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ABSTRACT 

We survey the possibilities which high energy electron-proton 

collisions in the HERA energy range provide to search for new 

particles and to test for new interactions. Particular empha

sis is placed on the production of leptoquarks and supersymme

tric particles. Helicity changing contact interactions are 

briefly discussed. 
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1) Introduction 

At the storage ring HERA currently under construction elec

tron-proton collisions will be observed with center-of-mass 

energies up to VS=314 GeV and momentum transfers up to Q2 %10 5 

GeV 2 • Hence it will be possible to produce new elementary 

particles with masses up to the maximal center-of-mass energy 

and to test for new interactions down to distances rmin= {200 

Gev)-l=lo-16 em. 

Since the proton is composed out of quarks, antiquarks and 

gluons with 

the proton, 

tron-proton 

average momenta given by the inverse size of 

i.e., <kp> '---1- = 300 MeV, high energy elec
<rp> 

collisions are scattering processes between the 

following quasi-free partons: 

electron beam: e, 1 

proton beam: u,d,g,,,u,a,s,S, ... , 

where we have included the photons from electron and quark 

Bremsstrahlung. 

The highest masses of new particles are accessible in single 

particle resonance production. In Sec. 2 we give a list of 

possible processes and discuss in detail the two most impor

tant cases: excited quarks and leptons, and leptoquarks. If 

the new particles carry a new conserved quantum number they 

can only be produced in pairs. This is the case in most super

symmetric models where a discrete symmetry, R-parity, distin

guishes between ordinary quarks, leptons and gauge bosons and 

their predicted superpartners. Pair production of supersymme

tric particles is discussed in Sec. 3. In addition to the most 

important process, the pair production of scalar leptons and 

quarks, we consider the production of goldstine pairs in 

models with nonlinearly realized supersymmetry. At low ener

gies virtual effects of new particles can be discribed by lo

cal, nonrenormalizable contact interactions. In Sec. 4 we dis-
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cuss chirally invariant, helicity changing four-fermion inter

actions, in particular their effect on the Callan-Gress 

relation. 

We conclude with a list of particle masses, and interaction 

scales which will be accessible at HERA. Much of the material 

discussed in these lectures is based on previous review 

articles (cf. [1]-[4]) where further references can be found. 

2) Resonance production of new particles 

The various new particles, which can be produced in two-parton 

processes in electron-proton collisions, are shown in Figs. 

(la)-(lg). The corresponding interaction lagrangians read 

L1 = Al nee s + h.c., (la) 

Lz = A2 ne R + h.c., (lb) 

'3 * L3 = ~ U cr~Vu Fpv + h.c., ( lc) 

'• * L4 = ~ ~ o~Ve Fpu + h.c., (ld) 

>s 
L5 = x- ~~o#Ve Gtu + h.c., (le) 

'6 
L6 = x- Gtvp#V X~+ h.c., (lf) 

'7 L7 = x- F#Vp#V X + h.c, (lg) 

Here s and R are scalar leptoquarks, u* (e*) denotes an 

"excited", spin-~ u-quark (electron), F 11 v and G~u are 

electric and colour field strengths, e 8 is a colour-oktet 

electron ("leptogluon"), and x and xs are colour-singlet 

and colour-oktet scalars. A is a mass scale which has to be 

0(1 TeV) if the listed interactions are to be of interest for 

HERA. One can easily write down similar interaction terms 

involving other quark species, dual field strength tensors, 
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Fig. 1 Production of new particles in two-parton processes in 

ep-collisions: leptoquarks (a, b), excited quarks and 

leptons (c,d),leptogluon (e), colour-octet and colour

singlet scalars (f,g) 
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w~- and Z-bosons, and further new particles with higher 

spins, whose couplings are generally proportional to higher 

powers of ~ . The off-diagonal couplings of photon and gluon 

have to be of magnetic moment type, since the electromagnetic 

and colour currents are conserved. An important aspect of 

eqs. (1) is that the only new particles with renormalizable 

couplings to the available partons are leptoquarks, whose 

existence is predicted in almost all extensions of the 

standard electroweak theory. Nonrenormalizable interactions 

proportional to ~ occur in theories of quark-lepton substruc

ture as well as through radiative corrections in the standard ,. 
model. However, in the latter case the coefficients Al are 

much smaller than the electroweak scale JGF~(300 Gev)-1. 

For instance, the two-photon coupling of the standard model 

Higgs boson Ho is given by eq. (lg) (x=Ho) with [5] 

'7 
A ~n (Y2GF)~ (-7 + ~ ~ Qf), (2) 

where Qf is the charge of a "heavy" fermion (mf/mso > 0. 2). 

Hence, if quarks and leptons have no substructure at the Fermi 

scale, the only resonances which one may hope to find in 

electron-proton collisions below 1 TeV are leptoquarks. 

The production cross sections for resonances in the various 

two-parton channels are easily estimated. For a narrow reso

nance (fR¢MR) one has 

oR"' !:>(6-M 2
) 

R 

A 

s 

..!:. l:> (x-xR), s 

M' 
XS, O~X~l, XR = ~ 

(Ja) 

(Jb) 

where VS is the parton center-of-mass energy (cf. Fig. 2). 

The proport~onality constant is easily obtained from the 

Breit-Wigner resonance cross section 

OR(s) 
(2JR+l) 4JJ 
hlh2 ~ 

finrR 

(Vs-MR) 2+ ..!.R...: 
4 

(4) 
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parton 1 

5 - >== resonance R 

parton 2 

Fig. 2 Resonance production in a two-parton subprocess 

which becomes in the narrow-width approximation 

OR(s) (2JR+l) 16n, fin ! l:> (x-xR). 
h1h2 MR s 

(5) 

M' 
Here JR and MR are spin and mass of the resonance (xR~ ) , 

fin is the partial decay width into the initial state, and 

h 1 , h 2 are the helicity multiplicities of the two partons 

(e.g., h(eL) = 1, h(1) = 2, etc.). With 

..!:. ~ 10-5 Gev-2 ~ 4000 pb 
s (6) 

one obtains for a typical resonance of mass MR ~ 200 GeV and 

width fin ~ 200 MeV 

oo 
rin 

4n 2 
---M ~ 200 pb. 

