v¥l'0-'1ZZ0 0)¥0OC ¥y 0~' L66°0)00Z
“6¢C |2 ¥cr Jvey [{:co8'0 ' 81§70)00C M L0 © LTLT0)9BY M_nhh.o 1TBZ'0 1 L9sIO)rLs TSS 0-' 09L°0)00Z
9:881~ {£°z6C {ror [( 186°0-"19C1 0)00Z £88°0 ' B¥¥ 0)r0F c86°0 "11LL0-"1Z8070)802 LCY 0=" $68°0)00Z
§'281- |e 881 feoz M 6{6 0" _now.owocm ( ¥68°0 ' €65°0)80T |( 696°0 “1¥¥Z 0-'10£0°0)90Z SLE°0-' B16°0)001
veree izoz foiee|{iozo o * o000 i)ooz |( 0070 ' 000°0)L1€S M_ouo.o ‘T80 ' 06¥ D)0OZ &8¥ " 0~" nnw.owoo_
¢roc1— |a-s8y fpoz |{ zie-0-'1scziojost | Z88°0 ' BL5°0)60Z 86G6°0 “1IRZ O-'11¥0°0)LCI ¥SCT0-* $ZE0}001L
¥ 11z fs'9sz Joze (166270 ' 108" oWom_ M 9rL 0 ! h¢u.owenn (1695°0 * 1E2°0 ' SLLB)GLL ¥Z9°0-" Nwm.owoo_
99— |z [eoz | 196°0-"1$L270)001 29870 * t95°0)01Z [( ZT¥6 0 ‘16ZC 0-'1850 0)BOL CECT0-' 1C6°0)001
r'va— |6'98 |cz1 |{ 916 0-"100¥ 0)00L | L2870 * BITO)LTL | €60 “liwy 0-"10SOTO)ILE SLL 0= ¥L6°0)0S
0-zoke [ oy feows|{tri0- 0t 000" 1)ool [( GLO'D ° 000 0)TOM9|('¥i0'0 * ZLB'0 ' 06F 0)OOL 06F 0~ ZLB 0)0S
665 |68 [ozZi |{ “1ier 0)08 M. 0980 ' 00Z°0)if1 |( 0Z8°0 "IBEY O-'1190°0)Z6 SYL 0~ BL6°0)0S
s ict |1°961 |esz M_n_m 0 nnn.owcm 02470 ' ZET 0)8sT | (19CY 0 * 990°C ' 868 D)LLL GCH°0—° #LC°0)0C
0= g gt ¥sg 0-'1025 0)os  §( zZze'0 * 99i-0)orl {( ZZe'0 ‘1095 O-"1L80°0)v9 6800~ Z96°0)0S
o°12- |oer fz6 ({ 118 0-'t985 0)0B 1609°0-" C6L°0 * 690°0)301 J( £64°0 1809 0-'1BLO 0)Z6 L0 0" LG6T0)0Z
L°T9 [gec et |{1i6¥-0-' 898°0)08 6¥3°0 ' 18IS 0-'19Z0°0}0T) Mm*un.ou. ty8°0 ' 680°0)88 180°0~" 966°0)0Z
L70¢ (RS [ 1LL°0=" 180 0)05 160L°0~" €DL°0 ' £¥0°DYLTI 102°Q "HILL D" 1850 0)r8 600°0 ° [66°0)0
0°0L¥— [S'sC 2y |(1SL1°0~' GB6 D)OS 09670 ‘18617 0-'1C000°0)}6Zy ((1Z61°0-" IS6°0 ' LLT'0 Nn W20~ ZL6°0)02
e LL 1'2¢ 16§11 S09'0-'196L°0)0¢ 1462 0~ 1190 ' ZCO'0)E¥L [( L0970 '106L°0-"1980° ow LP0°0 " 966°0)0Z
6'S¥ L-ezy [vvy (164670 ¢ cOZ 0)OF 120Z°0-* £48°0 ' ¥CFON ¥y (101270 * CBCTO-" S68°0}2L LLZT0=" £O1°0)0Z
PR 0o €8 100L°0—" ¥#1L'0)0B €IL°0 *1I0L70—' 0DO°0)56 M__oh.ou. £1L'0 7 00 ' 0oDL)0
T'ge- oo et {{1zes 0-" £58°'0)08 6CH°0 “1¥¥$ 0—' 000°0)L¥t [(!v#S O-' BLRO ° 00 ' 00010
0°'Z61 {00 Tz C¥C0~' 16567 0)00 122670~ §LE°0 ° 000°0)0sZ | SLE°0 "1LZ6°0-C ooo o o0 ' 00010
z o |[Heny'LL 12 Amm TEINTTELNTY oN 43 ..NNZ&_. N L ] ' N
1l (2 [(FDTHD ) [ EEN ENEIN) | (BN z??zmz:z?
Buiyosiq ASNS soulbioyn S0U} DU IRBN

