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Abstract. We analyze the effects of scalar and vector leptoquarks on various observables in electron
(positron)-proton deep inelastic scattering. In view of the future program of the HERA collider, with
a high luminosity and also with polarization, we present the constraints that can be reached using this
facility for several leptoquark scenarios. We address the question of the identification of the nature of a
leptoquark when it is discovered. We emphasize the relevance of having polarized lepton and proton beams
in order to completely disentangle the various leptoquark models. This study is also relevant in the context

of the TESLAXHERA project.

1 Introduction

Many extensions of the standard model (SM), like for in-
stance supersymmetry (SUSY) or grand unified theories
(GUTSs), predict the existence of leptoquarks (LQs), which
are particles that couple directly to quark—lepton pairs. In
general there is no particular prediction for the masses of
these LQs, which can range from the electroweak (EW)
scale to the GUT scale. However, an interesting possibil-
ity is the case of SUSY models where the Rpayity symmetry
[1] is violated (for a recent review on this subject see [2]).
Then some R,-squarks have direct couplings to electron—
quark pairs and are completely analogous to some of the
LQs considered here. The equivalence between R,-squarks
and LQs is described, for instance, in [3]. An interesting
feature of the SUSY models with R,-squarks is that the
squarks could have some relatively low masses (between
the EW and the TeV scales) since SUSY is believed to be
broken at the TeV scale.

In this paper we will not consider any precise R, -
squarks model but we rather adopt the “model indepen-
dent” approach of Buchmiiller-Riickl-Wyler (BRW) [4],
where the LQs are classified according to their quantum
numbers and have to fulfil several assumptions like B
and L conservation (to avoid rapid proton decay) and
SU(3) x SU(2) x U(1) invariance. We refer to [4] for more
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details. The interaction lagrangian for scalar leptoquarks
is given by

Lecal = (inGFimalr, + girtGer) - S1 + Girdger - S
+ g3n.qritomly, - 83, + (horurlr, + horqrimeer) - Ra
+ hardr/L - Ra, (1)

where the scalar LQs S, S; are singlets and S3 is a triplet,
all with fermionic number (F =3B+ L) F' = 2. Ry and
R, are doublets with F' = 0. 41, qr, (er, dr, ur) are the
usual lepton and quark doublets (singlets). For vector LQs
the lagrangian is

Lyeet = (haLquy"ln + hirdry"er) - Uy,
+ /~11RﬂR7“€R : ﬁlu
+ haLquTy"fL - Usy,
+ (g2Ldg V"l + gor@ N €R) - Vau
+ Gor UGy lL - Vg, (2)

where the vector Uy, Ul » are singlets and Us,, is a triplet,

all with F' = 0, and V3, Va, are doublets with F' = 2.

Therefore, if one takes into account the left- and right-
handed chiralities Lgca1+ Lvect yields 14 independent mod-
els of LQs. From these two lagrangians one can deduce
some properties of the LQ models which are compiled in
Table 1 of [3]. A point which is important to notice is that
the LQ couplings are flavor dependent. In what follows we
generically denote by A any LQ coupling and by M the
associated mass.
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In addition, in order to simplify the analysis, we make
the following assumptions:

(i) the LQ couples to the first generation only,

(ii) one LQ multiplet is present at a time,

(iii) the different LQ components within one LQ multiplet
are mass degenerate,

(iv) there is no mixing among LQs.

The LQs are severely constrained by several different
experiments, and we refer to [5-7] for some detailed dis-
cussions. Here we only quote the most important facts.

(1) Leptonic pion decays and (g — 2),, measurements in-
dicate that the LQs must be chiral [5,6] (e.g. S1 and
Ry could have left-handed or right-handed couplings
but not both).

(2) To avoid the stringent constraints from FCNC pro-
cesses the simplest assumption is to impose “family
diagonal” couplings for the LQs, namely they couple
to only one generation [5].

(3) There are some collider constraints coming from Teva-
tron through the searches for LQ pair production.
This process, which involves the color properties of
the LQs, yields some bounds on the mass of the LQs
independently of the A coupling and of the particu-
lar scalar or vector L(Q model. However, these mass
bounds are strongly dependent on the branching ra-
tio BR(LQ — eq), and the values quoted below cor-
respond to the maximal case BR = 1.

For the scalar LQ models, the CDF and DO collabo-
rations at the Tevatron have combined their data to
provide [8] the constraint: M > 242GeV (BR = 1).
The dependence of these limits on BR is presented in
[8]. For the vector LQ models the situation is more
complex since, in general, the experimental bounds
depend on two new parameters: s, and Ag. These
two parameters correspond to the possible anoma-
lous couplings present at vertices involving gluon(s)
plus vector LQ(s) [9]. The value of the cross sections
depends on these two parameters. In particular, the
smallest cross sections do not correspond in general to
the ones obtained for “pure” gauge boson couplings
(i.e. kg =0, Ag = 0).

