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Low-energy experiments permit the existence of leptoquarks with masses of order 100 GeV and couplings to quark-lepton pairs
as large as gauge couplings. We study systematically the signatures of all possible scalar and vector leptoquarks in electron (posi-
tron)—proton collisions. Clear evidence for leptoquarks would be narrow peaks in the x-distributions of inclusive neutral and
charged current processes. At HERA one will be able to explore the mass range up to 300 GeV through direct production, and
even somewhat beyond the CM energy of 314 GeV through virtual effects. Conversely, leptoquarks with masses of 200 GeV can

be discovered for couplings as small as 1072 a,,n.

In the standard model of strong and electroweak
interactions quarks and leptons enter as independent
fields. However, as a quantum theory, the standard
model is only consistent because of the remarkable
cancellation between the quark and lepton contri-
butions to triangle anomalies of gauged currents. This
strongly suggests that in a more fundamental theory
leptons and quarks should be interrelated. Corre-
spondingly, in extensions of the standard model one
expects new particles which mediate quark-lepton
transitions. Such leptoquarks (LQ) occur naturally
in all unified models such as SU(5) [1] or
Pati-Salam SU(4) [2], but also in models of
quark-lepton substructure (for reviews and refer-
ences, see, e.g., ref. [3]).

Leptoquarks which have baryon or lepton number
violating couplings must be very heavy in order to
avoid rapid proton decay or large Majorana neutrino
masses. However, in theories with conserved baryon
and lepton number masses and couplings of lepto-
quarks have to satisfy only much weaker bounds.
Especially in the case where one has one or more lep-
toquarks for each quark-lepton generation, it is pos-
sible to have flavour-diagonal couplings as large as
gauge couplings for leptoquark masses of order 100
GeV [4].

leptoquarks couple to quark-lepton pairs, an ep col-
lider such as HERA is an ideal machine to search for
them. In this note we give a brief account of our
complete calculation and illustrate possible lepto-
quark signals at HERA. A more detailed analysis will
be presented elsewhere [5]. Leptoquarks with fla-
vour-nondiagonal couplings have been discussed in
ref. [6].

We start from an effective lagrangian with the most
general  dimensionless, SU(3)xSU(2)xU(1)
invariant couplings of scalar and vector leptoquarks
satisfying baryon and lepton number conservation:

F=Sr_r+Lr_o, (la)
Lr-2=(£1LQLIT,8 +gr1kER)S,

+&irdierS; +guafit. T S;

+ (820570 +£2rAF ¥4 €r) V2

+&unujy* vy, +ec., (1b)
Lr_o=(ha Urf +hrALiT26r)R; + A5 dr U R,

+ (hlLQLy”QL +h1RaRy#éR)Ulu

Such low-mass leptoquarks could be produced at R gy er Uy + b dy oy 2 Us,+c.c. (1¢)
machines which are presently under construction. As . #
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Table 1

Quantum numbers of scalar and vector leptoquarks with
SU(3) xSU(2) x U(1) invariant couplings to quark-lepton pairs
( Y= Qcm - T3)

Spin F=3B+L SU(3). SUQR)w U(l)y
S 0 -2 3* 1 4
5 0 -2 3* 1 4
S; 0 -2 3* 3 i
v, 1 -2 3* 2 3
v, 1 -2 3* 2 -3}
R, O 0 3 2 ?
R, o0 0 3 2 %
U, 1 0 3 1 1
0, 1 0 3 1 3
U, 1 0 3 3 3

Here q, 2 are the left-handed quark and lepton
doublets, and eg, dg, ug are the right-handed charged
leptons, down- and up-quarks, respectively; y°=
Cy7 is a charge-conjugated fermion field. The sub-
scripts L, R of the coupling constants denote the lep-
ton chirality. The indices of the LQ’s give the
dimension of their SU(2) representation. Colour,
weak isospin and generation (flavour) indices have
been suppressed. The leptoquarks S (i.e. §,, 5.,Sy)
and V (ie. V,, V,) carry fermion number F=
3B+L=—2, the leptoquarks R (i.e. R,, R;) and U
(i.e. Uy, U,, Us) have F=0. The quantum numbers
of the various leptoquarks are summarized in table
1.