RS 
(7) 

This cross section is three orders of magnitude larger than 

the detection limit of 0.1 pb, which corresponds to 10 events 

for an integrated luminosity of 100 pb-1 usually assumed to be 

achieved within one year. 

In order to obtain the production cross sections for the vari

ous new particles shown in Fig. 1, one has to muli tply the 

cross section o0 with the corresponding parton densities. It 

is instructive to compare the different channels for a reso

nance with fixed mass and partial width to the initial two

parton state, which we choose to be MR = 200 GeV (xR=0.4) and 

fin = 200 MeV. 
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(i) Leptoquarks 

As we will discuss in detail later, rare processes allow only 

leptoquark couplings to one electron (quark) chirality. Then 

the interactions (la,b) (eL,R = ~(l~15)e) 

L1 = x 1 U0 eL,R s + h.c., 

L2 = ~2 UeL,R R + h.c., 

yield the cross sections 

1 
0 ~ s J dx o 5 (~) 1 

= 2 oo u(xR) 
0 

::! 50 pb, (8) 

1 

oR = J dx oR(~) 1 
= 2 o0 U(xR) 

0 

• 10 pb, (9) 

where u(x) (O(x)) is the probability density of u-quarks 

(anti-u-quarks) in the proton which we have taken from ref. 

[6] with Q2 = 10 4 Gev~. since protons contain more quarks 

than anti-quarks it is easier to produce leptoquarks with 

fermion number F=2 than those with fermion number F=O 

(F= ~· B+L, where Band L are baryon and lepton number 

respectively). The converse is true for e+p-collisions. 

(ii) Excited leptons and quarks 

Constraints from magnetic moments (cf. eq. (17)) allow also 

for excited fermions interactions with only one chirality of 

the ordinary "ground state" fermion, i.e. (cf. eqs. (lc,d)), 

- AJ * JJ.U L3- ~ 0 o uL,R FJJ,v + h.c., 

'• v L4 = ~ e*oll eL,R F~u + h.c. 
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In order to obtain the u*- and e*- production cross sections 

the quark densities have to be convoluted with the probability 

distributions 1(X) to obtain a photon with momentum fraction X 

from electron or quarks. Based on ref. [6] we estimate 

"u* 

"e* 

1 

o0 J dxdx' ~ u(x 1 )1 9 (x)~(xx'-xR) 
XR 

1 pb, 

"o I 
f~q,lj 

0.2 pb. 

1 

rR dxdx' f(x) 1f(X 1
) ~ (XX'-XR) 

(10) 

(11) 

The u*- and e*- production cross sections are smaller than the 
leptoquark cross sections because they require a Bremsstrah

lung photon. This is not the case for leptogluons which, if 
they should exist, will be copiously produced in ep-collisions 

due to the large gluon content of the proton. For the chiral 

interaction 

'5 Ls =-- eAo~veL R GA + h.c. A 8 , ~v 

one obtains 

0 e
8 = 0 0 G(XR) ::: 10 pb, (12) 

where G(x) is the gluon distribution function (cf. ref. 
[ 6]). 

(iii) ..,..,_ and 1g-processes 

The production of heavy scalar particles in 11- or 1g-fusion 

is strongly suppressed because of the small parton luminosi

ties. For the interactions L6 and L7 of eqs. ( lf, g) a crude 

estimate (cf. ref. [6]) yields: 
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1 

a~ 8 = a0 l dxdx'le(x)G(x')~(xx'-xR) 
R 

< 0.1 pb, 

1 

( 13) 

a, a0 I 
f=q,1'J: 

J dxdx'le(X)Yf(X')~(xx'-xR) 
XR 

< 0.01 pb. (14) 

From our discussion of the various two-parton channels we 

conclude that the only new heavy particles with sufficiently 

large production cross section are leptoquarks, and excited 

quarks and leptons, which we will study in more detail in the 

remaining part of this chapter. 

Let us first turn to the production 

leptons. As already mentioned, the 

of excited quarks and 

conservation of the 

electromagnetic current forbids off-diagonal vector couplings, 

since otherwise one would have 

-~/.1(8*1 p.eH!:1 p.e*) 

-i(me-me*)8*e + h.c. + ... ~ 0. ( 15) 

Hence the allowed interaction to lowest order in ~ is the 

gauge invariant, chirality changing tensor coupling (cf. (ld)) 

Le*1 
ef, 
~ 8*crP.V(l+x1 5 )e FJ.1v + h.c., ( 16) 

withe= V4Tii and f 1 = 0(1). The coefficients in (16) are 

strongly constrained through the contribution of the excited 

electron to the electron anomalous ma1netic moment (cf. Fig.J) 

which has to satisfy the bound ~( g~- )< 2·lo-10_ This implies 

[7] 

1 A 
1- 1Xl

2 
< ~ 22 TeV (17) 
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y 

A + A + A· 
e e 

Fig. 3 Contribution of an excited electron (e*) to the 

electron anomalous magnetic moment 

Furthermore the bound on the electric dipole moment of the 

electron, de < lo-24 em, yields the constraint [7] 

1 A 
Im X < ~ 5·10 4 TeV . (18) 

With £ 1 = 0(1) and A = 0(1 TeV) we conclude from (17) and (18) 

x = ±1, i.e., the excited electron e* can couple only to one 

chirality of the electron. If the interaction (16) involves 

mass eigenstates e and e*, there is clearly no constraint on 

the magnitude fin the case of a chiral coupling (x = ±1). 