3 pue g ¢t 4+ Nz Joj 1

supn [Hls g =

:m SIUSLD144205 ayy Aq pajuasaudad si

ﬁ_.z SIUILDL490D BY) AqQ pazisajoedeyd ade £°2°1

1

._zm $23P35 outjedinau ayj ‘induy se pasn ade

%y pue

ﬁHU\_

Hum aje3s outbleys ay)

:g |

M

L pue

Eu Aq uvaaLd aue Nuw a31e1s ayy jo

Moy =
13

™X pue ¢

™ 40

‘A pue Nz sdayameded ssew oursB6Ly pue ourbneb ayj jo sanjea Buipuodsasdos syz pue soulbueyd pue soulpesinau jo sajelsusabla

T dL9eL

Nﬁu sjua
™

= N Y3tm

san|ea ay|

pue sassey



-7 -

denoting particle four-momenta. The effective couplings (nf ) are given by
C“'

)¢
fg i

e
= STroy G0 (017 =0 (14)

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

T, - Qsin‘oy

s1ndy cosdy 2]

N
(ne Yy =72elQN +

fL'i

(nrR)’: =/7eQ [NL - tandy N¥. ]
in the neutral-current case 1 = &. Moreover, Qr denotes the electromagnetic charge (with
the convention of Qg = -1), T3¢ is the third component of the weak isospin, and C1;, Niy
and No; are elements of the diagonalization matrices introduced in eq.(8) describing the
wino, photino and zino admixtures in the chargino and neutralino eigenstates (see egs.({9)
and (10)). Since the higgsino Yukawa couplings vanish in the Tlimit me, mq = 0, an
approximation made throughout this paper, the higgsino contributions proportienal to Csis
N+; and N4y are dropped in eqs.(14) and (15). Finally, the polarized differential cross-
sections for the processes €;q> el Biqu*1a.dp and eiqy1a. Gy Can be obtained from
do{eatp> 1adp)/dt by the following replacements

(NFL)i + (ﬂfg); for f » ?L : (186)

(negdy (nf.L);' for f_ > T,

In our notation, ?% and ?L denote the scalar partners of ?L and ?R so that in the above
a' = L,R is associated with a = R,L (similarly, for b and b').

In the next paragraph, we present numerical predictions for the total unpolarized
production cross-sections

1 tmin i
-~ —_l_dc(anb-»thl z
gf{ep + TqX} = 5 Z J dx I dt 3 pr: a q(x,Q%) (17)
* min tmax
where the integration boundaries are given by
Xntn = (W 4 Mg )t/s (18)
-_,1 wom2 o omi % T - mZ % - A
R AL . SMC I L N S

The factor % in eq.(17) arises from averaging over the incident Tepton (e or e+) and
guark polarizations. For the evolution scale of the quark {and antiquark) distributiocn
functions g(x, Q%) we choose, somewhat arbitrarily, Q% = -%. Furthermocre, we sum cver &1}
flavors present in the proton and add the cross-sections for the final states Te ab with
a,b € {LR ]



2.3 Numerical Results

The following numerical examples illustrate pair-production of sleptons and squarks
for chargino and neutralino spectra takem from Table 1. As far as the scalar masses are
concerned, we have studied three cases: m~ = m;, my << m;, and > and ms as given by the

1
renormalization group relations of a supergravity model.

