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ABSTRACT

We discuss the possibility of constructing a Linac-Ring type ep collider and a yp collider based on it at DESY,
namely the HERA+LC proposal. Using the parameters of the proton ring of HERA and those of the proposed linear
ete” collider (LC), we expect a luminosity of Ly, = (1 — 2) x 103'em=2s~" due to reasonable improvement of the
proton beam. In a vp collider, high energy ¥ beam is produced by the Compton backscattering of laser photons off
electron beam from linear accelerator. In the case of opposite choice of laser photon and electron beam helicities, the
luminosity of yp collisions still exceeds 103!em—25~1 up to a distance of 127 between the conversion region and the
callision point. We examine the physics research program for the HERA+LC 4p collider proposal. Search for the
supersymmetric partners, leptoquark production as well as heavy quark investigation are considered in detail. The
capacity of HERA+LC surpasses that of HERA and is comparable with LC. Polarization facilities of the gamma and
proton beams, and the clearer background compared to the hadron colliders are stated as additional advantages of
the proposed yp collider.
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I. INTRODUCTION

The electron-proton collisions have played an important role in our understanding of the substructure of matter. For
example, starting with the celebrated experiments at SLAC in the 1970’s the quark-parton model has been inspired
from the deep inelastic ep scattering. These fixed target experiments have at most reached the center-of-mass energies
of the order of /5 < 30 GeV. For higher energies, standard ep colliders have been proposed in 1980's. i.e.. HERA
at DESY and LHC+LEP at CERN. The ep collider HERA, with two independent rings, has now been i operation
for two years with a center-of-mass energy /s = 297 GeV (26.7 GeV for electrons and 820 GeV for protons). This
corresponds to /5 ~ 100 GeV at the quark constituent level and shows that the standard ep colliders HERA and
LHC+LEP are far from reaching the TeV energy scale at a subprocess level. However, physicisis believe that new
physics beyond the standard model (SM) should exist at the TeV scale. The reason for this belief 1s that although
the SM has been succesful in the description of the elementary particles and their interactions up to the scale of 100
GieV. it does not explain a number of principal problems, i.e. the existence of the three fermion families, the large
difference between fermion masses (m,, < 10 eV, m, > 130 GeV), fine tuning between Fermi and Planck scales etc.
Various approaches towards the new physics at the TeV scale such as extended electroweak symmetry, technicolor,
supersymmetry and preonic composite model have been proposed.

In order to reach TeV energies at the constituent level, new accelerator developments are necessary. Now it is
widely believed that because of large energy losses due to synchrotron radiation the electrons in ep machines should
be accelerated linearly. In this connection, two types of Linac-Ring ep machines are proposed: one of them is combining
the existing ete~ linear collider proposals with the large hadron machines, another type is adding a special electron
linac to the proton storage ring.

For the first time, linac-ring type ep colliders were considered by Csonka and Rees [1] in connection with SLAC
electron accelerator. The possibility of colliding the electron beam from VLEPP with UNK proton beam [2] was the
main reason for dislocation of VLEPP from Novosibirsk to Protvino. Then, Grosse-Wiessmann proposed to construct
special electron linacs in addition to LHC and SSC [3]. Some combinations of large hadron machines and ete™ colliders
were considered in Ref. [4] in order to obtain TeV energies in ep collision. A very attractive feature of these new type
ep machines is the possibility of constructing a yp collider practically with the same c.m. energy {in the TeV range)
and with the same high luminosity (4-6]. The research program of a vp collider based on the UNK+VLEPP proposal
was considered in Refs. {T-13]. Recently different physics phenomena which can be investigated at vp colliders have
heen considered in a number of papers [14-21]. It seems that these machines open new possibilities for investigation
of the Standard Model and beyond it.

In this paper, we concentrate ourselves on the yp collider based on the proposed linac-ring type ep machine,
HERA+LC. We estimate the main parameters of this collider and discuss the new physics that we can investigate
with this machine, such as searches for the supersymmetric particles, excited quarks and leptoquarks, and the heavy
quark production.

II. MACHINE
A. Linac-Ring type ep Colliders

Two versions of ep collisions are possible for linac-ring type machines: in the proton ring and on the extracted proton
beam. In the former case proton bunches with maximal number of protons will be used repeatedly. the advantage of
the second version is maximal compression of proton bunches in collision region. We have already discussed these two
versions in Ref. [4-6] and come to a conclusion that the second version might be promising only for UNK+VLEPP
and LHC+TESLA proposals. Here we concentrate ourselves on the version of collisions in the proton ring.