Couplings and masses of the leptoquarks intro-
duced in the effective lagrangian eq. (1) are con-
strained by low-energy experiments. For flavour
violating couplings one finds typically [7,4]

g h<m o/100 TeV. (2)

As to the flavour conserving processes, the limits
depend strongly on the particular LQ-species. The
strongest bounds are obtained for the couplings of
the first generation to the scalars S; and R,, which
can mediate helicity unsuppressed leptonic two-body
decays of pions. From the limit BR(n*—e™v.)
<1.2x10~* one finds [4]

(81.81r) "2, (haLhyr)Y? <myq/10 TeV. (3)

This bound implies that leptoquarks with masses of
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order 100 GeV can have sizeable couplings only to
either left- or right-handed leptons. This require-
ment is naturally fulfilled in a class of supersym-
metric theories where one has two leptoquarks G,
and G of type S, with respective couplings
gi(G)#0, gr(G)=0 and £.(G*)=0,
gr(G*) #£0 and, possibly, a very small G.G* mixing
(see, for example, ref. [4]).

Further constraints on the couplings Ay (=g, hL)
of left-handed leptons follow from quark-lepton uni-
versality, i.e. from a comparison of the Fermi con-
stants in p- and B-decay. One finds [4]

AL<myo/l.7TeV, (4)

which corresponds to A <0.1 for m ;=200 GeV.
This bound assumes that leptoquark exchange is the
only deviation from the standard model, and that
therefore only G{#’ is modified. There could be,
however, also a modification of G, for instance
through the exchange of additional Higgs scalars, in
which case the bound eq. (4) would be weakened.

A more complete discussion of bounds on the cou-
plings g_x and A will be given in ref. [5]. For esti-
mates of possible leptoquark production cross
sections at HERA we will consider the two sets of
coupling constants

Ae=0.3, Ax=0; (5a)

A =01, Ag=0. (5b)

The results are qualitatively the same if one inter-
changes the couplings 4;. and Ag.

From the effective lagrangian eq. (1) one can eas-
ily calculate the various partial LQ decay widths. For
the scalar (J=0) and vector (J=1) leptoquarks one
obtains

FJ=0=(167T)—111%_,R”1LQ, (6a)

FJ=1=(247t)—lA%_,RmLQ, (6b)

where A, denote the LQ couplings to a particular
final state as given in table 2. The total widths are
then obtained by summing over all possible final
states. For instance, for the scalar S, one has

FSI=(16n)_1(2g%L+g%R)mSw (7a)

which yields
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Table2
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Couplings of scalar and vector leptoquarks to quark-lepton pairs. The subscripts L,R of the couplings refer to the lepton chirality.

Channel F=—2, scalars F=_2, vectors
Sl §| SJ Vz vZ
€LrU 8iLR - —83L 82r &n
vid —8iL - —&3L 82u -
ecrd - gir _ﬁg3L £2LR -
viu - - V28 - &
Channel F=0, vectors F=0, scalars
Ul Gl U3 R2 RZ
errd hiLr - —h3 —har iy
v, i hi - hy har -
eLrl - fig ﬁhu haL -
v.d - - ﬁh3L - I
281 tgin  ms, - -
s, ~0.7GeV 7b S, as a function of the mass myg, for the two choices
S 1

0.18 200GeV’

where eq. (5a) has been used. Because of the few
possible final states and the smallness of the cou-
plings g and A, leptoquarks accessible in ep collisions
in the TeV range will be very narrow!

