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LEPTOQUARKS IN EP COLLISIONS AT TEV ENERGIES

R. Riickl

Deutsches Elektronen-Synchrotron DESY, Hamburg, FRG

ABSTRACT

By definition, leptoquarks resonate in lepton-quark channels and
hence ep collisions provide ideal reactions to search for these
exotic particles. I describe some principal properties of lepto-
quark signals in collisions of an e beam of LEP with a p beam of
the LHC. Estimates are given for the sensitivity of inclusive
neutral current measurements to the coupling and mass of a
particular scalar leptoquark.

1. INTRODUCTION

Tn the Standard Model leptons and guarks coexist as indepen-
dent degrees of freedom. On the other hand, their electromagnetic
charges are quantized in the same units, their weak SU(2) proper-
ties are basically identical, and also their family structure
matches. These similarities strongly suggest that in a more
fundamental theory leptons and quarks should be interrelated.
Correspondingly, one expects new particles which mediate lepton-
guark transitions. Such states are generically called leptogquarks
and occur naturally in Superstring [1l] and Grand-Unified Models
[2] as well as in Technicolor Theories [3] and Composite Models
[4,5].

Leptoguarks may exist with various spin and SU(3).x SU(2) =
U(1)

Table 1. Furthermore, one can distinguish leptoquarks according

v guantum numbers. A general clasgification [6] is given in

to their couplings to fermion pairs. For example, 1in
rechnicolor and composite scenarios global symmetry breaking
gives rise to J=0 leptoquarks which are pseudo-Goldstone bosons
and thus couple to fermion pairs proportionally te the fermion
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masses. Other models predict J=0 leptoquarks with non-derivative
couplings. Interesting examples are the leptoguarks expected in
the low-energy limit of the compactified heterotic E8 X Eé
superstring. Finally, leptoguarks may be very massive or
relatively light. Those which have baryon and lepton number
violating couplings must be extremely heavy in order to avoid
rapid proton decay or large neutrino masses. However, leptoquarks
with B and L conserving couplings have to satisfy only much
weaker bounds [7,8]. Particularly, leptoquarks which mediate
flavor-diagonal transitions are permitted with couplings as large
as electroweak gauge couplings and with masses of order 100 GeV
[8].

TABLE 1
Quantum numbers of scalar and vector leptoguarks with
SU(B)C X SU(Z)L X U(l)Y
lepton pairs Qe = T, + Y)

invariant couplings to quark-

Spin  F=3B+L SU(3),  SU(2),  U(l)y
S; 0 2 3 1 -1/3
8, 0 2 3 1 -4/3
E% 0 2 3 3 ~1/3
v, 1 2 3 2 -5/6
v, 1 2 3 2 1/6
R, 0 0 3% 2 ~7/6
R, 0 0 3% 2 -1/6
Uy 1 0 3% 1 ~2/3
U, 1 0 3% 1 -5/3
65 1 0 3% 3 -2/3

Such low mass leptoguarks could be produced copiously at
future particle accelerators. Especially ep collisions provide
ideal reactions to search for leptoguarks because of the possible
occurrence of resonances in direct eq channels. I have investi-
gated principal properties of 1eptoquark production in collisions
of an electron (or positron) beam of LEP with a proton beam of
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LHC, the hadron collider in the LEP Tunnel. In the ep mode LEP
and LHC would provide the following typical c.m. energies and
luminosities [9]:

1032 cm_zs_l,

1031 cm_zs_l.

(I) Vs
(IT) {s

It

1.4 TeV and L
1.8 TeV and L

(1)

My main concern have been complete theoretical calculations for
the signals of leptoguarks in inclusive neutral current (NC) dis-
tributions and asymmetries. From the results one can roughly
infer the range of leptoguark couplings and masses which would be
accessible in such inclusive searches. More elaborate estimates
of detection limits taking into account experimental resolutions
etc. are presented in ref. [10]. The conclusions are summarized
in the report by J. Ellis and F. Pauss [11l].