Most important limitation on the luminosity in this case follows from the condition of the stabitity of the proton
bunch after the collision with the electron bunch:
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where n, is the number of electrons in a bunch. The transverse area, s., is equal to 4700, where o, and o, are
horizontal and vertical sizes of electron bunch at the collision point. E,, 8, and A@Q) are the energy, the amplitude
function at the intersection point and the tune shift of the proton beam, respectively. The restriction of MA@, < 0.003
takes place for hadron colliders. In our case admitted values for AQ, may be larger because each proton bunch makes
many revolutions between two sequential collisions with electron bunches. This point should be investigared but here
we will use the conservative restriction of AQ, < 0.003. Therefore, the luminosity of ep collisions is given hy
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where s¢ss is the larger of s, and s, obtained from Eq.(1}. The luminosity is restricted from above, and its maximnm
value at n, = 10!? is equal to
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where f. = fr.pny is the frequency of electron bunches.

Numerical values of L., for different proposals computed with the above considerations are given in Ref. [6]. The
main parameters of the proposed linac-ring type ep machine HERA4LC are as follows
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HERA + LC 1.28TeV 12 x 10~ %m? 1.5 x 10%em~2s~! 4 x 10~

Now let us come to energy losses of electrons during collisions with a proton bunch. Electrons oscillate around the
beam axis because of the electromagnetic field of the proton bunch. This causes to the bremsstrahlung of electrons.
The fractional energy loss is given by [3]
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which yields the value 4 x 10~* for HERA+LC.

B. High Energy v Beam

The idea [22] of obtaining high energy photon beams by Compton backscattering of laser light off a beai of high
energy electrons was already proposed for ve and 7y colliders [23-28]. The same method can be used for constructing
~p colliders if linear et e~ machines or special e-linacs are to be built up near the large proton rings, see Fig. 1. The
essence of this method is as follows: A beam of laser photons (wy ~ leV) with high intensity, about 10°° photons
per pulse, is Compton backscattered off high enetrgy electrons from a linear accelerator and turns into hard photons
with a conversion coefficient close to unity. Both the scattered electrons and the backscattered photons follow the
incident electron beam direction within a few microradian (of course, the scattered electrons can be deflected away
from the interaction point by a transverse magnetic field in order to reduce backgrounds). The energy of converted
photons, E., is restricted by the condition ymar = 0.83 (where y = E,/E.) in order to get rid off background effects,
in particular. ete™ pair production in the collision of a laser photon with a high energy photon in the conversion
region.

The details of the Compton kinematics and calculations of the cross section can be found in Refs. {25.26 25 The
differential cross section is
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where ¢ = 1F,wo/m> and the total Compton cross section o is
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The energy spectrum of the backscattered photons, f,(y). is plotted in Fig. 2 for unpolarized beams and for the
values of ( = 1.53.¢ = 3.0 and ¢ = 4.8. The value ymaz = 0.83 corresponds to { = 4.83. For comparison we also plot



here the spectrum of the bremsstrahlung photons, which up to now were used for the study of yp interactions in ep
collisions. We have to emphasize that the spectral distribution and mean helicity of the photon beam substantially
change by polarizing both the electron beam and the laser light: if the electrons and laser have the same {(opposite)
polarization the resulting spectrum is relatively flat (more monocromatic peaking at very high energy). Polarizing
the electrons or laser also results in polarized high energy photons.

More details on high energy v beam, as well as requirements on lasers can be found in Refs. [25-28].

As we have already mentioned, two versions of ep and vp collisions (on the extracted proton beam and in the proton
ring) are possible. According to Ref. [4], the second is more promising. The nonexistence of the non-stability problem
of proton bunches after the collision for yp regime, in contrary to the ep regime, is a very important feature. In this
case the expression for the luminosity of a yp collider has the following form (factor 2 reflects that s, < sp )

Lyp = 2Anynp/splry, (9)

where v, is the collision frequency, ny = n, (we suggest that the conversion coefficient is equal to 1) and n, are
numbers of particles in corresponding bunches. The transverse area, s,, is given as 4r¢83/~, where ¢ is the normalized
emittance of the proton beam, 3 is the amplitude function at the intersecting point, and v is the Lorentz factor of the
proton. Note that in the case of a multi-bunch structure of electron linac pulses Uy = frepny, where ny is the number
of bunches per pulse-train.