The DO collaboration has published some mass bounds
for vector LQs for several values of (rk4,Aq) [10]. They
obtained M > 340 GeV (BR = 1) for (k, = 0,Ay = 0),
but the weakest constraint, corresponding to the mini-
mal cross section, M > 245 GeV (BR = 1) is obtained
for (kg =1.3, Ay = —0.2).

To conclude this part, we remark that the minimal
mass bound for vector LQs is close to the mass bound
for scalar LQs, and we recall that these bounds are
strongly dependent on BR. For instance, the R, -
squarks models mentioned above are not coupled to
e — ¢ pairs only, but also to some superpartners (R,-
conserving decays) which means that BR < 1. As a
consequence, for some particular models, BR can be
relatively small, giving much lower LQs mass limits.

(4) Low energy neutral current data, in particular from
atomic parity violation on cesium atoms (APV) ex-

Table 1. Limits on M/X in GeV at 95% CL from APV

Leptoquark Limits Leptoquark Limits
S 1600-3900 U, X
Sir X Uir 2400-5800
Sir X Ur 23005500
SgL 2900-7000 U3L X
RoL X VoL 2400-5800
Ror 2350-5650 Var X
Roy x VL 2300-5500

periments, give in general the strongest bounds on the
ratio M/A. In fact, the last experimental results on the
measurements of Qw (Cs), the weak charge for cesium
atoms, give [11] Q" = —72.06 £ (0.28)exp £ (0.34)th-
For the SM we expect [12] Q' = —72.84 +0.13. This
means that the SM is excluded at the 1.8¢ level. How-
ever this discrepancy is not huge and even if the ex-
perimental errors have strongly decreased compared
with the preceding experiments, they are still sizable.
Thus we take these results with some caution.
Nevertheless, we have used the formula from [6] to
compute the constraints on the LQ models taking
these new data into account.

In fact, since the Qu experimental value does not ex-
actly correspond to the SM prediction, we need some
new physics effects to fit the data. Consequently, on
the one hand, if a particular LQ model gives a de-
viation for @y which is in the wrong direction with
respect with the measured value, then it is simply ex-
cluded for any value of M/A. On the other hand, if
the deviation of the LQ model is in the right direc-
tion, this LQ model helps to fit the data and we get
not only an upper bound for M/\ but a window of
“presence”, namely the LQ should have a ratio M/
in this window to give agreement between data and
theory. The figures we obtain for the BRW LQ models
considered here are given in Table 1.

In this table a cross indicates that the model is ex-
cluded.

Note that similar bounds have been obtained for LQ
models from the GUT group Eg [13]. These constraints
can be relaxed if there are some compensating contri-
butions coming from more than one source of new
physics [14]. Adopting a conservative attitude we do
not consider the last measurement of Qy as clear ev-
idence for new physics, and in the following we will
consider that all the LQ models can still exist at low
energy scales and can induce some effects in deep in-
elastic scattering (DIS).

Finally, there are also some collider constraints com-
ing from LEP [15] and HERA [16]. In fact, depending
on the particular LQ model involved the limits ob-
tained at these facilities cover in general a small part
of the parameter space (M ,\).

The analysis of LQ effects at present or future ep ma-
chines is of particular relevance since such particles
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could be produced in the s-channel [4]. In this paper,
we complete and extend the analysis which has been
presented recently [17] on the effects of scalar LQs in
the neutral current (NC) and charged current (CC)
channels at HERA.

We will concentrate on the HERA collider with high
integrated luminosities and also with a slightly higher en-
ergy in the center of mass. Namely, we take s'/? = 380 GeV
in order to increase the domain of sensitivity for the LQ
models. This value for the energy could be reached in the
future at HERA [18]. However, we consider also the case
s/2 = 300GeV in order to test the impact of the en-
ergy value on the capabilities of the HERA collider to
discover LQs. In addition, we are also concerned with a
possible new ep collider running at much higher energies
s1/2 = 1TeV, like the TESLA xHERA project [19].

An other important point of our analysis is that we
consider the case where polarized beams are available. In-
deed, thanks to the progress which have been performed
by the RHIC Spin Collaboration [20] at Brookhaven, the
acceleration of polarized proton beams up to high energies
is becoming a real possibility. Adding this opportunity to
the fact that high intensity polarized lepton beams will
certainly be available soon at HERA, and also at a future
linear accelerator, some new windows could be opened
with ép’ collisions. The resulting potentialities for HERA
physics have been discussed in several recent workshops
[21-24].