The production cross sections for leptoquarks are
also easily calculated. Whereas S and V are mainly
produced in e~ p collisions, R and U are primarily
created in the e*p channel as indicated in fig. 1. The
cross sections for the production of scalar (/=0) and
vector (J=1) leptoquarks e'q’-fusion read, in the
narrow-width approximation,

me

s

o(ep—~LQ)= %’1%.,}1(4_)( )xl, J=0,

X2, J=1, (8)

where A, r can be read off from table 2, and ‘¢’ (x)
is the probability of finding a quark (antiquark) with
momentum fraction x inside a proton. \/E is the total
ep CM energy, at HERA \/:vz 314 GeV. Fig. 2 shows
the production cross sections for leptoquarks of type

e e
Q- SV a
P )

- RU

Fig. 1. Leptoquark resonance production in e p collisions.
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of coupling constants (5a) and (5b). We have used
set (I) of the structure functions of Duke and Owens
[8]. Our results agree with those previously obtained
by Wudka [9]. The main message of fig. 2 is that the
present bounds allow copious production of lepto-
quarks at HERA. For g;, =0.3, g, =0 and mg, =200
GeV one expects 20000 events per 100 pb—!! Con-
versely, leptoquarks with mg, ~200 GeV can still be
discovered even if their coupling is 30 times smaller,
that is, for g, ~0.01!

T S
e i (0] Vs =314 GeV
F-~£103) E
F~~ €107 "~

—_ 2 -2 -
5 10; sf(ol) \\\\\\ S E
< obF e \\:_: ]
1 3 T, NN 3
a of T NN 1
v Ur S\
e g N
100 150 200 250 300

mg, (GeV)

Fig. 2. Production cross sections of the S, leptoquark at HERA.
Shown are e ~u fusion yields for g, =0.3, g,r =0 (full curve) and
21.=0.1, =0 (dashed curve) and e*u fusion yields for
£1.=0.3, gir=0 (dashed-dotted curve) and g, =0.1, g;r=0
(dotted curve).
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The simplest processes to search for leptoquarks
are the inclusive reactions e¥p—e*X and
e*p— ¥ .X. In general, the leptoquark amplitudes
can interfere with the standard model amplitudes due
to photon, Z-boson and W-boson exchange. The rel-
evant subprocesses are

e gq—eq, (9a)
e"q-veq’, (9b)
etqoetq, (10a)
et q-v.q’, (10b)

and the charge-conjugate ones. It is convenient to use
the Mandelstam variables

§=(pe+pq)2=xs, t=(pé_pe)2=—Q2,

u=(pi—pe)*=—-5§+0°, (11)

where p. (p.) and p, (p,) are the initial (final) lep-
ton and quark momenta. From table 1 we see that S
and V contribute to the processes (9) in the s-chan-
nel and to the processes (10) in the wu-channel,
whereas R and U enter in the opposite way.

The total squared -amplitude for the process
errd—errd (ei.d—ex1qd), averaged over the
quark spin, takes the form

[A| IZ_,R ={A,+Az| %..R +2 Re[(4, +A42)A¥QlLr
+|Aiqlir, (12)

where A4,, Az and 4, denote the photon, Z-boson
and leptoquark amplitudes, respectively, depicted in
fig. 3a. The standard model contribution is given by

4
4+ 4y = 2L (52 402)
80:Qa08" (, 4 4,) [0g(# +12) £ay(F )]
t(t—mz) ~CT S -
2g*

+.)2

+ (—ml)? (v Tac)
X[(b2+a2) (8 +1) + 0ga, (F—)].  (13)

Here, e and g=¢€/(siné,cos8,,) are the gauge cou-
plings of photon and Z-boson, Q. and Q, are the
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(a) eq—=—e7q
e € e e’ en e
i SV
v.Z RU! ===
q q9 q q q q
(b) ef—eG
e e e e e
: RU
Y.z S,Vui T
q § 4q g 9 g

Fig. 3. Diagrams contributing to the inclusive neutral current
process e " p—e~ X.