The main parameters of the proton and electron beams for HERA4LC are E, =082TeV, £, =05 TeV, np = 1042,
ne = 2.1x 10, s, = 1.4 x 10~%cm?, f.,, = 50Hz2, ny = 172. Using them we immediately get the luminosity for
HERA+LC as £,p = 2.5 x 103 cm =257 1.In fact,at DESY presently two different alternatives for the next linear e+ e
collider (LC) are being investigated: (i) DESY/THD (S-band collider design) and (ii) TESLA (Superconducting
collider design). Both are multi-national collaborations. Although we use the parameters of the S-band choice.the
TESLA alternative will also give essentially the same (actually two times higher) luminosity for the HERA+TESLA
+p collider.

There are a number of design problems associated with realizing vp colliders. The main part of them is similar to
the known design problems of ye colliders (see Ref. [27]). Technical solutions of these problems depend on parameters
of electron and proton beams, used in each proposed vp machine. In our recent work [29], the effect of distance and
the helicities as well as design problems for different vp colliders have been discussed. Here. we give three figures
from the above mentioned reference concerning the HERA+LC proposal. In Fig.3 dependence of luminosity on the
distance between the conversion region and the collision point is plotted for different choices of laser photons and
electron beam helicities. The advantage of choosing opposite helicities is obvious. In this case L.y still exceeds the
value of 10%'em™2s™! up to distances of z = 12m. Fig.4 shows luminosity distributions depending on vp invariant
mass Wy = 2\/EyE, at z = 6m. Again the advantage of opposite helicities of laser photons and electron beam is
obvious. In Fig.5 the above mentioned distributions are given for the A, = 1, Ay = —1 choice at three different values
of distance between the conversion region and the collision point. This figure reflects that better monochromatization
for interacting photons can be achieved by increasing the distance.

III. PHYSICS
A. Search for SUSY

Among various possibilities to go beyond the $M the supersymmetry (SUSY) idea seems to be a strong candidate
to open the new horizon for the TeV scale physics (30]). The search for supersymmetry is therefore one of the major
tasks of the present and future particle accelerators. The minimal particle content of any supersymmetric extension
of the standard mode! leads necessarily to the doubling of the usual particle spectrum. It is highly believed that
superpartners of the known particles should have masses below 1 TeV in order not to loose the good features of the
SUSY. In this section we will present the recent results of the analysis for the supersymmetric particle production at
the HERA+LC yp collider.

The literature on the survey of the supersymmertic particle production mechanisms is very rich and the results of
the experiments in hadron-hadron colliders, ep-machines and e*e~-accelerators indicate that the masses of squarks
and gluinos are mg 5 > 100GeV and those of the sleptons m; > 45Gel’ [31]. Consequently higher energy scales should
he probed and it is desirable to reach the TeV scale at a constituent level. Therefore it might be sensible to say that
HERA, LEP, Fermilab and LHC should be sufficient to check the idea of low energy SUSY, namely the scale below 1
TeV. however experiments at all possible types of colliding beams would be inevitable to explore the new physics at
the TeV scale.



The production and the detection of supersymmetric particles in hadron-hadron collisions, lepton-hadron collisions
and ete~ annihilations have been extensively studied but any experimental evidence is still lacking.Accurate compu-
tations of cross-sections, branching ratios and their detailed background analysis within the minimal supersymmetric
standard model framework are available. The experimental challenge is intensively continuing . On the other hand,
the high energy photon-proton scattering mentioned in the previous section allows new sparticle production mecha-
nisms in a very interesting mass range. Also, expected clearer backgrounds compared to the hadron colliders raise the
question of the physics potential of a yp-collider in search for supersymmetry. In the following sub-sections we will
present the cross-sections for various SUSY production processes and indicate the discovery mass limits for squarks,
gluinos, charginos and neutralinos. Our calculations have been done within the minimal supersymmmetric extension
of the standard model (MSSM) which includes soft breaking terms [30]. Here we have only taken into account the direct
interaction of the photon with partons in the proton. The resolved contributions to the associated productions of
SUSY particles and heavy quark pair production are relatively small, around 10% [33] which do not affect our rough
estimates for the discovery mass limits of new particles very much.For heavy quark pair production, zmin 2 0.1 but
for the Zc and bb production the main contribution will come from extremely small x-region and then one has to worry
about the hadronic component of the photon.