This paper is organized as follows. In Sect. 2, we es-
timate the constraints on the parameter space that can
be reached in the future at HERA for several leptoquark
scenarios and we compare these results with the present
bounds. In Sect. 3, we propose a strategy for the identifica-
tion of the various LQ models. In particular, we show that
both electron and proton polarizations (€ + p) are neces-
sary to disentangle the different models. Finally, we sum-
marize our results and we draw our conclusions in Sect. 4.
The details of the formulas we have used are given in the
Appendix.

2 Discovery limits from future ep experiments

We consider the HERA collider with e~ or e™ beams but
with some high integrated luminosities, namely L.,- =
L.+ = 500pb~*. The other parameters for the analysis
being : s'/2 = 380 GeV, 0.01 <y < 0.9, (A0 /0) e = 2%
and we use the GRV partonic distribution functions (pdf)
set [25].

We present in Fig. 1 the discovery limits at 95% CL for
the various LQ models that we obtain from a x? analysis
performed on the unpolarized NC cross sections do/dQ?
for ep — eX at leading order (see the Appendix).

Next-to-leading order (NLO) QCD corrections to the
production cross section have been estimated recently [26,
27]. In the mass range we consider, K-factors increase the
cross section by up to 30-50% according to two differ-
ent calculations [26,27]. This means that our bounds are
somewhat pessimistic. On the other hand, we expect that
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the asymmetries we will present later will be less affected
by NLO corrections since K-factors should cancel in the
ratios.

From these plots we see that there are clearly two
different domains of constraints in the (M, \) plane. In
the “real domain” (M < 380 GeV) production in the s-
channel is by far dominant due to the resonance. The “vir-
tual domain” for masses above 380 GeV corresponds to
the production or exchange of an off-shell LQ and the
SM cross section is less affected. As a consequence the
bounds are weaker. In addition we see on this figure that
the LQs which couple preferentially to d-quarks (S7, Rs)
and (Var,,U1r) are less constrained compared to the oth-
ers, since u-quarks are dominant in the proton. Isospin
symmetry implies that we would need en collisions (with
the same values for s'/2 and L) to constrain these two
LQs at the same level.

Besides the discovery bounds obtained from the un-
polarized NC cross sections, it is interesting to examine
which sensitivity could be obtained from other observ-
ables like the unpolarized CC cross sections, the single or
double polarized cross sections (in NC or CC processes)
or some spin asymmetries.

Charged current cross sections

Concerning the CC channel, in DIS the SM process corre-
sponds to W exchanges: ep — vX. The LQs which have
both couplings to eq and ev pairs should also induce some
effects in CC processes. Note that within our assumptions
(no mixing) only Sir,, Ss, Ui, and Us could induce some
effects in the CC sector.

The effects in CC at HERA have been analyzed some
time ago in [28] in the framework of some specific mod-
els based on superstring-inspired Eg. More recently they
were considered again, essentially in the context of the
so-called HERA anomaly problem (for a review and refer-
ences, see [29]). Then, the CC process was considered to
analyze the origin of the LQ rather than with the purpose
of discovery. Here we can confirm this strategy since our
x? analysis shows that the sensitivity of the CC unpolar-
ized cross section to the presence of the LQs is well below
the one of the NC unpolarized cross section. Therefore, in
the following of this section we do not consider anymore
the CC processes.

Polarized cross sections

When polarized beams are available, the basic observables
are the helicity dependent (= polarized) cross sections.
Polarization adds several types of systematic errors to the
unpolarized case (see [30] for example). Then, in general,
with polarized beams one prefers to use some spin asym-
metries rather than the individual polarized cross sections.
Indeed, most of the systematics cancel in the differences
between the cross sections in various helicity states (nu-
merator) and also in the ratio. However, at HERA, one
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can expect relatively small systematics for the polarized
cross sections themselves. In particular, one expects [31]

Aol
( ° ) = 25% (3)
gre syst
and Aghe
o'te:ltp
<M> == 5*10%7 (4)
syst

where he, h, are the helicities of the electron and of the
proton (protons are not polarized in the first case).

Therefore, we have computed the sensitivities of the
polarized cross sections using the most favorable values
for the systematics. For the calculations we have assumed
a degree of polarization of P = 70% and used the GRSV
polarized pdf set [32].

In comparison with the unpolarized NC cross sections
we find, on the one hand, that the double polarized NC
cross sections have a sensitivity of the same order and, on
the other hand, that the single polarized NC cross sec-
tions have a slightly better sensitivity by roughly 2-10%
(the precise value depending on the model). These con-
clusions are only indicative because the sensitivity of the
cross sections (polarized or not) are strongly dependent
on the systematics.

Spin asymmetries

Finally, we have also computed the constraints that can
be reached by studying some parity violating (PV) spin
asymmetries (definitions below). Concerning the system-
atic errors, we have considered (AA/A)gyse = 10% which is
the expected value [30]. It appears that when both lepton
and proton beams are polarized, the limits are very close
to the ones obtained in the unpolarized case. When lep-
ton polarization only is available the bounds are slightly
weaker.