2. DEFINITION OF MODEL

A systematic study of all leptoquarks listed in Table 1 has
been performed in ref. [6]. Here, I shall concentrate on the
scalar leptoguark S1 which will be called DO further on in order
to unify notation with opher studies in these Proceedings [11].
The DO couples to e u and v;d pairs as described by the
effective, SU(B)c X SU(Z)L X U(l)Y invariant lagrangian

Loy = Mpltiger — dpvr) D + ApTWhrerDf + c.c., (2)
where £, o = 1/2(1 ixg)f are the left- and right-handed compo-

nents of a fermion and f£° = CfT is the charge conjugated fermion
field. The coupling constants AL and AR in eg. (2) are con-
strained by low-energy experiments. The limit B(n+—a e+yé)

<1.2 x 10™% implies [8]

V‘ALAR <mpo/10 TeV, (3)

while gquark-lepton universality or, more specifically, the
identity of the Fermi constants in u- and [} -decays requires [8]
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AL < mDO/l.T TeV.
For definiteness, I shall assume

Ar=0; M /4r = Fa, F <1, (5)

where ® is the electromagnetic finestructure constant. This
choice is certainly compatible with the above constraints in the
mass range of interest, i.e. for my = O(1 TeV). In the
following, the model defined by egs. (2) and (5) is used to
illustrate possible searches for leptoquarks at LEP-LHC.

3. Do DECAY WIDTH AND PRODUCTION CROSS-SECTIONS

From eq. (2) one easily derives the total decay widthl}ofor
Do-e e u and Do-¢ véd [6]:

T'p, = (20} + X%)mp, /16m. (6)

Using in addition assumption (5) one finds, numerically,

FTTI.D
= 2~ 36 GeV 0)
Ip, = Famp,/ 3.6 Ge (1TeV (7
with the branching ratios B(D_— e u) = B(D,— v, d) = 50 %. This

shows that leptoquarks accessible in ep collisions at TeV ener-
gies will be very narrow!

The cross-sections for resonance production in ep -~ DOX are
also readily calculated from eg. (2). In the narrow width appro-

Ximation one has [6]

=)
olep — DoX) = w(A + A%) (u ('mf)u/s,Qz)/éls

m2Fa | zu(z,Q%), e u— D
- TnzDo $if(<’13, Qz)v ety — DU?

where the second equation follows again from assumption (5).
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Furthermore,(ﬁ%x,Qz) describes the probability of finding an
u-gquark (u-quark) with momentum fraction x = mé /s inside the
°

proton. Using set I of ref. [12] for the quark distribution
2
Do
obtains the numerical cross-sections plotted in Fig. 1. As

functions and taking Q2 = m for the evolution scale, one

anticipated, the DO leptoguark could be copiously produced in ep

collisions at LEP-LHC. For instance, if the DO exists with my =
-]

1 Tev and F = 1, an e p run of roughly one year would yield

2000 D_'s at V8 = 1.4 Tev, [Ldt = 1 £b°, and
700 D_'s at ¥§ = 1.8 TeV, [Ldt = 100 pb’l.
Conversely, for my, = O(1l TeV) the DO can still be discovered for

couplings hundred times smaller than the e.m. coupling o, i.e.
for F=-O(10_2). Similar results have been obtained in ref. [13].
A few comments on the last assertion may be desirable. Al-
though the D_ decay modes D_ —» e + jet and Dy~ y, + jet (and
their charge conjugates) lead to events which at first sight look
like conventional NC and CC events, the angular distributions of
the DO decay products are very different from the normal lepton
and jet distributions (10,14]. Similarly, the inclusive distribu-
tions in y = Qz/xs (Q2 - (P
tum transfer in ep — 1X) are flat for leptoquark events, in con-
trast to the steeply falling distributions of the NC and CC back-
ground [10]. Therefore, it should be rather easy to separate
signal from background. Moreover, leptoquarks such as the DO may

H

- pl)2 denoting the sguared momen-

give rise to narrow peaks in the inclusive x-distributions
centred at x = mz/s. This signature distinguishes leptoguarks of
the kind consider;d here from other possible new phenomena and
can thus provide the clearest evidence.

4. De RESONANCE IN INCLUSIVE DISTRIBUTIONS

Whether or not the D, leptoguark exists can be decided ex-

<Y¥s and
De
couplings F £ 1 by measuring the usual x-distributicns in the pro-

perimentally for a rather large range of masses m

cess ep — eX and ep — yéx. In the following, I shall briefly
describe the NC case. The diagrams contributing to e p —» e X are
shown in Fig. 2. One should note that in e_p(e+p) collisions the

L R R T R T R R O R T 1T R e A B L AL L B Iy T R T L R R e L AT TS N O L R R e T I Y S N ML T TR 2 AT TE IO (OIS NP P Tt

g
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D not only resonates in the e “ufe u) channel, but also contri-
butes in a crossed channel to e “ule u) scattering.