How Tiatural is the required coupling of heavy lepton states to 

only one chirality of the light states? An excited electron 

with mass me* = O(A) has to form a real SU(2) x U(1) represen

tation, such as 

eL* "' eR* "' (1;-1) or 

1 
lL* "' lR* "' (2;- ~), l* ( v• 

e*) 

Hence there exists one coupling to gauge fields of 

whereas the second one is necessarily of order ~ 2 • 

instance, for the singlet case (19a) one has 

L 
g'fL 
--A-- 8L*YaP.VeR BJ.1u 

g'fR J.1V t 
+ ~ 8R*Ycr ~ lL BJ.1U + h.c., 

(19a) 

(19b) 

1 
order A• 
For 

(20) 
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where 1L is the ordinary lepton doublet, Y the U(l) hyper
charge generator and Bpu the corresponding field strength. 
After spontaneous SU(2) x U(1) breaking the second term in 

g'f v 
(20) gives a coupling to eL of strength ~ . Since it has 
the structure of an off-diagonal Yukawa coupling the pheno
menologically reqUired condition fR * ~ fL appears indeed 
natural. 

More problematic are excited leptons with masses 
me* = 0(100 GeV)<A, which are relevant for HERA. In this case 
their masses should arise from spontaneous symmetry breaking 
and the "excited" leptons should form chiral representations 
of SU(2) x U(1). In the simplest case of "sequential leptons", 
i.e., 1L*«(2;- ~), eR*«(1;-1), all tensor coupling have the 
structure of off-diagonal Yukawa couplings and are hence ex
pected to be small. One could also consider the case of 

"mirror leptons", i.e., ll,~{l:-1), e~~(2;- ~).In this case 
tensor couplings of order ~ are possible, but their coeffi
cients are likely to be small for the same reason which for
bids mass terms of mirror leptons with ordinary leptons. We 
conclude that the phenomenologically required couplings of 
heavy lepton states to ordinary leptons of only one chirality 
are theoretically difficult to understand for excited lepton 
masses of order 100 GeV. The same applies to excited quarks. 

Some preen models also predict the existence of leptogluons, 
i.e., colour-octet fermions which carry lepton number. Hence 
they interact with ordinary leptons and gluons: 

L = gsfg ~A 0 #U(1±7s)e cA + h.c. egg 2A pu (21) 

Like excited leptons leptogluons are allowed to interact with 
only one chirality of ordinary leptons. 

w' 

w' 

10' 

------.-----,---,----·-· r---.---
1 

a(ep-q • +Xllpb 
1

1 
spm=112 I (T .. ( .. 

100 Gev/ 150 GeV. 200Ge~.···· 
( ... 

I / 
I i I . 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 

I 
10".~--~~~_L~c---~----~ 

0 1 0.1 0.3 0.1 ' 
Is/leV 

Fig. 5 e*-production cross 

section at ~314 GeV and 

~ 1 = (1 Tev)-1 as function 

of the excited lepton mass 

mF. From ref. [10] 
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~ 
~ 

Fig. 4 q*-production cross 

section as function of V:Swith 

the convention ~ 1 
= 

three different 

- 1- for 
mq* 

masses mq*• 

From ref. [9] 

~· ' 

•• 

b 0.01 

0.001 

10 I I I I I I I I I I I ! I I I I I I I I I b I I\ I 
50 100 !SO 200 250 300 

mF fGeVl 
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The production of excited fermions has been studied in con

siderable detail in the literature [1-3,8-13]. The partial 

widths of the heavy fermions to the corresponding initial 

states are: 

f{F* ~ F-r) 
IX f "1 2 

= 4 {A) mp*, {F* = q*, 1 *) , (22a) 

f(e 8 ~ eg) - O:s !.9. 2 l 
- 4 (A ) mea· (22b) 

Fig. 4 shows the q*

VS, as calculated by 

convention f-r = --1-

production cross section as function of 

KUhn, Tholl and zerwas [9], with the 

. For ;-r = (1 Tev)-1 the detection 
A mq* 

limit of 0.1 pb is reached for mq* z 250 GeV. The e*-pro-

duction cross section from the work of Hagiwara, Komamiya and 

Zeppenfeld [10] is shown in Fig. 5. About 50% of the cross 

section is due to the quasi-elastic process pe ~ pe*, which 

a lola! (pb} 

~------------~--------~ 
10' 

!0' 

IO' 

10' 

10-! 

lQ-2 

10-' 
50 100 !50 200 250 300 

M (GeV] 

Fig. 6 Production cross section of leptogluons with A=1 Tev, 

fg=1 (cf. eq. (21)). From ref. [12] 
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leads to the striking signal of a pure photon-electron final 

state, since the final state proton is not detected. The 

detection limit of 0.1 pb is reached for me* z 200 GeV, in 

agreement with the results of KUhn et al. [9]. The e 8 - produc

tion cross section of ref. [12] is shown in Fig. 6. It is 

larger than 0.1 pb for leptogluon masses below 250 GeV. 

I 

>----
q 

LQ (Spin 0. 1. · ) 

Fig. 7 Leptoquark coupling to lepton-quark pair 

Leptoquarks are bosons which couple to quark-lepton pairs (cf. 