600 800 for the various LQ models at HERA
My, (GeV)

In conclusion, for the purpose of discovery the most
simple way to proceed at HERA is to consider the NC
unpolarized cross sections.

In Fig. 2 we present a comparison in the (M, \) plane
between the present constraints and what could be
achieved in the future in ep collisions.

We have shown the cases of two different scalars and
two different vectors for illustration. The situation is very
similar for the ten remaining models. For future experi-
ments one considers, on the one hand, the HERA collider
with a higher energy of s'/2 = 380 GeV but also with
s'/2 = 300 GeV and, on the other hand, the very inter-
esting project TESLA (e)xHERA(p) where an energy of
s'/2 = 1TeV could be reached [19]. The integrated lumi-
nosities are L,- = L.+ = 500 pb_1 in all cases.

We can remark the following;:

(1) For most of the models, LEP limits are already cov-
ered by the present HERA data [16].

(2) Concerning the constraints from APV experiments,
we show the allowed windows which are obtained by
taking seriously into account the recent results on Qu
and their interpretation in terms of new physics due to
a LQ. Then, in the virtual domain, the expected sen-
sitivity of the future HERA program would not give
better insights than the APV experiments with their
present sensitivity. In the real domain the situation is
different.

(3) Tevatron data cover an important part of the pa-
rameter space in the real domain. However, we recall
that the bounds obtained from LQ pair production at
Tevatron are strongly sensitive to BR(LQ) — eq). This
is the case for R-parity-violating squarks in SUSY
models [3].

(4) To increase the window of sensitivity in the real do-
main, it is more important to increase the energy than
the integrated luminosity.
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(5) The TESLAXHERA project will give access to a do-
main (both real and virtual) which is unconstrained
presently. However, if this project is achieved, it will
run at a time where the LHC will be running too.
Then there will be some important constraints on M
from LQ pair production at LHC, but again those
constraints will be strongly model dependent i.e. BR
dependent.

We conclude that there are still some windows for discov-
ery at HERA and at future ep machines, in complementar-
ity with the constraints coming from LQ pair production
at pure hadronic colliders. We now turn to the problem
of the identification of the nature of the LQ, a problem
which is much more difficult and where polarization will
be of great help.

600 800
My, (GeV)

various present and future experi-
ments for Ror, SiL, Ve and U;

3 Strategy for the identification
of the various LQ models

3.1 Observables in a future HERA program

Besides the unpolarized differential cross sections doy /dy
and doy/dQ? in both the e™ and e~ channels, we have
considered a large set of polarized observables like the spin
asymmetries. Indeed, since the LQs are chiral one can ex-
pect that the most important effects will appear on the
parity violating (PV) spin asymmetries which can be de-
fined when both beams are polarized or when there is lep-
ton polarization only. Parity conserving (PC) spin asym-
metries will also be of great help, as well as some charge
asymmetries.
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We will only define and discuss below the quantities
which turned out to be the best ones to pin down the
nature of the LQ and which have the stronger sensitivity
to this kind of new physics. We will start by recalling the
definitions of the relevant asymmetries.

If one beam is polarized (in practice, the lepton beam)
one can define the single-spin parity-violating longitudinal
asymmetry Ap (e!) (t = 4 according to the electric charge
of the lepton):

— +
Ag(ehy = 2
oy + 0y
where ol = (do,/dQ?)" and h. is the helicity of the
lepton. In addition, when both lepton and proton beams
are polarized, some double spin PV asymmetries can be
defined [33]. For instance A[} is defined as

()

—— _ _++
APV oty = %t Ot ’ 6
LL( ) Jt__+0:_+ ( )

where o]*"? = (doy/dQ?) <, and he, h,, are the helicities
of the lepton and the proton, respectively.

On the other hand, with longitudinally polarized
beams, one needs two polarizations to define some parity-
conserving (PC) asymmetries AFC. These well-known
quantities have been extensively used in polarized DIS to
determine the spin structure of the nucleon [34]. Here we
will use

o~ —o "

AT = ——, 7
' o- 40" @)

o _ ottt
Ay~ = Tt r ot (8)

and i i
qpc %+ T 9% 9)

3 ++ =

oy +og

Finally, since e~ as well as et (polarized) beams will be
available at HERA, one can define a large set of (polar-
ized) charge asymmetries [35]. Among this set, only the
following turned out to be relevant for our purpose:

—— gttt g a gt gt o=t _gt—
_BU>: o_ olT+o o, +o_ ol +o, oy

—— gttt agtta s g ta gt a4 gt agt—

o_ 4o’ +0+ +<7Jr +o_TH4o" +t7+ +<7Jr

_ U:O—ot0+ai+—037 (10)

-0, 40 0+, 0-"
o_"+ol +o +U+

and

0:7—Uf++0;7—ai++of7—0:++al+—ai
By = +
+

0:7+Ut++0;7+Ui++dt7+0:++0;++d -
0— 0+, —0_ _+0
o —o_'"+o, —0O
— + + (11)

0— 0+ -0 +0?
o +o_ +<7Jr +0+

where the index 0 means unpolarized and the order he, h,
has been respected. Note that both lepton and proton po-
larizations are necessary if one wants to measure these
quantities.
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3.2 Unpolarized case

We consider first the case of neutral currents.

