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The case is made for light spinless leptoquarks of the Goldstone boson type (m < Gg!/?) in the framework of nearby
compositeness and special technicolor schemes. Their expected experimental signatures are worked out in the light of recently
observed anomalous events of the type p *-jet—u"-jet, monojet and monophoton.

Leptoquarks are rather exotic bosons which couple
to a lepton—quark pair, i.e. they are color triplets,
have fractional charge and both nonvanishing baryon
and lepton number. They may appear in grand uni-
fied theories [1] [m 2 O(1014 GeV)],in “petite”
unified gauge theories [2] like SU(2); X SU(2)p
X SU(4)p,ti— Salam » int technicolor schemes [3] and
in composite models [4--8] (conservatively: m ~ few
100 GeV—few TeV), i.e. in a variety of popular
schemes leading beyond the standard model.

In this paper we first single out schemes which
(i) allow leptoquarks to be naturally light, even con-
siderably lighter than the Fermi scale Ap = (v/2G)~1/2
~ 250 GeV, and (ii) at the same time avoid (more or
less) naturally conflict with proton lifetime and rare
processes like those involving flavor changing neutral
currents. Then we work out the expected experimen-
tal signatures of light leptoquarks in the light of anom-
alous events observed both with the CELLO detector
[9] at PETRA and with the UA1/UA2 detectors [10—
12] at the CERN pp collider. Events of the type
“utjet u—jet” as well as “monojets” and “monopho-
tons” are of particular interest. Some of the results
in the second part, though obtained independently,
come later than those of ref. {13]. In order to mini-
mize overlap with ref. [13], we shall concentrate on
complementary information and on deviations due
to the difference in theoretical input.
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We start by arguing that a possible natural source
of light leptoquarks is nearby compositeness. In this
scenario [14,4—8] quarks and leptons as well as W*,
Z are considered to be composites of a common set
of preons which are subject to hypercolor confine-
ment at the Fermi scale Ap ~ 250 GeV. Since quarks
carry color, there will have to be colored preons.
Hence, quite generally, colored composite bosons,
i.e. colored spin 0 and spin 1 partners of the weak
W=, Z bosons, are expected. (With color acting like
a flavor at distances AEI [a.(Ap) ~ 0.1], this expec-
tation is on similar footing as predicting strange bary-
ons from the existence of strange K mesons in strong
interactions).

A prominent possible source of colored bosons
of the leptoquark type is the class of Abbott- and
Farhi-initiated composite models [4—8] which (in
the limit &, o, — 0) are distinguished by the global
symmetry

SU@)y X SU)T

N

2 [SUR) X UMy 1y (1)

of weak interactons. Here SU(2)yy; is the global weak
isospin and SU(4)PS the Pati—Salam SU(4), unifying
SU(3). X U(1)p_; for o, @, —> 0. The index L indi-
cates restriction to that part of the group which acts
on left-handed fermions only [remember Y| =
B - L)/2].

As has been pointed out recently [7,8], in this
class of models one is led to expect besides the stan-
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dard SU(2)yy; triplet of (composite) W*:0 bosons an
SU(4)PS 15.plet of new (composite) vector bosons.
Among them are also spin 1 leptoquarks V5, trans-
forming like color triplets with electromagnetic charge
2/3. We shall briefly return to these at the end.

Our main concern in this paper is to point out that
the global SU(4)PS symmetry, in addition to being
broken explicitly through color and electromagnetic
gauge interactions, could also be broken spontaneous-
ly at the scale of hypercolor confinement, Ap ~ 250
GeV,

SU@)PS 3B, su(3) X U1, - @)

This would lead to a (complex) Goldstone boson mul-
tiplet x, an SU(2)y singlet spinless leptoquark with
the same color and electromagnetic assignments as

its vector partner V3,

X= 32/3- 3)

These Goldstone bosons are of course pseudo-Gold-
stone bosons; they typically will acquire a color-radia-
tive mass of order [15]

m -~ O(\/ac;"AF) ~ 040 GeV) €))

(give or take a factor of two).