Fig. 7). contrary to 11 excited" fermions leptoquarks of spin 

zero or one can have renormalizable couplings to quarks and 

leptons. Their existence is predicted by almost all extensions 

of the standard model, such as preon models or unified gauge 

theories. The most general SU(3) x SU(2) x U(1) invariant 

effective lagrangian [14] for leptoquarks with spin 0 or 1 

allows the following SU(2) x U(1) quantum numbers: 

1 1 7 1 4 
s~o: (2; 6 ), (2: 7 ), (3; 6 ), (1; - 3 ), (1; - 3 ), (23a) 

1 5 2 5 2 s ~ 1: (2; 6'· (2;- 6'' (3; ,,, (1; ,,, (1; ,,. (23b) 

Of particular theoretical interest are scalar leptoquarks 

Go: with SU(2) x U(l) quantum number (1; - t>. Together with 

Higgs doublets ~i they form complete 5-plets of SU(5): 

Ha (G«, ~i), a 1 ... 5. (24) 
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In many models, in particular all supersymmetric extensions 

of the standard model, one has at least two Higgs multiplets 

H1 and H2 with the following couplings to the quark-lepton 

multiplets ~a ~ ~* and ~ab ~ 10: 

L '1~Tc~ab H* + !A2Cab d ~abTcxcd He + h c (25) 
a lb 8 c e 2 · · · 

Using the decomposition 

~a ::=: {d~a' Cijli), 

~ab ::=: (caB1 uc 
R1' 

ai 
qL ' 

(26a) 

cij e~), ( 26b) 

one obtains in the low energy effective theory, where the 

SU(5) symmetry is broken to the subgroup SU{3)xSU(2)xU(l): 

L cT ai * 
Al(dRaCqL <tli l iTe c * 

L eR 41 li 

aB 1 dcT c G* 1 jT ai G* ) 
- n1c RaCuRB 11 - 1l2Cij L CqL la 

CT ai j 1 ~iT Bj 1 
+ A2(Cij URaCqL 4>2 + 21lJCaJ31Cij qL CqL G2 

cT c a 
- 114 URaCeR G2 ) + h. c. (27) 

In ordinary unified theories with spontaneously broken SU(5) 

eq. (25) implies n1=n 2=11 3=114=l. In this case the lagrangian 

(27) violates baryon number, and the observed stability of the 

proton requires very large leptoquark masses, mLQ>O(lolO GeV) 

[ 15 J • HoweVer, there are examples of higher dimensional uni

fied theories [16] where the Yukawa couplings in the effective 

low energy theory are not SU(5) symmetric. Leptoquark masses 

of order 100 GeV are phenomenologically only acceptable if 

baryon number (B) and lepton number (L) are conserved. Hence 

there exist two phenomenologically interesting cases: 

( i) '1 

B(G) 

llJ = 0, 

1 
3 

Tl2 = 114 = 1, 

L(G) ~ 1 ; (28a) 

(ii) 111 ::=: 11] ::=: 1, 

B(G) 
2 
) 
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112 ::=: 114 ::=: 0, 

L(G) ~ 0. (28b) 

In the first case the colour triplets G~ 2 are leptoquarks 
' which carry baryon and lepton number, in the second case they 

appear as diquarks with vanishing lepton number. 

The possible couplings of SU(5) -type leptoquarks are further 

restricted by rare decays [17-19]. The strongest constraints 

exist for flavour changing couplings. For instance, the upper 

bound BR(K+ ~ n+ nothing) <1.4·1o-7 implies (cf. Fig. 8c)] 

mG1 
(At)s v (Al)ct v < <10 Tev> 

L e L e 
(29) 

This bound can be satisfied by adjusting (Al)sLve= 0 or 

(Al)dLve::=: 0. However, SU(2) invariance then implies the exist

ence of the flavour changing process o+ ~ e+e-x, where X de

notes light hadrons. For instance, a bound for the branching 

ratio of lo-4 would yield the constraint 

sinBc (AI)~ e 
cosec L L 

mG1 2 

< (1 Tev> 

where Be is the Cabibbo angle. 

(30) 

Interesting upper bounds have already been obtained for 

leptonic decay modes of D-mesons [20,21], and it is important 

to pursue the search for flavour changing decays of D- and 

B-mesons. Constraints on the mass mixing mG1 2 of the two 

leptoquarks G1 and G2 can be derived from lePtonic decays of 

light mesons, since in general it leads to helicity unsup

pressed decays (cf. Fig. 8b). For instance, from the process 

n+ ~ e+ve one finds 

' 
(Al)u e (Al)d /.1 

L L L e 
mG1 2 < 

mGlmG2 

mG1mG2 
(10 TeV) 2 (31) 
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_/Ve 
{UR 

e• 

dl n;• iGz 
' X 

G1\<~L I 

al 'G1 
Ve 

eL 

(a) (b) 

sl~v~ 
K'{ G~,,<v~ 

UR dL)n;' 
(c) 

Fig. 8 Contribution from leptoquark exchange to low energy 

processes: (a) quark-lepton universality, (b) n+~e+v, 

(c) x+~n+vv 

e 

'X, 
q 

e 

'X 
- q q 

+ 

(a) 

( b l 

>~-< 
q q 

e~e 

/"-q 
q 

Fig. 9 s- and t-channel contributions of leptoquarks in the 

processes eq-+eq and e~~eq 
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Finally, leptoquarks lead to a deviation from quark-lepton 

universality in weak interactions, i.e., to a difference of 

the Fermi-constants measured in #- and B-decays (cf. Fig. Sa). 

The experimentally observed equality of GF(#) and GF{B) 

yields the bound [17] 

mGl 
(Al)uLeL (A!)dLVe < (2 TeV)l. (32) 

The constraints (29)-(32) on the leptoquark couplings are 

rather restrictive. However, it is conceivable that they are 

naturally satisfied in theories with a larger Higgs sector 

which contains two Higgs doublets and two leptoquarks for each 

quark-lepton family. 

The production of leptoquarks in ep-collisions at HERA 

energies has recently been studied by a number of authors 

[14, 22-25]. In the process eq -+ eq they contribute in the 

s-channel, in the process e~ -+ e~ in the t-channel (cf. Fig. 