If a LQ is present in an accessible kinematic range at
HERA, it will be discovered from the analysis of do;/dQ?
which have the greatest “discovery” potential. However,
if one starts trying to pin down the various models, both
do;/dy and do;/dQ? have to be analyzed simultaneously.

As is well known [4] the use of e~ or et beams al-
lows the separation of the 14 models of LQs into two
classes according to the value of the fermionic number
F. This comes from the dominant (LG mediated) inter-
action between a valence quark and an e~ (F = 2) or an
et (F=0).

Hence, a deviation from do®M /dQ? indicates the class
(Stype Or Viype), whereas a deviation from doiM /dQ? cor-
responds to the class (Riype oF Ugype)-

Then, the y dependence, which is obtained from the
two doi/dy, is the best way to discriminate between a
scalar and a vector interaction. Indeed, the SM background
displays doy /dy ~ 1/y? when the pure vector LQ case goes
as y and the pure scalar LQ is constant in y. It is straight-
forward to obtain these behaviors from the formulas given
in [4,3] and in the appendix.

We illustrate this pattern in Fig. 3 for two different
choices of scalar and vector LQs, with parameters allowed
by the present limits. Since the separation is easy, in the
following we will treat the scalar and vectors as two dis-
tinct species. Now the LQ models are separated in four
distinct classes: (Stype), (Reype), (Viype) and (Usype)-

On the other hand, charged current (CC) processes
could in principle allow one to go further into the distinc-
tion procedure. We have seen previously that only Sy1, and
S3 for scalars, and U;p, and Us for vectors can induce a
deviation from SM expectations (if we do not assume LQs
mixing!). This means that the analysis of Ueclcp allows one
to split the (Siype) class into (Si1,,593) and (Sigr,S1), while
the (Uiype) class is split into (U11,,Us) and (Uyg,U1).

In addition, it appears that when LQ exchange inter-
feres with W exchange, S, and S3 display some opposite
patterns (see Appendix), and this is also the case between
U1, and Us. However this interference term is too small to
be measurable from unpolarized CC processes at HERA
within the allowed parameters.

Then, if we want to go further into the identification of
the LQs we need to separate “eu” from “ed” interactions,
which seems to be impossible within ep collisions except
if the number of anomalous events is huge [37]. If en colli-
sions were available, the analysis of the respective ep and
en production rates should allow this separation [17].

In conclusion, the ep unpolarized studies should allow
the separation of the 14 LQ models into the six follow-
ing classes: (511,53), (S1r.S1), (Rov,R2r,R2), (Uin,Us),
(Uir,U1) and (Var,Vor,Va).

! We refer to [36] for a discussion of scalar LQs mixings.
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3.3 Polarized case

In a first step, we have tried to pin down the spin asym-
metries which should allow one to disentangle the chiral
structure of the new interaction. Following our previous
experience [38,35] we know that the PV spin asymmetries
(A1, or AFY) should fulfil this purpose.

Since their interactions are chiral, the LQs will induce
some effects in these PV asymmetries, and the directions
of the deviations from the SM expectations allow the dis-
tinction to be made between several classes of models. For
instance, a positive deviation for Ay, (e~ p) pins down the
class (S11,,53) (or (‘/'2L,172)) and, a negative one the class
(S1r,S1) (or Vog). Similarly, an effect for Ay (et p) makes
a distinction between the model Ror (or (Uygr,U;)) and
the class (Rar,,Rz) (or (Uir,Us)). These properties are il-
lustrated in Fig. 4 which displays Ay, for e p and eTp
collisions with separated plots for scalar and vector LQs.
The HERA and LQ parameters are given in the figure.
The statistical and the 10% systematic errors are added
in quadrature.

Therefore, the PV asymmetries separate the 14 BRW
models into the following eight classes: (S11,,53), (S1r,51),
(RQR)a (R2L>R2)7 (U1L7U3)’ (UlRaUl)a (‘/QLJ/?) and (VQR)'
It appears that the sensitivity of the two-spin PV asym-
metry AFY is only slightly better than the one of A,
Therefore, at this step, polarized protons are not manda-
tory.