2.3.1 o{ep * TEX) for my = m

Fig.2 shows the Tq production cross-sections versus my + my for my = my = my = my.
and for the gaugino-higgsino mixing scenarios indicated below:
le mc1 : Mz ¥ in GeV
(a) | 20 s0% 3 -410
(b} 50 100 87 - 64
(c}y | 100 200, 202 3314 (19)
(d) 200 300 ¢ 435 349
(e) 400 600 . 822 630
1¢ T v > 10: - T v T T .
a) | ep— 98X vp—TGx ] bl § #p— 08X o —08X

Y

alpbl
o lpbl

op—Egx ep—mEGX ] o ep——Fqx

1111t

¢

T T T TTIIT

167

[

mq +mg 100Gy o m;emg o0 Gev]

Fig.2 Slepton-squark production cross-sections at {a) /S = 1.4 TeV and
(b) ¥5s = 1.8 Te¥ assuming my = my and using models (a)-(e) of (19)
for the chargino and neutralino states.



-9 -

The full icx and iNi 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 My and My of the
lightest states, while the e p cross-sections exhibit a more irreguiar behaviour due to a
subtle interplay of valence and sea quark contributions. Furthermore, although we have
taken e = m in the calculation, the results plotted in Fig.2 also apply to cases Lot £ ma
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 = (mi +

n
m;)zfs {see eqs.(17) and {18}} and thus depend, to a rather good approximation, cnly on

the sum me + M,
1 q

We shall now use Fig.Z 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 5 decays in the background of standard model processes in order to draw
definite conclusions. Such studies are presently only available for Ta production and
decay at HERA [14]. For the case ep + 8dX, & + ey and § »~ 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 Tumino-
sity L = 10%'e¢m™25~1, provided & + & and § » gy are indeed the dominant decay modes.
This result provides some justification for taking o(ep + €qX} = 0.01(0.1) pb as the dis-
covering limits in ep collisions at ¥5 = 1.4 (1.8} TeV and L = 10°2(10°*}em™?s™'. Making
the above assumption, we find from Fig.2 that the following sparticle masses can be
reached:

i
It

10%2em™ 257!,

o7
a7 oF

{360-380) GeV at /s = 1.4 TeV, L
" {20)
10%em2s=1.

[H
"

m (260-310) GeV at /s = 1.8 TeV, L

Interestingly, mixing scenarios for which the €§ production is small, the 2'5 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 Vg production is more abundant than &g production. On the other hand,

Vg final states may be more difficult to detect than &G 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 alep + 1gX)_for my << m-

G

We have also considered the possibility that sleptons may be much lighter than
squarks. The production cross-sections for mTL = mTR << mEL = mEH and the same gauging-
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 my = s except that they are generally somewhat larger than the
ones obtained in Fig.Z. This means that one cam reach very heavy squark if the sTeptons



alpbl

T

ep-=55x ]

10 -

aipbl

ep—- 98X

T T

ep——BiX ]

Ao4oxaaad)

W ETTI
gl

Sk

g +mg 100CeY]

my+mg 100Gev]

4018

'Fig. 3 Same as Fig.2 for my = 50 GeV << .

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

14
H

(700-770) GeV at ¥s = 1.4 TeV, L = 10"%em™%s™" (21)

o7 o7

"

(450-630) GeV at /s = 1.8 TeV, L

10°tem™ %™} |
Again, the ep option with the lower energy but higher luminosity is clearly preferred.