An important ingredient of composite models is
that hypercolor confinement does not give rise to a
total spontaneous breakdown of the chiral symmetry
present on the fermionic preon level, in order to re-
tain a chiral protection mechanism against large quark
and lepton masses [16] . Partial breaking, however,
may well occur and actually is often enforced by the
non-<xistence of solutions to ’t Hooft’s anomaly
matching equations [16] with respect to the full
chiral symmetry group. In the original Abbott and
Farhi model [4] there is no need for a spontaneous
breakdown of the SU(4)PS symmetry from the point
of view of anomaly matching. There are, however,
extensions [5] of this model, designed to cure its two
main unsatisfactory features, the naturality problem
with elementary scalar preons and the fact that only
the left-handed quarks and leptons are composite;in
these extended models ’t Hooft’s anomaly matching
conditions indeed enforce exactly the spontaneous
breakdown (2).

In conclusion, in nearby compositeness the appear-
ance of a spontaneously broken global SU(4)PS is not
unlikely ; this in turn would naturally entail spinless
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leptoquarks much lighter than the Fermi scale. There
is no problem with baryon number violation, since

in fact the SU(4)Es symmetry arises from an U(4)£s
symmetry. The additional U(1); symmetry of left-
handed fermion number, giving rise to separate baryon
and lepton number conservation (B; =3 F +1 7Yy,

Ly =%F - 2Yy),is broken only by hypercolor in-
stantons. As worked out in ref. [4], these violations
are far from being in conflict with present limits on
the proton lifetime.

Another well-known source of pseudo-Goldstone
bosons of the leptoquark type resides in technicolor
schemes where some of the techniquarks carry color
[3]. The standard estimate for their masses is O(\/o /7
X Apc) ~ 0(200 GeV) for Apc ~ 1 TeV. However,
let us recall the interesting class of technicolor
schemes involving a gauged chiral color symmetry [15]
(i.e. the usual vectorlike color group is embedded in
a gauged SU(3)£ X SU(3)§ group). In this case the
colorradiative mass of the colored Goldstone bosons
vanishes to leading order in «,, leading again to ex-
ceptionally light spin O leptoquarks with mass of
0(45 GeV).

In the schemes considered (nearly compositeness
or technicolor with chiral color) light leptoquarks
may generally appear as SU(2)y; singlets, doublets
or triplets, with a corresponding variety of electro-
magnetic charges. To be specific, let us concentrate
in the following on the minimal Goldstone boson
multiplet (3), due to the spontaneous breakdown of
SU(4)PS only, which is likely to appear in any scheme
producing Goldstone boson leptoquarks at the Fermi
scale. An extension of the following discussion to any
further Goldstone boson leptoquark is straightfor-
ward.

Leptoquarks of the Goldstone boson type as dis-
cussed here have several favorable properties as com-
pared to those of the Higgs type put forward in ref.
[13]: (i) they have naturally small masses, (ii) the lim-
its on the proton lifetime are automatically respected
and (iii) their weak interaction coupling to a quark—
lepton pair is small without fine tuning, as we shall
see below.

Leptoquarks experience three types of interac-
tions, just like quarks. They couple weakly to a quark—
lepton pair and they experience ordinary color and
electromagnetic gauge interactions.

The leading x g interaction term in the effective
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weak interaction lagrangian which realizes the SU(4){S
symmetry non-linearly [and respects SU(2)y, sym-
metry] involves the familiar dimension-5 operator

~ [O(D)/F, {3, v* 2 3, x + he} + O(I/F).

qu
(%)
Summation over color and SU(2)y; indices is im-
plied. F, is the x decay constant
£~ O(AR) ~ O(250 GeV). 6)

On the tree level this induces the familiar Goldberger—
Treiman type [17] couplings of x to a fermion pair,

”CXqQ ~ O(l)q {(mq - mQ)/FX

+ [(mg+myIF Jys}x+he, (7)
giving rise to a decay width

(x> q®) ~ [O(1)/4nlm, (ml + m)IF]

(form >m, ). (®

In the ch1ra1 limit, mg o/F, — 0, the fermions de-
couple. For finite, but small (current) quark and lep-
ton masses, a natural strong suppression of the weak
interactions of Goldstone boson leptoquarks results.
This is of course what is needed to accommodate the
conspicuous absence of contributions from light
spin 0 leptoquark exchanges in low-energy weak in-
teractions, in particular in potentlally dangerous rare
processes like pe conversion, K >e"u” and K0
>utu. A quantitative evaluatlon basing on the for-
mulae of ref. [18], shows that the small mass ratios
o/Fy, in the x@¢ couplings are almost sufficient.
The 0O(1) coefficient in the estimates (5)—(8) has to
be replaced by O(0.1), more precisely by 0.16 for
m, ~ 40 GeV and by 0.08 for m,, ~ 20 GeV. This

is marginal, but still far from the stigma of fine tuning.