electric charges of the electron and quark, and v,
and a., denote the usual vector and axial-vector
couplings with the convention g.= —i. The upper
(lower) signs in eq. (13) correspond to left-handed
(right-handed) electrons in the process efrq—
eCrq and right-handed (left-handed) positrons in
the reaction eg ; §—eg 1 4. For the interference terms
of A q and 4, +4; we find

2Re[(4, +Az)AtolLr = —2a(LQ)Lr

0.0,  gWta)(vgta) -
X t + t—m% > LQ—SaUy
2 2 + —_
X € Qqu + g (ve—ae)(zl)q+aq) , LQ:V,R,
t t—ms
(14a)

with
a(S)Lr =AML RS(S—m3/[(§—m3)*> +m3T3],

(14b)

a(ViLr =24 rt*(§—mi)/ [(S—mi)? + mi T4,

(14c¢)
a(R) g =Af g1/ (u—mg), (14d)
a(U) =22 g §/(u—m}). (14e)

Here, A,  are again the LQ couplings to the partic-
ular electron—quark pairs as given in table 2. The
convention with respect to the upper (lower) signs
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in eq. (14a) is the same as in eq. (13). For the qua-
dratic leptoquark terms in eq. (12) we obtain

1 M r
2(5-m3)2+

s 1Ex = oz RS, (159)

AR
|AV|LR—2( mv)2+va2 (A r¥2+AR L1,
(15b)
1 Ae
|ARIL,R=§W(1 i +AR)u?, (15¢)
2 lik 2 g2
|AU|L,R=2(u_—;n%J)2(/1LRS +Az.L8). (15d)

We note the interchange of # and ¢ in eq. (15b), and

§and tin eq. (15d) under the change of polarization.
A similar set of formulas follows for the process

efrA—errq (er,q—eg1q) from the diagrams of

fig. 3b. In this case the standard model contribution

reads

264 Q27 (2

t2

|A,+ Az |Er= F+u?)

4e’°g’Q.0Q,

+
o my ta.)
X [0g(§* +u?) F a (5% —u?))
2g4

m (ve ta.)?

X [(v3+ad) (8 +u?)F 20qa, (8 —1?)], (16)

while the interference terms between 4, o and 4, +4;
are given by

2Re[(A4, +Az)AtqlLr = —2a(LQ)Lr

820y | &0 tac) (vg*a,)

t t—m3 » [Q=S.U,

& Q.0 48 2(veta.) (0 F aq) LQ=V.R

t I— mZ L] — Vod\
(17a)

with
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a(S)Lr=(ALrt*/(u—m3), (17b)
a(V)Lr =24 g/ (u—md), (17¢)

a(R) g =AL g (§—mR)/[(§—m&)* + miT'}],

(17d)

a(U) g =248 gt (§—mp)/[(§—mi)* +my T'l.

(17e)
The quadratic leptoquark terms read
2 ]. /lLR
|1‘1S|L,R=EW(AL"’/‘L R, (18a)
2 Mr 2 g2
[Av |L.R=2m (A7 & + AR L1?), (18b)
- A’
2 1 AR 2 92\@2
|Ar lir = 5 (§—m,2{)2+ T2 (AL +AR) &,
(18c)
ir
|4y l1fr =2 (§—m%)2y+m61ﬂ6 (AL rW? +ARL1%).

(184d).

Compared to eqs. (14) and (15) s- and u-channel
contributions have been interchanged in egs. (17)
and (18).

Similar formulas hold for the processes e"q—v.q’
and e*q—Vv.q' and their charge conjugates. The
expressions follow from simple substitutions in the
above formulas, to wit

e
- —__——’ €. - 0’
£ \/5 sin 4, Cea

De,qaae,q_’%s mZ_’mW, (19)

with the relevant couplings A, g taken from table 2.
The results will explicitly be given in ref. [5].

The differential cross sections for the inclusive
processes ef gp—e¥X pr ‘¥'.X can now be com-
puted in standard fashion. In terms of the total
squared amplitudes defined in eq. (12) one has
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do(efrp) 1
dxdQ?* ~ 16rx?s?