9). 

[14] 
For the complete differential cross section one obtains 

do(er. Rp) 
dx d6 1 16~2&'1.. ~ {q(x,Ql) IA(eL,Rq) Jl 

+ ~(x,Q 2 ) IA{eL,R~) 1 1
} , (33) 

IA(eL Rq) 1 2 ~1A 1 +Az1L R+2Re[(A 1 +Az)Aa]L R+IAc;IL R' (34a) 
I I I I 

IA1 +Az1L,R 
2e 4 QE1 Q(r 

t' 
{8 2+U2) 

4e2g2QeQg 
+ t(t mz' (Ve±ae) [vq(&2+u2)±aq(52-u2)] 

2g4 ( )'[(' ')('' ') + (t-m2) 2 Ve±ae vq+aq s +u 
z 

± 2vqaq(S 2 -u 2 ) ], (34b) 
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>.5 2 (5-m 2 ) r. 
(§-mG) 2+rnGrG 

[e'Q~Qg 2 (ve±ae) (vg±ag) j 
+g +--..,2 I 

IAGIL,R 
1 ;-.2 s2 

2 o~-rn2)2+mlf2 
G G G 

z 

(34c) 

(34d) 

Here q(x,Q 2 ) is the probability density of finding a quark q 

with momentum fraction x inside the proton; S,t and u are the 

usual Mandelstam variables of the parton subprocess, e and 

g=ej(sin9wcosew) are the gauge couplings of photon and 

Z-boson, Qe and Qq are the electric charges of electron and 

quark, and ve,q and ae,q denote the usual vector and axial 

vector couplings with the convention ae = - i· The upper 

(lower) signs in the standard model amplitude (34b) and the 

interference term (34c) correspond to left-handed (right

handed) electrons and >-=>.1(>-2), G=G1(G2) in eqs. (34c,d). 

Expressions similar to eqs. (34) hold for the process eL,R q ~ 

eL,Rq. 

The total cross section computed from (33) is shown as func

tion of the leptoquark mass in Fig. (10) for the couplings 

>-1 = 0.3 and >-1 = 0.1, which are of the order of the bound 

(32) for mG1 = 0(200 GeV). The corresponding differential 
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cross section, which is plotted in Fig. 11, shows a large, 
m' 

narrow peak at x = ~ It is remarkable that for coupling 

strengths of the order of gauge couplings leptoquarks can 

be produced at HERA almost up to the phase-space boundary 

of 314 GeV. For smaller masses they can be discovered for ,, 
much smaller couplings, e.g. i* = 10-3 crem for mLQ=200 GeV 

[14]. 

In addition to the simplest process ep ~ GX, Dobado, Herrero 

and MuTioz [24] have considered the processes ep ~ GgX, 

ep ~ GuX and ep ~ GG*X. Also interesting are 11 t-channel 11 

leptoquarks which could be produced together with t-quarks 

in electron-gluon fusion. Their characteristic features have 

been discussed elsewhere [1,3,26,27]. 

103 

:0 10' 
Q. 

X 
10' Vi 

I 
D. 100 .. ., 
b 

Fig. 10 

--e~·((OJJ .fS ;311. GeV 
·-._03) 

---'::!OIJ----
'·····.¢..!Q:IT------- --

- :::::~~~:::'\ 
100 150 200 

m51 (GeV] 

.. .... 
250 300 

Total production cross section of leptoquarks at 

-Jfi,; = 314 GeV in e-p- and e+p-collisions 

(S1 = G, >-1 = 0.1, 0.3; cf. eq. (34)). 

From Ref. [ 14] . 
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Differential cross section for leptoquark production 

at VS= 314 GeV and Ql=l0 4 GeV 4 with mG=200 GeV and 

A1= 0.3. From ref. [14]. 

3) Pair production of new particles 

New particles with a new, conserved quantum number can only be 

all produced in pairs. This is 

symmetric extensions of the 

the case for almost super-:

on which we will standard model 

concentrate in this section. 'rhe new s-particles are charged 

scalars for each chirality of lepton and quark fields, gau

gions, and additional neutral and charged higgsinos, which 
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are present because the minimal supersymmetric standard model 

requires two Higgs-doublet superfields H1 and H2. Our notation 

reads: 

l lL + lR 

q = qL + qR 

>,Z 

w+ 
g 

lL, lR 

qL, qR 

Y ,Z,h1 ,h2 

W+, h+ 
g 

The new, conserved quantum number is the discrete R-parity, 

which is zero for ordinary particles and nonzero for the new 

s-particles. 

A specialfeature of supersymmetric theories is the appearance 

of Majorana fermions, satisfying the condition 

'~-' = ..pc = c~T , 

where c is the 

"neutralinos" ":;,'Z,hl 

charge 

and h2 

( 35) 

conjugation matrix. The 

are such Majorana fermions. 

four 

Since 

they carry no quantum numbers they can have a general mass 

matrix 

LM - i t!ij Aihj 

l 2 t!ij AiTCAj (36) 

Their interactions with ordinary fermions can be written in 

the usual form (cf. Fig. 12a) 

(37) L = -ig ft R hfL R + h.c., 
' ' 

where fL,R is the complex scalar field associated with the 

fermion fL,R· However, because of (35) three propagators 
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fl R 
I 

A,lJ f L R 
I 

1] 

L L 
r fl R I fl R 

Ia) I b) 

couplings of "neutralinos" (>..) and "charginos" 

(~) to ordinary left- and right-handed fermions 

(fL,Rl and the associated charged scalar particles 

(fL,Ri 

(A 'fvo 
Ia) 

(Al\)o 

(b) 

(}._ A)o 

I c) 

Propagators of Majorana fermions 

appear in the Feynman rules, <>..X>0 , <AA>o and <XX>0 (cf. 