For these estimates we used current quark masses *!,
since weak interactions take place at short dlstances
O(GI/Z)

Next let us discuss the issue of generations. Typ-

*! Thisis perfectly consistent in nearby compositeness. In-
ternal consistency problems in technicolor schemes lead

to choices like e.g. Mgy 0500 as large as 1 GeV in ref. [18].

Following ref. [19], we advocate a dismissal of the prob-
lematic fermion-mass generating mechanism through ex-
tended technicolor gauge bosons as rescue for the original
nice technicolor idea.
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ical for technicolor is a single x-type leptoquark, cou-
pling to all qR pairs with charge 2/3. Following the
rule (7), x will predominantly decay into t¥_ (or into
brt if m, <mg+m, ) This may be and presumably
will be different in nearby compositeness. There all
three, the leptoquarks, the quarks and the leptons
share the same level of compositeness (in contradis-
tinction to technicolor. Generational selection rules
for leptons, like u # ey, may have their origin on the
level of preons which are common to leptons and lep-
toquarks. This in turn would translate into a genera-
tional selection rule for leptoquarks. (For a discus-
sion of generational selection rules in composite mod-
els in the context of rare decays we refer toref. {20].)
A realistic possibility in the nearby-compositeness
framework then is the existence of three leptoquarks
XD, x@ and x3, one per generation, each one de-
caying into the two lepton—quark pairs of its own
generation with Q = 2/3,

x(l)%uﬁe, de*, (9a)
XD > e, su’, (9b)
x® - 15, brt. (%9¢)

In this case there is no leptoquark exchange in ue con-
version and KL >efu~ The only limits come, via
Cabibbo mixing, from K -t , requiring a replace-
ment of the O(1) coefflclent in egs. (5)—(8) by

O(1) >~04 for m_~ 40 GeV,

~0.2 for m o~ 20 GeV. (10)

This is of the order of 1/m and even less dramatic than
the replacement by O(0.1) required above.

The best way to detect low mass spin 0 leptoquarks,
unhampered by their small weak interaction couplings,
is via pair production, either in e e™ = x¥ through
electromagnetic gauge interactions or in pp > xX
through color gauge interactions (see fig. 1a,b). De-
pending on whether the subsequent x,x decays go via
the charged lepton mode, x > q_3¢*, or via the
neutrino mode, X ~ qy/37, one expects three possible
final state signatures

jet+ € +jet+ 07, (11a)
jet + 8% + jet +p;niss, (11b)
jet + jet + pIniss, (11c)
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Fig. 1. Leptoquark pair production (a) in e*e™ through elec-
tromagnetic gauge interactions, (b) in pp in the dominant
gluon—gluon subprocess through color gauge interactions.

The only unknowns in the cross sections are the x
mass and its branching ratios.

The cleanest signals for leptoquarks are anomalous
events of the type “jet £tjet 2= ”. One such event
with £¢ = u* has been seen by CELLO at PETRA [9]
and recently two strikingly similar ones by UA1 at
the CERN pp collider [10]. It is of course tempting
to interprete these three events as signatures of spin-
less leptoquarks of the Goldstone boson type (see
also ref. [13]),

e+e_
>X +X

) XL tR _ ~jetuTjety. (12)
pp qu qu

Let us follow up this intriguing but speculative pos-

sibility. A first consistency check is contained in fig. 2.

T T T
-0~ CELLO event
60 1
4 #6623 ()
UA1
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Fig. 2. m(u*jet) versus m(u ~jet) for the anomalous u*jet u~jet
events, (0) from CELLO [9], (#,4) from UA1 [10]. The p*—
jet pairings are chosen such as to maximize the angle between
the u and jet momenta within each pair.
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We plotted m(jet ut) versus m(jet u—) for the CELLO
and the two UA1 events. The ujet combinations were
chosen such as to maximize the angles between the jet
and y momenta within each pair (for reasons given be-
low). The data cluster on the diagonal, around m(jet u)
~ 20-22 GeV. Let us tentatively assume [9]

mx~20.5 GeV, (13)

with substantial error of course. In view of the theo-
retical estimate (4) this mass is marginally small, but
certainly not ruled out.