X3 {a(x, Q%) {A(efra)|?

+3(x,0%) |4(efr @) 1?}, (20)
with the contributions from v, Z and the various LQ’s
to |A(ecra)|*=14(efLd)|? and |(4A(efr@)|*=
|A(ef Lq)|? as specified in egs. (13)-(15) and eqgs.
(16)-(18), respectively. The individual scattering
channels to which a given LQ contributes can readily
be inferred from fig. 3 and table 2. For example, as
already indicated, the scalar S; enters in e u—e-u
(and e*li—e™ Q) in the s-channel, and in e"t0—e~0
(and e*u—e*u) in the u-channel.

Qualitatively, one anticipates the following signals
from leptoquarks. If mLQ<\/§, leptoquarks may be
copiously produced via e ¥-{g’ fusion as quantified
in fig. 2. The real production gives rise to resonance
peaks in the x-distributions, eq. (20), of neutral (and
charged) current events centered at x=miq/s. Since
the Breit—-Wigner resonance cross sections obtained
from eqs. (15a),(15b) and eqgs. (18¢),(18d) are
independent of Q?= —1t, apart from scaling viola-
tions through the quark densities, these peaks in x
should eventually become detectable by requiring
sufficiently large Q2 and, thereby, suppressing the
standard model background. This is illustrated in fig.
4 for the case of an S, leptoquark with mg, =200 GeV
and the couplings of eq. (5a). While the enormous
resonance in ¢"p—e~ X should clearly reveal the
existence of such a leptoquark, the corresponding
signal in e*p—e* X is much smaller due to the soft-
ness of the Gi-density as compared to the u-density in
the proton. Of course, in a real experiment the very
narrow peaks [see eq. (7)] would be smeared out by
the finite resolution in x. In fact, in the example
shown in fig. 4 practically the whole LQ signal would
be contained in one x-bin with Ax=0.1 around
x=04.1f m o> \/:v, one must search for effects aris-
ing from the exchange of virtual leptoquarks, a pos-
sibility which we will discuss in ref. [5].

In summary, the existence of leptoquarks with
baryon and lepton number conserving flavour-diag-
onal couplings is only relatively weakly constrained
by present experimental knowledge. We have given
the most general SU(3) xSU(2) xU(1) invariant
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100 T T T T T v T g T
[ (@) ep—eX 5 =31 GeV
10'E @P=10% Gev?

=03

mg,= 200Gev, g,

do/dxdQ? (pb/GeV?);

1 . 1 " L " 1

02 03 04 05 06

Fig. 4. Differential cross sections of unpolarized e~p (a) ande*p
(b) scattering versus x at \/§= 314 GeV and fixed @Q?=10* GeV>
The full curves represent the theoretical distributions if a S, lep-
toquark exists with mg, =200 GeV and g,, =0.3, g,g=0, while
the dashed curves show the standard model predictions for
mz=92 GeV and sin*g,,=0.229.

lagrangian describing the interactions of such lep-
toquarks, both scalars and vectors, with known lep-
tons and quarks. Using this lagrangian we have
computed the full differential cross sections in x and
Q? of e¥p collisions and pointed out possible signals
from leptoquarks: resonance peaks at fixed x in the
standard model distributions resulting from y and Z,
or W, exchange and virtual effects on cross sections
and asymmetries. For coupling strengths of the order
of the standard gauge couplings one can produce and
detect leptoquarks at HERA almost up to the phase-
space boundary, that is for masses My <300 GeV.
Heavier leptoquarks induce observable effects for
masses which exceed the total ep CM energy only
moderately unless the couplings are considerably
stronger than gauge couplings, a possibility not
excluded by experiment but theoretically rather
unlikely. More interestingly, leptoquarks with
mLq=200 GeV can be discovered for very small
couplings, g2, /41 ~10"3 ap!
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