Fig. 13}. For charged gauginos n, which do not satisfy eq. 

(35), only the first propagator appears. They have, however, 

two kinds of vertices with ordinary fermions fL,R• tL,R 

(cf. 12 a,b) 

Ll 11 · i• -r h I = -lg L,R n L,R + .c. ' (3Ba) 

L( 2 ) = -ig' 
I fL~R ~cfL,R + h.c. (38b) 
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Fig. 14 Pair production of supersymmetric particles in 

different two-parton processes in electron-proton 

scattering. 
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Given the Feynman rules one can easily write down the various 

processes for the production of supersymmetric particles in 

inelastic electron-proton scattering (cf. Fig. 14). The most 

important one is the pair production of scalar quarks and 

leptons (Fig. 14a-d) 1 then there are the Compton-type proc

esses for the production of gaugino- scalar quark (lepton) 

pairs (Fig. 14e 1 f) and finally the pair production of gold

stinos {Fig. 14g). 

Of particular interest is the pair production of scalar quarks 

and leptons through neutral gaugino and higgsino exchange (cf. 

Fig. 15) which has first been studied by Jones and Llewellyn 

smith [28]. Since the scalar quark and lepton masses mr and mq 

cannot be neglected the range in x and Q1 is kinematically re

stricted: 

x_ 6 x 6 1 1 (39a) 

1 
x_ = 2 (ml+mq) 1 (39b) 

o.: 6 Ql 6 Q~ I 
(39c) 

Q± ~ ~ ~~-":(-mq 
1 

± ((s-mr-mql' - 4mfmq)2 ], s ~ xs. (39d) 

The total production cross section is obtained in the usual 

way from the differential parton cross section [28] 

1 Q' 

a= I dx I+ dQ 1 i ~ d~!Q 2 q(x,Ql), 

X- Q.: 

where 

d~ 
dxdQ 1 

1 
"'i'6Ti'St 

I gligqilli I' 
~ Ql + .u~ 
l l 

! (Q'-Q') (Q'-Q') I I s + - . 
l 

(40a) 

(LL), (RR) 

9li9qi 2 (40b) 
Ql+.u~ I (LR) I (RR) 

l 
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(a) (b) 

Production of scalar quarks and leptons 

"neutralino 11
- and 11 Chargino"-exchange 

through 

Here .Ui 1 gli and gqi are "neutralino" masses and couplings to 

leptons and quarks. (LL) 1 (LR) 1 (RL) and (RR) denote the four 

possible helicity configurations of the initial electron-quark 

state. The propagator <XX> 0 of the exchanged neutralino dif

fers from <>-X>0 by the charge conjugation matrix which com

mutes with the chirality projection operators. Hence the (LL) 

and (RR) amplitudes are proportional to the gaugino masses .Ui· 

The size of the production cross section depends strongly on 

the neutralino mass matrix [29-32] which in the most general 

supersymmetric extension of the standard model takes the form: 

ID'{ ID1Z 0 0 

m·-fz m~ imz 0 

M ~ 10 imz -.usin28v .ucos28v I ( 41) 

0 0 .ucos28v .usin28v 

v2 
Here tan8v = -- 1 where v 1 2 are the vacuum expectation 

v1 ' 
values of the two Higgs doublets; .u is the Dirac mass of the 

two higgsinos, and the 1-Z submatrix is determined by the two 

U(l)y and SU(2)L gaugino masses m1 and rn2. Under the simpli

fying assumptions 

vl v2, (42a) 

~ cos 1 8w m1 sin 2 8wm2 1 (42b) 

two parameters remain which can be chosen to be the lightest 
11 neutralino 11 (>- 1 ) and 11 chargino 11 (11 1 ) masses [30]. 
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The results of Komatsu and RUck! {30] for the production cross 

sections e t p -+ 'e(ix and etp -+ U (iX are shown in Fig. 16 as 

functions of m1+mq. The curves a to c represent different 

gaugino mixings, which can change the cross section up to a 

factor of 5. Case c, for instance, corresponds to ~1z1, m~ 1= 
20 GeV, m~ 1=50 GeV; case b corresponds to ~ 1 zh2 , m~ 1= 20 GeV, 

m~ 1=30 GeV. According to Fig. 16 the detection limit of 0.1 pb 

is reached at HERA for scalar quark and lepton masses mr+m~z 

180 GeV. 

In the minimal supergravity model the various supersymmetry 

breaking masses are all determined by two parameters, a uni

versal gaugino mass m~ and the gravitino mass m0 . Fig. 17, 
' taken from ref. [30], shows that the range of parameters, 

which will be probed at HERA is a significant extension of 

present bounds on supersymmetric models. 

supersymmetric neutral current events can be distinguished 

from ordinary ones through missing energy and momentum (cf. 

Fig. 18), which is assumed to be carried away by photinos 

appearing in scalar quark and lepton decays: q-+q1, 9-+e1. Monte 

Carlo studies then show that supersymmetric events can be 

clearly distinguished from ordinary events in the ~~-~y plane 

(1]. Here ~~ is the acoplanarity angle (cf. Fig. 18) and 

~y = Yq - Ye, 

Yq 
(Ei-Puj) 

I 2Ee 
i 

Ye 
E4-p,',e 

2Ee 
( 43) 

i.e., ~y is the difference between the usual variable y = ~: 
determined from current jet and scattered electron. A detailed 

study of the identification of supersymmetric events has re

cently been performed by Stanco {33]. 
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Fig. 16 Cross sections for pair production of scalar quarks 
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to different "neutralino" and "chargino" mixings 

(see text). From ref [30] 
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which can be probed at HERA. The regions below the 

dashed curves are already excluded by present bounds 

from e+e- - and p~ -colliders. 
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The supersymmetric Compton-type processes (cf. Fig. 14e,f) are 

interesting in the case of light photinos. Unfortunately the 

cross section is suppressed by one power of cxem compared to 

pair production of scalar quarks and leptons. The explicit 

calculation [34,35] shows indeed that for scalar electron and 

photino masses, which are not yet excluded by e+e- experi

ments, the production cross section is smaller than the 

detection limit of 0.1 pb. 