Let us first discuss the CELLO event. The CMS
energy,\/s = 43.45 GeV, is a few GeV larger than 2m._,
allowing the interpretation of a point-like production
of a pair of spin 0 objects, xx (as in fig. 1a), with a
cross section

do _ - . .,
Tcost (e+e > XX —>Jetu+]etu )

= %‘n(az/s) (1- 4m)2(/s)3/2 sin%0 Brz(x ->qu). (14)

This cross section is maximal at 90°, consistent with
the CELLO event angle of @ ~ 73°. On the other hand,
as concerns the leptoquark decay, /5 is still quite close
to the xx production threshold. If produced at rest, x
and ¥ decay into a back-to-back jet-—-muon pair each,
leading to a coplanar event signature (two intersecting
lines form a plane!). This is consistent with the near-
coplanarity of the CELLQ event. Due to the suppres-
sion factor p3 in eq. (14), one does not expect a step
inR_. -at2m,, but a smooth increase « p3, reach-
ing the asymptotic value of 1/3 well above the PETRA
range. Given the integrated PETRA luminosity of

~70 pb—1 at \/s = 43.45 GeV, available so far in all
four PETRA experiments, from eq. (14) one expects

PETRA

U S
#evts(e"e™ > xx > jetujet i )Ioosol £07

~70 X L1 Br2(x > qu). (15)

In pp collisions the leptoquark pair is mainly produced
in the subprocess gluon + gluon = xX. Since the gluon
distribution in the proton is peaked at small x, one
expects the xx production to peak at xx energies not
far above 2m, . This is indeed the case for the two UA1
events which have (jet u*jet u—)-energies of 45+ 1.8
and 59 £ 12 GeV, respectively [10] . These energies
are sufficiently large to lead away from coplanarity
and sufficiently small to justify the criterion going in-
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to fig. 2 that the het and u decay products of a lepto-
quark should have a large relative angle. Folding in

the UA1 cuts, the expected number of events has been
calculated [21] to be

#evts(Pp > xx ~ jetu*jet u )AL ~ 80 Bri(x ~ qu).

(16)
From egs. (15) and (16) the ratio

#evis(ete ™) : #evts(Pp) ~35:80~1:2.3 (17)

is predicted, independently of the unknown Br(x

- qu). This is in agreement with the experimental
ratio, 1 : 2, of one CELLO e*e— event to two UAl
pp events. Consistency with the absolute number of
observed jet u*jet u— events requires Br(x — jet u)exp
~ 0.2 from eq. (15).

In the light of eq. (8) this relatively large value
seems to support the hypothesis (9) of leptoquarks
conserving generation number. Let us follow up fur-
ther consequences of this hypothesis. The jet u*jet u~
events then arise from x@® x@® pair production with
subsequent x(2) - su* decay. In this case strange lead-
ing particles are predicted in both jets of the CELLLO
and the UAI events. In fact, in the UA1 event #6623
(D) both, a KO and a A, have been identified [10].
Next let us quote the expected number of events for
other interesting x(2) decay channels [for an accep-
tance € = 1 relative to jet u*jet u— and Br(x? = c7,)
~0.8]:

miss

sjetu” cjetpp (Vu)I

2.8 evts. per PETRA group, /s 2 43.5 GeV,

25.6 evts. for UAL. (18)
c-jet (‘:—jetpfpiss(vn b

5.6 evts. per PETRA group, /s = 43.5GeV,

51.2 evts. for UAL. (19)

The event rate (19) is not in conflict with existing
PETRA limits [22] for acoplanar two-jet events. Im-
provements on limits for such events are of course
desirable.

It is also worthwhile to look for signals of possible
first and third generation leptoquarks x(1 and x®,
coupling to the qR pairs of the first and third genera-
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tion, respectively. At PETRA, jete* jet e~ signals due
to x{Ux (M production are probably hard to disen-
tangle from the (two-photon) background. x(3 is pre-
sumably heavier than X, however the off-chance
that it is pair produced still within the PETRA reach
should not be discarded right away. If my 3y <My
then x(3® decay proceeds exclusively via b-jet + 7+.
Depending on the 7 decay modes, unusual events of
the type 4 jets + p7''s%, u* + 3 jets +p¥“SS or utu-
+2 jets + p"'** are expected above 2m 3y in e*e~
and pp collisions.