2.3.3 Discovery 1imits in the framework of a supergravity model

In minimal supergravity models, the SU(3)c x-SU(Z)L x U(1) gaugino mass parameters M:’
M2 and M1 are related by renormalization group equations to a bare SUSY breaking gaugino
mass m, .. Assuming M3 = M2 = M1 = ml/zat a grand-unification scale My and evoluting Mi to
a scale Q < My, one obtains
m /9% = M;/93(Q) = M,/g2(Q) = 3 M /5 g2(Q) (22)
where 9y is the unified gauge coupling at My and 95, 9, and 9, dencte the usual SU(B)C,

SU(2), and U(1) gauge couplings, respectively. For g§/4n = 1/24 at My = 2.4-10'%GeV and
a{my) = 1/128, sin®@y = 0.23 and ag(my) = 0.12, eq.(22) yields [12,13]
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- .5 -
My=2.9m  and M =3 tan Bwh, =0.41m (23)

at energy scales of O{my). I'V!2
given in eqs.(3) and (4), while M3 is the effective gluino mass M. In addition, one also

and M1 enter the chargine and neutralino mass matrices

has renormalization group relations for scalar masses. For equal Higgs vacuum expectation
values v, = v, as assumed in {7), these relations are approximately given by [12,13]

2 2 2 2 z 2

me = ms +0.5m me =~ mg + 0.15m

1L ° w2t g ° 1/2° (24)
2 2 2 2

me o= 2w +7m

a. ~ Mar ° 1/27

where the scalar mass parameter m., defined at My is the gravitino mass. Contributions
from Yukawa couplings, which mainly affect e, are neglected.

alespr=vaX]=0Q01pb

oletp—8+gX)=001pb

3 1
m, [102GeV] ot

T T T 1 T T

Tlep—=UGX)=01pb 1 ale+p—¥X)=01pb

} H + 3
T T ¥ ¥

My (907Gev]

alesp—~E+GX)=0tpb ]

o

2
mo [1076eV] ©orrs

Fig.4 Discovery limits in terms of the parameters m;,;, and mo of a minimal
}@ergravity model. The curves correspond to 10 events per year at {(a)
s = 1.4 TeV and (b) 5 = 1.8 TeV assuming p = -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 . and i, while the scalar masses are given in terms of

M, /s and m,. Hence, the significa;z: of searches for ep + Tax can be described by Timits
in the (mv2 , Mo)-plane with p as an additional variable. Fig.4 summarizes our estimates
of the region in (ml/z, Mo ) which can be explored at vs = 1.4 TeV, L = 10°%cm2s™! and +s
= 1.8 TeV, L = 10%'em™® ! . In ref. [12], these limits are compared with constraints
expected from SUSY searches in e+g" (CLIC) and pp (LHC) collisions, and with the current

bounds implying

LI 5 GeV form, =0 (25)

m,, 2 20 GeV  for my 2 55 GeV .
One should, however, bear in mind the model-dependence of such a comparison.

2.3.4 Energy-dependence of Ta-production

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

| Mo M : Mz T My m; in GeV
T
20 50, 33 31 50 100
50 100, 87 - 64 100 250 {26)
¢ | 100 200} 190 -183 150 600

with the chargine 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 m, s, = 40, 100, 230 GeV and m, = 40, 70, 100 GeV in the

T T T - T

— olep-&-§Xi e (TP G4 GX)
v ——e-olerp-=TEX)

-]
T
|
]
i

3

]

=

]

4

=

ol

T T T

o [pbl)
o
T TTIT1¢V Il'

IR RTITIRL IR WY

2
T

T T T ITTTY
b

A
L1 baaacal

Vs [Tev]

TR

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.5 shows the enormous gain in discovery potential by go-
ing from the HERA energy range /s = 300 GeV to TeV energies.