The final step is to distinguish between an eu and an ed
interaction, i.e. to obtain the flavor of the valence quark
involved in the dominant interaction. With a polarized
lepton beam and unpolarized protons, this flavor separa-
tion is not easy since only the different electric charges
or partonic weights of u and d quarks can be used. Con-
versely, when polarized protons are available, it is possible
to use a peculiarity of the polarized valence quark distri-
butions, namely Au > 0 and Ad < 0 (see e.g. [34] for
a recent review). Indeed, if we pin down a spin asymme-

0.4 0.6 0.8

Fig. 3. do /dy for Si1, and Vs, and
y doy /dy for Ror and U,

try which is directly proportional to the Ag’s, the flavor
separation will be obtained from the sign of the deviation
with respect with the SM value for this asymmetry. The
double spin asymmetries AELC’S and the polarized charge
asymmetries By and By defined above share this prop-
erty. At this point we need to discuss separately the scalar
case and the vector case.

Scalar case

The three AYC, AYC ATC APC are the useful observables
to separate the scalar LQs within the remaining classes.
In Fig. 5 they are displayed for real LQ production. With
the values we have chosen for the LQ parameters the sep-
aration is clear.

In fact the situation is a little bit more complex. In-
deed, at this stage, we need to know if the LQ is real or
virtual in order to pin down the dominant amplitude.

(1) If the LQ is on-shell, the dominant term is the squared
amplitude for LQ production. This information is
known from the observation of the x distribution of
the events [4].

(2) If the LQ is off-shell, the dominant term is now the
v - LQ interference term. This information is known
from the non-observation of the s-resonance.

The dominant term controls the behavior of the asymme-
tries. Since it depends on the mass of the LQ, we deduce
that the behavior of the asymmetries may also be M de-
pendent. In fact we should have a change of behavior for
the LQ models which induce destructive interference with
standard ~« exchange. For scalar LQs this happens for Sy,
Ror and Ry, (see Appendix). At HERA the window for
LQ discovery falls essentially in the real domain. At the
TESLA XxHERA facility, however, this distinction between
real or virtual LQ exchange will be mandatory.

In the following we will consider only the LQs in the
real domain, at HERA.
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Table 2. “Deviation signatures” for the BRW scalar LQ mod-
els (real domain)

Si. Sim S1 S3 Ra Ror R

Ae) + - — + 0 0 0
Ave 0 0o 0 0o - 4+ -
ArY + + - - 4+ 0o -

Therefore, adding the information which should be ob-
tained from Ap,(e~p) (or from AFY(e7p)), we now get a
non-ambiguous separation of the LQ scalar models. This
is shown by the different “deviation signatures” for all the
different models presented in Table 2.

10* Fig. 4. Ap vs. Q? for the BRW
models

In this table, “0 deviation” means that the effect of
a LQ on a particular quantity is contained into the error
bar centered on the SM expectation. On the other hand,
positive and negative deviations should be clearly visible
thanks to the high integrated luminosities.

Vector case

Concerning vector LQs, the most sensitive quantities al-
lowing the flavor separation are the polarized charge asym-
metries. In the real domain the relevant charge asym-
metries are By and By. These asymmetries are shown
in Fig. 6. We have separated the effects of the classes
(U1L,Us) and (Uygr,U;y) on By since these two classes are
already distinguished thanks to the PV asymmetries.

The deviation signatures for vector LQs are displayed
in Table 3.
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Table 3. “Deviation signatures” for the BRW vector LQ mod-

(GeV®)

Fig. 5. ATCs vs
models

. Q? for the scalar BRW

APV have been omitted. The lower curves represent the
constraints coming from the PV spin asymmetries. They
are better, in general, than the ones from the PC or charge

asymmetries (dashed curves). Note that, for Vs, the sen-

els (real domain)
Ui Ui Ui Us Voo Ver Ve
Au(e”) - + + - 0 0 0 sitivities from both types of asymmetries are equivalent.
Ap(et) 0 0 0 0 + -+ The regions in the parameter space where a complete
Buorv + — + - + 0 — identification of the chiral structure is possible are given
by the domains I4+1II. In domain I no effect will appear on
the APC’s nor B’s and one misses the flavor separation. In
the domain II it is possible to identify the nature of the

LQ without ambiguity.

3.4 Identification domains

Finally, it is possible to estimate the domains in the (M, \)

plane where a non-ambiguous identification of the nature
of a LQ should be possible. In Fig. 7 we present these
“identification domains” for some representative exam-

ples.

The upper curves correspond to the present discovery
limits from Tevatron, HERA and LEP. Constraints from

4 Conclusion

Concerning the chances of discovery of leptoquark states

in the future HERA program (with a high integrated lu-
minosity), we have seen that there are still some windows
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that are not covered by present data, in particular in the
real domain (M < s'/2). Measurements of the integrated
unpolarized cross section in NC processes, at the highest
possible energy, should present the best opportunity. At
this stage, polarized beams would not yield better results.