1. Associated squark-wino preduction

The differential cross section of the subprocesses g — ¥§ has the following form:
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One can easily perform the integration over di and get the total cross section & for the subprocess y¢ — wq. In
order to obtain the total cross section for the process yp — w§.X one should integrate & over the quark and photon

distributions:
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where f,(z) is the distribution of quarks inside the proton (32}, and f,(y) is the energy spectrum of the high energy
real photons given in Eq.(5). The details may be found in {16]. If the observation limit is taken to be 100 events
per running year one can easily extract the upper mass limits for the supersymmetric particle observations. The

corresponding vaiues are

My, = mg = 0.2TeV
my = 0.4TeV for m, = 01TeV
my = 0.25TeV for my =0.1TeV

In Fig. 6 the dependence of the total cross section on the masses of SUSY particles is depicted.

2. Associated gluino-squark and neutralino squark production

In this case the subprocesses to be considered are v¢ — §§ and v¢ — §¥ (or §Z). After straightforward manipulations
the differential cross section for the subprocess takes the form
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where 8y 1s the weak mixing angle, @, is the electric charge of the quark and .V, is the color factor, see Ref. [19).
The discovery mass limits for squarks, gluinos and neutralinos are as follows :

my = 0.327eV  for my =0.1TeV
my, = 0.2TeV for my, =0.1TeV
My = m, = 0.18TeV’
Alse for a luminosity ten times larger we find :

¢ =0.17TeV for s, = 0.05Tel’
my = 0.15TeV for m, = 0.1TeV
. =, = 0.13TeV’

Again Fig. 7 and Fig. 8 show the total cross sections versus sparticle masses.

8. Pair production of squarks

The differential cross section of the subprocess v¢ — §§* under consideration can be calculated as

do _ e*elg? . mi(3mf~s—&) (3mi-i+1)

dt — ws? 2s +1 - mi)? 4(m? — )2
(3mi+25—1) (35— 2mi)(s — 4m?}) ] y
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After performing the integration over ¢ one can easily obtain the total cross section for the subprocess 3¢ — 44" as
follows :
raeda 1+ 3
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where 3 = (1 — 4m§:/s)”3 . The above expression in Eq.(13) is a cross section for left- squarks or rizht-squarks only.

and a color factor of ¢ = 1/2is already included. In order to obtain the total cross section for the process +p — TN
one can integrate ¢ over the ghion and photon distributions:
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where f,(z) is the distribution of gluons inside the proton [32]:
folz) = %[(2.62+9.17r)(1—z)5'9° (17)

and f, is given in Eq.(3).

Actually the production of squark pairs in collisions via the quasi-real photon gluon fusion were studied in Rel. [33].
However the Weizsacker-Williams approximation has been used for the quasi-real photen distribution. and sinee the
WW-spectrum is much softer than the real ¥ spectrum the mass limits for the squarks in our case turn out to be much
higher than the conventional ep-colliders. The discovery mass limit for the squarks at HERA+LC 1s 200 GeV. The
production cross section as a function of the squark mass is given in Fig. 9. Ref. [18] gives the calculational details,

4. Signature and Conclusion

The possible decay modes of squarks, gluinos, neutralinos and charginos depend on the mass spectrum and on
the parameters which are responsible for the supersymmetry breaking. Due to the recent calculations on the mass
relations and constraints from the top quark mass the ordering for the masses of the SUSY particles. starting with
the lightest one, can be taken as ¥, 2, w, h, {, 7, and § . Then the squark will mainly decay into a quark and a photino.
There also exist additional decay modes for the squark into a wino or a zino with less branching ratios. The gluino
will decay into a squark and antiquark. The dominant decay mode of zino will be the decay into a neutralino, quark
and antiquark. Usually the photino and sneutrino are taken as the lightest SUSY particles and will not be observed
like neutrinos. Therefore the signature for the processes under consideration might be as follows:

wrd — jet + It + ppree or djets + p7+?