. SQUARK PRODUCTION

The dominant production mechanism for Ea pairs at an ep collider is the photon-gluon
fusion process described by the diagrams in Fig.6. The integrated cross-section for
3 hnd bnd : — = . 3 . *
vg + 4 (summed over G, and g, with me qu) is given by {5]
100425 {(Q%)

of3) = T[22+ 81 - (1- 80 o pTE ] | (27)

where B = (1 - fflm%/é)l/2 and § = (pY +p )2. Since the main contribution to the total ep
g

cross-section comes from {almost) real photons radiated off the electron, p? is set to

zero in eq.(27). Accordingly, the total cross-section for ep » eG@X can be evaluated in

the Weizsdcker-Williams approximation (WWA) which, for the case at hand, teads to

olep » edax) = [ dx ] dz fY/ {z,9%) G(x,Q%) o(xzs) {28)
=]
Xmin  Zmin
with
= 2 = )2 29
z ‘(ml + my) #/xs, X . (my + m,)%/s , {29)
Y\r -4
- N T T T
] ' i ep eqqx IWwal i
. , B N
‘(«‘«“L\“\\ - . 10 3
g ~q -k E
Y 4 - 1
l,/
oy — B ]
{)\ 8 15 ]
‘ﬂ““‘(y AY b N 3
N L -
g hEs| [ ]
Y 4 l
7’
// o
Aﬁééfp\ i
hY -
,
™
\\ = -
9 16 ! .
40700 0 100 200 ] 300
mi[GeV} 40780
Fig.6 Diagrams contributing to ep » eﬁﬁ?. Fig.7 Squark production cross-sections at

LEP-LHC and HERA.

* Qur result seems to differ by a factor 2 from the cross-section quoted in ref. [5].



and m; = m, = My Here, the function

1+(1-2)2
fo(z,q2) =a Lt {1-2)2 o (30)
WB( q2) 7"; 7

anla

describes the effective photon distribution in z - P /p , 6(x,Q?) denotes the gluon
distribution in the proton and o{xzs) is the basic cross- sect1on, eq.(27). Following ref.
6] we choose

2 _ o2
- iy (31)

as the gluon evolution scale with

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

characterizing the maximum virtuality of the photon.

Fig.7 shows the production cross-sections olep + eﬁEﬁ) versus the squark mass my for
/5 = 1.4 and 1.8 TeV in comparison to the expectation at HERA. Again, precise est1mates
of the values of My 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 qq events per year are sufficient to establ1sh a signaT,
would be able to detect squarks up to

200 GeV at /5 = 1.4 Tev, L
150 GeV  at /5 = 1.8 Tev, L

103 %¢m-25-1,

12

Moy (33)

10%em=25-1t,

1]
H

Moy
This, as we belfeve, reasonable guess indicates that 83 production gives access to con-

siderably heavier squark masses than qq production, unless Mo > mE which is not expected
in the usual models,

. 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 ¥q+ 33 reads[5 ]

o(3) = 4"0%“5 [8 (1 +78) - 461+ §) tn 1028 (34)
where Py mZ - m2 (35)
R

and where we have added 9, and ¥, production taking Mo = m?f . The total cross-section for
ep - €GgX is then obtained from eq.{34) and the Weizsicker-William approximation des-
cribed in eqs.(28-32). Evidently, in the formulas the gluon distribution G{x,Q?} is to be
replaced by the sum of the quark distribution functions Z q{x,Q?} and Wifmz) is 1o be
substituted for m,(m,). ’



A -5
\rr’
/:\
q g q 3

40792

Fig.8 Diagrams contributing to ep> eqgX.

The .resulting cross-sections are plotted in Fig.9 versus my for the two ep energies,
/5 = 1,4 and 1.8 TeV, and for various values of My- It should be noted that the SUGRA
relation m% = mZ + 0.8 mé implied by eqgs.(23) and (24) favours cross-sections on the

Teft-hand side of the predictions for my = my in Fig.9. If one takes the values of my and

My corresponding to 100 gg-events per year as a rough estimate of the 1imits of observa-

bility for this process, similarly to the assumption made in'eq.(33), one finds the
following detection limits:

ms = 100 (400) GeV  for my = 300 (100) GeV (36)
at /5 = 1.4 Tev, L = 10%%cm™ 25~ |

my = 160 (310) GeV for my = 200 (100} GeV (37)
at /s = 1.8 Tev, L = 10%'em 257!