The differential cross-sections dg (e¥p — e*x)/dde2 in-
cluding DO resonance and exchange, standard NC background and
interferences have been calculated in ref. [6]. It is convenient
to use the Mandelstam variables

] :(pe +pq)2 = &5, t:(Pe"—pL)zz _Qza u = (Pe _p;)Z = “§+Q2= (9)

where P (p 'Y and p (pq') are the initial (final} electron and

quark momenta. The total squared amplitude for eL Rq—»eL g4

{and e; Lq'—se;.Lq), averaged over the quark spin, takes the form
r r

|2 g = |4y + Azl g + 2Re[(4, + Az)Ap lir + |AD |7 25 (10)

where Ar'Az and A denote the photon, Z-boson and leptoguark am-
plitudes, respectlvely, depicted in Fig. 2a. The Standard Model
contribution is given by [6]

2

2 284Q 22 2 EEEQZ_Q_‘L =2 2 =2 2

Ay + Aglh g =~ H(E ) = gl edlog( 4 u) £ o — )
2 4

+ (i—m2%)? (Ve & @ P[(v2 + a2)(8? + u?) £ 2vgag(8® —w?)j .

The notation is as follows: g = e/cosfiwsin ew is the gauge
coupling of the Z-boson in terms of the e.m. coupling e and the

Weinberg angle BVV Qf are the electric fermion charges with the

convention Qe = -1, T3f is the third component of the weak 1so—
spin with the convention T3e = -1/2, and Ve = 3f/2 - Qf51n 9
and ag = /2 denote the NC vector and axial vector coupllngs

Furthermore, the upper (lower) signs in eq. (11) and in the sub-
sequent formula correspond to eiq(eéq) and eRq(eLq) subprocesses.,
The interference and resonance terms of eq. {10) obtained with
the effective lagrangian eq. (2) read [6]



2Qq  g*(vetac)(vgtay)

2Re((A, + Az)Ap, e = 2[5 - tomJ la(Do)r.r (12)
with
A2 52 (s —m? )
CL(DO)L.R = (a_iz‘g )2_;_7-”. DI‘Z 5‘?“’ (13)
7Dy Dy~ Dy
and _
2 2282
A2 =1 ALF(A PR §
|[Ap,|Lr = 3 (..e—mZD 2 +mD0r Dy (14)

Here, the Kronecker symbol 6 is introduced to project on the
GL -quark when summing later over the quark flavors present in the
proton. The decay width F is given by eg. (6). The correspond-

+
ing expressions for e_ q —+ e and e g - e+ )} can
L,R R,L

L, g9 R,.Y
directly be inferred [6] from the above results and the diagrams
of Fig. 2b: ]A¥'+ AZ[; R follows from eq. (11) by simply changing

1 »*
the sign of aq, 2Re[(Ax + AZ)A

Do]L,R reads as in eqg. (12) with

a(Do)L R replaced by
DY IIRTE:
— L. R
&(Do)r,R w3 o (15)
0
and
2 2 2
DolLR = 5 (u‘“m%)())? Gu (16)

results from eg. (14) by interchanging § and u and dropping the
irrelevant decay width FD

o

The inclusive differential cross-sections for polarized NC
scattering can now be computed from the usual parton mcdel ex-
pression

da(e; p) 2 2
dmjé% 16m2 ) Z{q QM) A(ef ra)® + =z, Q%) A(e rT)I}, (17)

2 defined in eq.
2 2
= |A(e R Lq |“ and

by substituting the squared amplitudes IAL Rl

(10) and specified thereafter, for [A(eL Rq)
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IA(eL Rq)|2 = IA(eR Lq)I , respectively. The cross-sections egq.
(17) have been evaluated numerically, using the following input:
eq. (5) with F=1 for the D couplings A, and lRf , = 92 GeV
for the Z-boson mass, sin 6 = (1-(1- tlualmz)l/2 /2 with

1L = 38.65 GeV for the Welnberg angle, and set I of ref. [12} for
the quark and antiguark distribution functions, summing over

u,d,s and c flavors.

The main points which can be learned from this study are
illustrated in Fig. 3. This Figure shows x-distributions at large
values of Q2 for e p — e X in the presence of the D  with
My, = 700 GeV (Figs. 3a and b) and My = 1.2 TeV (Fig. 3c). On top
of the conventional NC background one can nicely see very narrow
Breit-Wigner resonances which have the maximum at x = mgo/s and
are distorted in the tails by inferences between the y and 2
exchange and the D contributions. Since the resonance cCross-
section eg. (14) is independent of Q apart from small scaling
violating effects in the quark structure functions, one can very
efficiently suppress the background by applying appropriate cuts
in Q2 (or v [10]}) without affecting the signal. This is indicated
in Figs. 3a and b. Although in a real experiment the resonance
peaks would be broadened by finite detector resolutions etc., one
should be sensitive to DO masses not much below the kinematic
limit, at least for couplings F = O(1) [10]. In fact, the signal
for my = 700 (1200) Gev illustrated in Fig. 3b{(c) contains
roughly 1200 (120) events per 100 pb_1 as can be estimated from
the DO cross-section at s = 1.8 Tev plotted in Fig. 1 including
the branching fraction B(DO‘—» e + jet) = 0.5. Finally the
corresponding Do resonances in e+p — e+X are considerably less
pronounced due to the softness of the u-density as compared tc
the u-density in the proton. However, for other species amcong the
leptoquarks characterized in Table 1, the situation would be just

reversed.