Let us finally discuss pair production of goldstinos at HERA. 

Theories with spontaneously broken glo~al supersymmetry con

tain a massless Goldstone fermion, the goldstine. At energies 

small compared to the masses of the heavy s-particles the 

interactions of goldstinos with ordinary matter are described 

by an effective nonrenormalizable lagrangian (cf. Fig. 19) 

which is invariant under nonlinear supersymmetry transfor

mations. This invariance determines entirely the goldstine 

interactions at low energies [36]: 

Leff 1 - . • ) 
L 0 + 2 >-(~_.,-m>- A 

+ iX~1VOP>- Tpu + ... , (44) 

where L0 is the lagrangian of ordinary matter, Tpu the 

corresponding energy momentum tensor and rnA an explicit 

supersymmetry breaking goldstine mass respectively. The 

parameter x with mass dimension -4 is the analogue of fn in 

the familiar chiral-invariant o-models. 
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In a recent paper Ma, Nachtmann and SchUcker have studied 

goldstino pair production at HERA [37]. The parton subprocess 

is 

eq-+ eq }I,A, (45) 

where the two goldstinos can be produced from every line of 

the basic scattering process eq-+eq since they couple to the 

energy momentum tensor (cf. Fig. 14g). The corresponding 

observed process is (cf. Fig. 20) 

e(Ee) + p(Ep) -+ e(E~,9e) + quark jet (ET,9q) 

+ spectator jet + A + A . ( 4 6) 

The two goldstinos escape undetected, and in order to 

distinguish the process (46) from a charged current event, 

where a neutrino escapes, it is important to detect the 

scattered electron. In order to simplify the calculation Ma et 

al. have restricted their analysis to events with small 

Fig. 20 

scattering 

e ------,!"' 
y 

A 
q 

Goldstine-pair 

e 
~ 
~-L 

q 

production in electron-quark 
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electron scattering angle ( emax = o ( 1 mrad)) , L e. , to the 
Compton-type process yq~Yq AA. The predicted number of events 
is plotted in Fig. 21 as function of x: and rnA for an inte
grated luminosity of 200 pb-1. For rnA < 50 GeV values of 

-1 
(x:) 4 up to 50 GeV can be explored at HERA. Events with two 

goldstinos in the final state are very similar to events with 

a pair of scalars e and q which decay into el and q7. However, 
it should be possible to distinguish the two processes by 
means of their different differential cross sections. 

70 

60 
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> 
" "' 100 events 

.~ 
40 

~ 
;< 

30 

20 

10 
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Fig. 21 Event rates for goldstine pair production with quark 
jet parameters ET>2 GeV, 10°<8q<160o and JLdt = 200 
pb-1. From ref. {37} 
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4. Helicity changing contact interactions 

The standard model of strong and electroweak interactions is 
known to describe correctly the structure of matter for dis
tances larger than the Fermi scale, i.e., r~Gplz 10-16 em. 
Low energy effects of new interactions, characterized by a 
mass scale A >1/VG:p, can be systematically studied by means 
of an effective, nonrenormalizable lagrangian 

Leff 
1 1 La+ A L1 +A, Lz + ... , (47a) 

where 

La = Lgauge + Lkin 

+ (ruqL~uR + rdqL~dR + reiR~eR + h.c.). (47b) 

Here La is the standard model lagrangian, qL,uR,dR,lL,eR and 
~ are quark-, lepton- and Higgs-fields respectively, and 
ru,d,e are the corresponding Yukawa couplings. Ln is the 
general linear combination of all SU(3)xSU(2)xU(1) invariant 
operators of dimension (4+n) which one can construct from the 
fields contained in L0 • If one imposes baryon- and lepton
number conservation, which is necessary for interaction scales 
A of order 1 TeV, the expansion (47) begins with dimension-6 
operators. From a general analysis of rare processes [19,38] 
one obtains the bound A>0(1 TeV) for flavour conserving oper
ators, and A>0(100 TeV) for flavour changing operators. 

Flavour conserving four-fermion electron-quark operators can 
be probed in ep-collisions at HERA. One usually studies the 
effects of the various possible current-current operators 
[39): 

Leff ~ (~LLeLY~eL qLYpqL + l'lLR eLyPeLqRY~qR 

+ ~RL eRyPeRCfLY ~qL + l'lRReRyPeRqRY ~qR], (48) 

g 1 = 4n , q = (u, d). 
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The scattering 

interferes with 

amplitude obtained 

the standard model 

from this lagrangian 

amplitude from 1- and 

z-exchange, and a quantitative analysis shows that the effects 

of the contact interactions (48) will be observable at HERA 

for values of A up to (5-10) TeV [39,40}. 

The Ansatz (48), which conserves chirality at lepton and quark 

vertex, is natural since the smallness of the lepton and quark 

masses compared to A must be due to some custodial chiral 

symmetry. However 1 in the standard model this is the local 

SU {2) xU ( 1) invariance which allows also operators which flip 

the chiralities at lepton and quark vertex. The most general 

SU(3)xSU(2)xU(l) invariant, chirality changing four-fermion 

electron-quark operator [41} is given by 

LHF 
eff 

~ - - -
A' (c1(lLeR) (dRqL) + c2(1LeR) (~LUR) 

+ c 3 (1LuR) (~LeR) + h.c.J. (49) 

For parameter values A = 0(1 TeV), Ci = 

from rare decays require [41} c1 = o, c2 

(49) becomes a pure tensor interaction. 