T T 1 1 T T

ep—-edFX  [WWA) Vs =1L TeV 1 ep—=eGGX (WWAL {s=18TeY E

0 - L —
- N Iy m
8 3 2 E
b ] b .

0 — o1 -

am | an ! I
00 200 300 400 100 00 300 100
mg [Gev) 078t mg (Gev1

Fig.9 Squark-gluino production cross-sections for various assumptions on the squark mass.



- 16 -

Roughly speaking, if gluinos and squarks exist with masses in the range m; + q; <
(400-500) GeV, it should be possidble to detect these sparticles at the LEP-LHC collider.

. SLEPTON-GAUGINO PRODUCTION

As already pointed out in the introduction, searches for the processes ep + T; + X
and ep + 16} + X, X denoting a chargino or neutralino state, are not expected to produce
very useful limits. Here, we substantiate this claim by presenting an example, namely
ep + &YX, 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 & final states could
still be produced if my << My and m; = 0, Fig.10 shows the dominant diagrams contributing
to ep ~ €yX and Fig.11 illustrates the total cross-sections for m; = 0 and various values
of mg. We see that at /5 = 1.4 TeV and L = 10°%cm™2s~" selectron masses my > 150 GeV are
out of reach in this channel. The sensitivity at /s = 1.8 TeV and L = 10%'cm2s~! is even
worse. Moreover, supposing my = 50 {(150) GeV one expects more events from &g production
if my < 500 (600) GeV as indicated by the results for model {a) shown in Figs.2 and 3.

M=30 GeV
1!

5 102
=
- -]
a
! 107
]
]
Y Y 10
40T#
1 [l il 1L
0.5 030 050 10 20
s (Tev) o788
Fig.10 Diagrams contributing to ep -+ 8%¥X. Fig.11 Selectron-photino production cross-
sections for varjous values of the
selectron mass M assuming mg = 0.

Also shown are the cross-sections
(a-B) for the background processes
ep ~ eZX, Z + vy and ep + WX, Wrev,
{from ref.[6])



. SUMMARY

We have calculated total cross-sections for the production of the following spar-
ticle final states in ep collisions:

83 + X, T4 + X, e3q + X, e§F + X, (&7 + 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 o{ep + €GX, &¥yX) = 0.01 (0.1} pb and ofep ~+ egaX, eqax)
= 0.1 (1) pb as the smallest observable cross-sections at vs = 1.4 (1.8) TeV and L = 10%*
(10°%) em~2%s™?. This assumption is equivalent to requiring 10 events per year for final
states in which a sparticle (€, ¥) emerges from the leptonic vertex, and 100 events per
year if both sparticles are produced at the hadronic vertex. Obviously, one can expect a
¢learer signal from the first class of events than from the second kind.

m - - =506€V‘
4 . e‘C-!.""""‘E:I e

e‘q-—hé*& (m;:

600

400

200

My [Gev] 40788

Fig.12 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 my > 0.9 ny {dashed-dotted line) and L 3 my,, (relation of
horizontal scales).
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Fig.1Z 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 Timits depend crucially on the relation between my and my (and also
to some extent on my if supergravity mass relations are assumed). On the other hand,
direct searches for gluinos produced in ep+ efgX are restricted to LN 400 GeV, while
the squark masses accessible in ep + eggX and in ep » eqqX are limited to my < 200 GeV
except for light gluinos. Finally, the bounds on charginos and neutralinocs expected from
the processes ep + ?;X and ep + 19X 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 +~ €qX if a sufficiently strong signal is observed [4].
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