Our purpose was mainly to explore the possibilities
of disentangling the various LQ models. We present in
Fig. 8 a schematic view of what can be done from the
precise measurements of the various observables we have
discussed. The first two steps are well known: with un-
polarized e~ and e™ beams it is easy to get in the same
time the separation between scalars and vectors (from the
y distributions) and between F = 0 and F' = 2 LQs (from
do/dQ?).

The next steps are more difficult to perform. However,
it is mandatory to try to pin down the chiral structure of a
newly discovered LQ-like particle. For example it is worth

Fig. 6. By and By vs. Q? for the vector

recalling here that, due to SUSY, the R-parity breaking
squarks have universal left-handed couplings to leptons.

We have shown that polarization of the lepton beam
should yield this information thanks to the precise mea-
surement of Ay, in both e~ and et collisions. At this step
the polarization of the proton beams is not necessary. Note
also that the sensitivities of the PV asymmetry and of
the unpolarized cross sections are comparable. This means
that if polarized lepton beams are available in the same
run, as soon as a LQ is discovered in e™ or e collisions
(via do/dQ?) one gets almost simultaneously his scalar or
vector nature (via do/dy) and the chiral structure of its
couplings (via Ar).

Now, the next step is to try to get the flavor separa-
tion within the remaining classes of models, which is the
most difficult task. Indeed, CC processes with unpolarized
beams do not seem to be sufficient to fulfil this program,
as long as “neutron” beams, through the use of ionized
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deuterium or 3He atoms, are not available. On the other
hand, the behaviors of the polarized valence quark dis-
tributions Au and Ad in a polarized proton should allow
one to do this job. In the case of scalar LQs, measuring
the PC double spin asymmetries is sufficient. In the case
of the remaining vectors, it is necessary to measure some
polarized charge asymmetries to obtain the separation at
the same level of sensitivity. In both cases, the price to
pay is a proton beam with a high degree of polarization
(P =10%).

We feel that it was important to get an answer to the
following question: are both (lepton and proton) polariza-
tions mandatory to completely disentangle the various LQ
models present in the BRW lagrangians? According to our
analysis the answer is yes. This conclusion holds certainly
also for the TESLAXHERA project.

600 800

Fig. 7. Identification domain at

Miq (GeV) 95% CL for SlL, RQ, Ul and ‘72

Finally, if we relax the working assumptions (i)—(iv)
(see Sect. 1), the LQs can have a more complex structure
and the analysis should be less easy. In this case, like in the
more general context of contact interactions [35], the use
of additional asymmetries, that one can also define with
lepton plus proton polarizations, should be very useful.

Moreover, polarized electron—neutron collisions could
be performed with polarized *He beams: this option has
been seriously considered in the framework of the RHIC-
Spin program at Brookhaven and also at HERA [22]. This
could be the final goal of an ambitious polarization pro-
gram at HERA.
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A Appendix: cross sections

We present in this appendix the set of formulas necessary
to calculate the double polarized cross sections, the spin
and charge asymmetries involved in the present analysis.

A.1 Neutral current
Process

The single polarized cross sections are given in [4,3]. Here
we give the cross sections in the (s, ¢, u) notation.

The collisions between charged leptons and protons
in the neutral current channel correspond to the process
étp — eT X, whose cross section is given by

dO't hehp

dxd@?

dgyMeta .
th

2
dl? (IaQ )a

(A1)

where h., h, and h, are the helicities of the charged lep-
ton, proton and parton (quark or antiquark), respectively.

) v
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<

Fig. 8. Schematic view for LQ identi-
fication

The label ¢ = £ corresponds to the electric charge of the
colliding lepton. >’ 4 represent the sum over all quark and
antiquark flavors present inside the proton. The subpro-
cess invariants §, ¢ and @ are given by

§=uxs, (A.2)
t=-Q% (A.3)
i =au=—z(l—y)s, (A.4)

where as usual the variable y is defined by y = Q?/ws.
We denote by q,}:z (r,Q?) the parton distribution for the
parton ¢ inside a proton of helicity h,, with momentum
fraction x and helicity hq, at the energy scale Q2. These
distributions are related to the parallel and anti-parallel
distributions by ¢, = qi =q_,q- = q, = g, which
are related to the usual unpolarized and polarized parton
distributions by ¢ = ¢4+ + ¢— and Aq = ¢4 —q_.

Subprocesses

Using the notation of [39], the cross section of the elemen-
tary subprocess €§ — eq is given by

Aoyt 7 heh
== E T (!
32 a,B
a8

o (A.5)

where Tseﬁhq (et,q) is the squared matrix element for o
and (8 boson exchange. q is a quark or an antiquark. The

Ts’eﬁh" (et, q) for the SM (i.e. for o, 3 = 7,

[35]. The Tg eﬁhq (et, q) for LQ production, exchange and in-
terferences with «y or Z, are given below. We have omitted
the hat symbol of the variables §, t and 4, for clarity.