0(1) 1 

C) 

2 

constraints 

, for which 

The chirality changing, SU(2)XU(1) invariant lagrangian (49) 

is interesting, because it gives rise to a qualitatively new 

effect. Contrary to all current-current interactions it gen

erally leads to a violation of the Callan-Gress relation in 

electron-proton scattering. The structure functions Fi(X,Q 2) 

(i=1 ... 3) for inelastic electron-proton scattering are defined 

through 

da 
dxdy 

where 

4rrcc 2 y' x2y2s (y2xFl(x,Ql)+(l-y)F2(x,Ql)±(y- 2 )XF3(x,Ql)], 

(50a) 

s = (Pe+Ppl 2
, -(p~-Pe) 2 Q' xys, y 

(p~-PelPp 

PePp 
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one easily verifies that for arbitrary current-current inter-

actions the structure 

Gross relation [42} 

functions F1 and F2 satisfy the Callan-

R 
2xF1-F2 

2XF1 
o. (51 I 

Scalar partons inside the proton would contribute only to F2 

and not to xF1 and hence give a negative contribution to R, 

i.e., aRs < o. On the contrary the contact interactions (49) 

give a positive contribution to R (c1=o, c 2 = c; = 1): 

R(x,Q 2) 

3 Q' 2a2 A4 x (u(x,Q 1 ) + Q(x,Q1)) 
(52) 

F2sM(-x,Q2)+ 2~2 ~: x(u(x,Ql)+u(x,Ql)) 

where F~M(x,Q 2 ) and u(x,Q 2) are the standard model structure 

function and the u-quark distribution in the proton respec

tively. Approximating F~M by the electromagnetic part with 

u(x) z 2d(x) the ratio R becomes independent of x: 

~ Q4 

R(Q' I 
cc 2 A 4 

1+ 5 Q4 
cc 2 A 4 

(53) 

This is also approximately the case for the full expression 

(52) which is plotted in Fig. 22 for Q 2 =10 4 GeV 2 and two 

values of A. on the contrary QCD corrections yield significant 

deviations from R=O only at small values of x [ 43 J. Fig. 23 

shows R(x,Q 2) as function of Q2 at x=0.5. An error on R of 0.1 

at Q2=5·10 3 GeV 2 would correspond to a bound on the new inter

action scale A> 2 TeV [44]. 
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We conclude that an accurate determination of structure 

functions at HERA will provide non-trivial bounds on chirality 

changing contact interactions. However, from a theoretical 

point of view, the pure tensor structure of the chirality-flip 

contact terms, required by consistency with rare decays, is 

difficult to understand, and the observation of a deviation 

from the Callan-Gress relation at HERA energies would be 

surprizing. 

5. Summary 

In the previous sections we have surveyed some possibilities 

to search for new particles and to test for new interactions 

in electron-proton collisions at HERA. Among the various 

particles, which can be produced as s-channel resonances in a 

two-parton subprocess, leptoquarks play a special role, since 

they are the only new particles with renormalizable couplings 

to the available partons. Their production cross section is 

large. For coupling strengths of the order of gauge couplings 

leptoquarks can be discovered at HERA almost up to the 

phase-space boundary, i.e., 

mLQ < 300 GeV. 

For smaller masses much smaller couplings can be detected, 

"' 3 e.g., 4IT = 10- «ern for mLQ = 200 GeV. Leptoquarks would ap-

pear as narrow peaks in the x-distribution of the inelastic 

differential electron-proton cross section. Leptogluons, 

which can be formed in electron-gluon fusion, have a similar 

signature. Contrary to leptoquarks the production cross 

section is the same in e-p- and e+p- scattering. At HERA 

leptogluons with masses 

rne
8 

< 250 GeV 
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could be detected. In contrast to leptoquarks the discovery of 

leptogluons at HERA would imply the existence of quark-lepton 

substructure with an interaction scale A=O(l TeV). The same is 

true for excited electrons and quarks which could be 

discovered at HERA in the mass range 

me* < 200 GeV, 

mq* < 250 GeV. 

About 50% of the e*-production cross section is due to the 

quasi-elastic process 

observed final state 

transverse momentum. 

ep~e*p 

of an 

which leads to the very clean 

electron-photon pair with high 

The dominant process for pair production of supersymmetric 

particles is the exchange of neutral and charged gauginos and 

higgsinos. · Pairs of scalar quarks and electrons can be 

detected in the mass range 

m~ + mq < 180 GeV. 

In the minimal supergravity model this corresponds to a range 

of parameters m~ < 60 GeV, m0 < 80 GeV, where m~ and m0 denote 

' ' a universal gaugino mass and the gravitino mass respectively. 

Models with nonlinearly realized global supersymmetry predict 

goldstine-pair production at HERA. This can be detected for 
- ~ 

goldstine "decay-constants" x: 4 < 50 GeV. 

Effects of new interactions beyond the standard model can be 

studied in a model-independent way by means of an effective 

lagrangian analysis. Four-fermion electron-quark operators of 

current-current type conserve chirality at electron and quark 

vertex. The corresponding scattering amplitudes interfere with 

the standard model '1- and z-exchange amplitudes, and at HERA 

bounds on new interaction scales 

A = (5-10) TeV 

can be obtained. For chirality-flip, SU(3)xSU(2)xU(1) invari

ant interactions bounds on A of about 2 TeV appear feasible. 
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The examples of new particles and interactions, which we have 

discussed in these lectures, show to what extent expectations 

for "new physics" are already limited by the success of the 

standard model. They also illustrate, however, that the ex

ploration of the next order of magnitude in momentum transfer 

in electron-proton collisions could well lead to discoveries 

not yet anticipated by theorists. 
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