Next we turn to “monojet” events of the type jet
+p1i'“SS (+2%) as observed at UA1 [11] (UA2 [12]).
From the point of view of leptoquarks there are two
possible explanations. Let us start with the less clean
one. As has been pointed out [23,24] recently, the
UAL1 jet trigger and jet algorithm may lead to a merged
monojet signal of two jets. Thus the dominant chan-
nel (11c¢) through which a leptoquark pair manifests
itself, may appear in the UA1 detector in form of a
monojet signal. Now, leptoquarks x have the same
color and spin as squarks (q) and thus identical pair
production rate in the dominant gluon—gluon sub-
process; their decay mode x > q,/37 is epxerimental-
ly indistinguishable from the § - g7¥ decay. So, the
interpretation of UA1 monojets as evidence for super-
symmetry in form of §q pair production [24] trans-
lates into a comparably good interpretation in terms
of leptoquark pair production. The distinction from
the supersymmetry signal lies in the charged lepton
decay mode, x > q_/3 ¢". This leads to signatures
of the type (11a,b) — with the two jets again possible
merged into a single one — probably with a smaller
rate though [see eq. (8)]. UA2 events [12] of the
type jet + & + pI''** are possible candidates for (11b).
Whether a single leptoquark of mass ~20 GeV can
be made responsible simultaneously for the monojets
and the anomalous jet u*jet u— events has still to be
clarified.

A much cleaner source of true monojets in form
of final states

jet +p{‘niss’ jet + Qi +p_rrniss, jet + Q-; + QZ_ (20)

is expected from single production of leptoquarks in
pp. see fig. 3a. Unfortunately, single production of
spinless Goldstone boson leptoquarks is disfavored,
since it involves the small xg< coupling at the lower
vertex. There is, however, no such suppression for sin-
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Fig. 3. (a,b) Production of a single leptoquark (V5: of spin 1,
x: of spin 0) in (a) Pp collisions, (b) e*p collisions. (c) Quark
jet in electron-beam direction as a result of leptoquark ex-
change in e™p collisions.

gle production of spin 1 leptoquarks. A similar situa-
tion, suppression of spin 0 and no suppression for
spin 1 leptoquarks, arises in single leptoquark produc-
tion in e*p collisions, see fig. 3b. The e* instead of
the e~ beam is needed, if a charge 2/3 leptoquark is
to be produced from a valence quark in the proton.
For the CERN pp collider and an e*p option at HERA
this is only of interest, if the mass of the vector bo-
son leptoquark is SO(AF). Whether such a low mass
is compatible with the constraints from rare processes
requires careful investigation, in particular into the
issue of generational symmetry, e.g. along the lines of
refs. {20,7,8]. This analysis is still in progress.

Finally let us briefly touch upon an exciting sub-
ject which deserves further investigation. Leptoquarks
(like any new colored particles) could give rise to a
completely new hadron spectroscopy. This is in par-
ticular expected for the long-lived Goldstone boson
type leptoquark. Possible hadrons are e.g. Ui, dx, ...
bound state fermions with non-vanishing lepton num-
ber (see also ref. [13]). Also xX-onia, preferably with
spin 0, could be formed. If an xX-onium mass is
smaller than 2m,, it will be a narrow state. Even
though a spin 0, 40 GeV xx-onium light lie within the
PETRA energy range, it could easily have escaped
detection; the production rate for spin 1-onia is sup-
pressed, since the constituents have spin 0. A spin 0
xx-onium could, however, easily be produced at the
CERN pp collider via two-gluon fusion. Its main de-
cay channels presumably will be into ordinary ha-
drons via two gluons and into two quark—lepton pairs
with signatures (11a—c). But also more exotic decay
modes are possible like

xXx-onium > vy
gty @D
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The first decay mode has a “monophoton™ signature,
not unlike the monophoton events reported by UA1
[11]. The latter decay mode, for m Z-onjum ™ 90GeV,
might even be associated with the LFAI/UA2 events
[25] which so far have been interpreted as Z -2t~y
decays.
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