Z) are given in
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Subprocess e7q¢ — e ¢

We have
1 s2
6472 s% + M2I2
X [AL(L=he) (1 —he) + Mg (1+he) (1+hy)],
1 u?
Tyyv = F? A.
Vv 1672 53, + MZI2 (A1)
X [AL (1= he) (14 hg) + Ag (1 + he) (1= hy)],

T = P2 (A-8)
RR = 6472 u2R '
X [AL (L= he) (L4 he) + Mg (1+he) (1= hy)],

Tyy = F2 L% (A.9)
vo = 1672 u?] ’
X [AL(L—=he) (1= hg) + Ak (1 +he) (1+hy)],

_ 7F0‘Q6Qq SQSS
47t s% + Mgfg
(AL (1= he) (1= hg) + A (L4 he) (14 hy)],
7FO‘Qqu u25V
2nt sy + MET
X [Af (1= he) (14 hg) + Ak (14 he) (1 — hy)],
OzQqu u?
= Fii
47t UR
X [AL (1= he) (14 he) + AR (1+he) (1= hy)],

_ FaQquﬁ
27t uy
X [AL (1= he) (1= hg) + AR (1+he) (14 hy)]
_F Qay 5255
4rt 525 + Mgfg
X (M Cer.Cqr (1 —he) (1= hy)
+ /\%{CeRCqR (1 + he) (1 + hq)]7
F Qy u25v
2nty st + MEITE
x ANCer.Cyr (1 — he) (14 hy)
+ A& CerCyr (14 he) (1= hy)],

(654 u2

Tgg = F? (A.6)

(A.10)

X

Ty =

(A.11)

(A.12)

T (A.13)

Tzs = (A.14)

Tyy = — (A.15)

Tyr=F (A.16)

47TtZ UR
X [)\%CechR (1 — he) (1 + hq)
+ )\%{CSRCQL (I1+he) (- hq)],

(654 52

Ty = F—2 (A.17)

27TtZ uy
X [/\%CechL (1 — he) (1 — hq)
+ )‘%CeRCqR (1 + he) (1 + hq)]7
where « is the electromagnetic coupling, and ay =

af sin? Oy cos? Ow, tz =t — M% Cyr, and Cyg are the
usual left-handed and right-handed couplings of the Z to
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Table 4. Parameters for the BRW scalar LQ models

Sit, Sir Si Ss3 Ro.  Rar  Ro
by XMoo o0 A2 A2 0 A2
pY4 0 A A 0 0 2 0
F 5qu 5qu (Sqd (5qu —+ Qéqd 5qu 6qu + 6qd (5q,1

AegAvg =A% 0 0 422 0 0 0

Table 5. Parameters for the BRW vector LQ models

U Uiw Uy Us Vo, Var Vo
Mooox 0 0 A2 A2 0 A2
AR 0 A A 0 0 2 0
F 6qd 6qd 5qu 25qu + 6qd éqd 6qu + 6qd 6qu

Aeghug +A% 0 0 —=A° 0 0 0

the fermion f, given by Cyr, = Ig —ef sin? Ow, Cr =
—ey sin? Oy with I:{ = £1/2. For LQs, spg = s — M%Q
and urg = u— M7 . The values for \?, A% and the factor
F' are given in Table4 for scalar LQs and in Table5 for
vector LQs. The factor F', given in term of combinations
of Kronecker products, is relevant only when we convolute
subprocess cross sections with pdfs.

Subprocess etqg — etq

The squared matrix elements T,, 3 are obtained from the
twelve preceding equations with the following changes:
he $— —he, s «— u, 1/(s7 o + MioI7g) «— 1/uig
and spq/(s7g + Migl 7o) «— 1/uLg.

Subprocess e*§ —» e g

The T, 3 are obtained from the ones for eT¢ scattering
after the same transformations as above plus hgy <— —hq.

A.2 Charged current

The process for CC is &5 — v(7)X All the preceding
formulas hold for CC processes with the following sub-
stitutions: Q. = 0, C1, = 1, Cr = 0, az — aw =
azcos? Oy, My — My and t; — ty. Concerning fac-
tor F', we have F' = 04y(0qq) for Sir, and Sz (Uyr, and
Us). Finally, for W - LQ interferences one has now two
different vertices in the diagram for L@ exchange (i.e.
e-q-LQ+v-q - LQ vertices). Then the squared cou-
pling A* = A2, appearing in NC is changed to the product
AegAvg - From (1) and (2) or from Tablel of [3] we have
Aeq = £Ayg = £A. The product Ay, g is given in the
last row of Tables4 and 5.
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