5. INDIRECT EFFECTS

In case the D, is too heavy to be produced directly, i.e. if

m. 2 {§, one would have to search for indirect effects of virtual

Do ™
DO exchange on inclusive ep cross-sections and asymmetries
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[6,14]. For NC processes the weak interactions induced by such a
heavy DO are described by the effective lagrangian (lR = 0)

22 |

Lepr = 55— (ELy"er)(Trvuus) (18)

mDO
which follows from the original lagrangian eg. (2) after Fierz-
transformation. Similar contact interactions are expected from
lepton and quark substructure [15]. In the latter case, the
effective four-fermion couplings are usually parameterized by

2 2

geffﬁAeq whgre Aeq
scale and geff/4E = 1 by convention. The sensitivity of searches

is supposed to be of the order of the binding

for eqg contact interactions in ep collisions at LEP-LHC is dis-
cussed in some detail in ref. [16]. From the statistical errors
of cross-section and asymmetry measurements one estimates that
contact terms of the above type can be probed up to Aeqd{8-9)TeV.
Using egs. (5) and (18) this result translates into the following
sensitivity limit for virtual DO effects:

mp, = ApA/V8r = /Fa/2 A < 500 GeV, (19)

Although this estimate may not be totally reliable numerically,
since the effective lagrangian eqg. {18) is obviously not a very
good approximation for such light masses, it certainly shows that
one cannot probe the existence of the Do in the mass range beyond
the kinematical limit for real production, unless the coupling tc
the e u channel is considerably stronger than the electromagnetic
coupling.

This claim is substantiated by direct calculation of the
polarization asymmetry

Ao e = TL)LeR)
L —€R})= ==
£ R) =(ﬂ3(e£ RP)/dde2 are the differential

r r
cross-sections obtained in eqg. (17). This asymmetry turns out to

where ’é" {e

be particularly sensitive to LL contact interactions [1lé] such as

the one generated by a heavy DO. Results are shown in Fig. 4 for
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FIG. 4 Deviations of the polarization asymmetry in e£ gP NC
scattering from the Standard Model predictions (SM) due to Dg
exchange off resonance for various values of My,
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two typical values of x and various DO masses in comparison to
the Standard Model prediction. One can safely conclude that
deviations for mh z Vs are unobservable as already indicated by
the limit (19). Moreover, even for mD < Vs, the effects are
difficult to discover except at or near the value of X at which
the resonance occurs. Examples displayed in Fig. 4 are the

deviations for my, = 500 GeV in which case the resonance occurs at
(-]
X ®0.13, i.e. just above the value of x chosen in Fig. 4a, and
the effects for my = 750 GeV in which case the resonance is
Q.

centred scmewhat above the value x = 0.25 considered in Fig. 4b.

Of course, for mD°< Ys one does not have to rely on searches for

indirect effects but one may hope to observe a striking resonance
in the x-distributions as illustrated in Fig. 3.

6.  SUMMARY

I have studied the production of leptoquarks in ep colli-~
sions at LEP-LHC, and the observability of signals in inclusive
NC cross~sections and asymmetries, using the scalar, weak iso-
scalar leptoguark DO as an illustrative example. Three results
are particularly noteworthy. Firstly, the production cross-sec-
tions are large. If the DO couples to e u with the sStrength
(0.01-1)¢ , one can expect 10 D0 events for the following
masses, c.m. energies and integrated luminosities:

my ®(1.1-1.2) Tev, VS = 1.4 TevV, [Lat = 1 fb‘l,
o . -
my % (0.9-1.5) TeV, VS = 1.8 Tev, [Ldt = 100 pb L.

Secondly, clear evidence for leptoguarks would be narrow
resonance lines in the x-distributions which should be relatively
easy to observe after suppressing the conventional NC and cC
background by cutting away events at Qzé,(104—105) GeV. Thirdly,
indirect effects of virtual Do exchange on cross-sections and
asymmetries are difficult to detect except near the resonance at
X = mz /s. In particular, it does not seem to be possible to
probe the existence of leptoguarks at masses my >Y¥s, unless the
coupling to e u is much stronger than the electromagnetic coupl-
ing.
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