3G — Fjets + pmss or  multijets + pP*
§3 — jet + pFvs or  Jjets + p7"*

Gz = jet 4 p*» or Jyets + pPH*
Gq" — Zjets + pp™** or mullijets + I{s) + p7**

To conclude, our analysis shows that the future yp-colliders will have equally well capacities tn the investigations
of the supersymmetric particles. We ohserve that the range of squark masses that can be explored at the HERA+LC
~p-machine (200 GeV - 400 GeV) are much higher than the corresponding values at the HERA ep-collider (20 GeV -
80 GeV),

B. Excited Quark Production

In composite models of leptons and quarks excited particles naturally occur. The single resonance production of
excited quarks is a simple and direct way of searching for the signals of compositeness in +p collisions. The cross
section 7 for the subprocess ¢ — ¢* is given by the well known Breit-Wigner formula

5= (47)? (2J + 1) D{¢* — ¢7)

ML T2x2 M,

(18)

where J is the excited quark spin and T is the width of the excited quark decay along the channel y* — ¢~ Further
integration over the photon spectrum and quark distributions in the proton should be performed:

0.83 1
o :f d'r/ Efw,(I)fq(.1:')::7'(?.5‘), (14)
r rfos33 € z

man

where

-1



Tmin = '('%is 5 =7Ts,
3

and fy is the energy spectrum of the backscattered photons from electrons, Eq.(5). f,{z) is the sum of valence and
sea quark distribution functions with momentum fraction z inside the proton, taken from Eichten ef al., set 1 in
Ref. {32]. In numerical calculation we consider the excited u* quark production for the proposed vp machine. The
total cross sections are plotted against excited quark masses in Fig. 10 for /s = 1.28 TeV. Taking 100 events/vear
as a reasonable discovery limit for the excited quark searches we obtain an upper limit for the excited quark mass of
about 1 TeV.

The main decay mode of excited quark will be ¢* — g¢ and manifest itself as an invariant mass peak in two-jet
events with a large transverse momentum.

C. Leptoquark Production

For scalar and vector leptoquark interactions with fermions we write the following most general lagrangian [34]
which is invariant under SU(3)¢ x SU(2)w x U(L)y :

L=Ls+Ly (20)
with
Ls = gr2diir2 051 + g1r(@ken + davr)S) + f1rdRenS)
+31rERVRS] + gardgitaTeLSs
+hapiply Ro + harfritsen Ry + hoydgly Ry + hopdpirava R + hoc., (21)

Ly = {(garday*fL + 9231 7" €R)Vau
+§20 87 0L Vo, + g pdE Y VRS,
+(hiLqry*er + hirdry er + hiriry"vr)U1,
+hipuav*erl, + E;RJRT“VR[}{# + harqriyt e s, + hoc., (22)

where Lg and Ly denote the scalar and vector leptoquark lagrangians, respectively. ¢, and £, are the SU(2)w left
handed quark and lepton doublets, and ¥° = C¥7 is the charge conjugated fermion field. Leptoquarks Uy, {7} [}
and 5, 51, Sy, 5"1 are SU(2)w singlets, Vo, V3, V> and Ra, RS, R, fqiff", are SU{2)w doublets and {73 and S5 are
SU(2)w triplets. The subscripts L and R of the coupling constants refer to lepton chirality. Each type of leptoquarks
is a color triplet. The lagrangian (20} differs from the one of Ref. [34] by the terms having right handed neutrino.
In cur opinion,the inclusion of these terms is quite reasonable because of the lepton-quark symmetry. There are
constraints imposed on leptoquark masses and coupling constants from low energy experiments {35-38]. The lower
bounds on the masses of leptoquarks involving electrons arising from low energy leptonic 7 decays and atomic parity
violations lie above 600 or 700 GeV when the coupling is of electromagnetic strength. Much weaker constraints on ey
type leptoquarks occur. From here on the conventional parametrization 97 = 47, mk, will be used to scale coupling
contants to electromagnetic coupling, where gar...hag are replaced by 9i.

1. Single Production of Leptoguarks

It is known that (eu) and (ed) type leptoquarks can be produced singly at the ep collider HER A via electron-quark
fusion process. In hadron colliders single leptoquarks of (eq). (#9) and (rq) type are produced in association with
leptons through quark-gluon coilision. In addition, single leptoquarks of any type can also be produced in yp colliders
by exploiting photon-quark collisions. Single leptoquarks can be produced through the subprocess sq — 1 #(5¢) where
q refers to u and d quarks, and V(S) to any type of vector(scalar) leptoguarks. The possible types of leptoquarks
which can be produced in yp collision are shown in Table 1. The Feynman amplitude consists of t, u and s channels
which correspond to lepton, leptoquark and quark exchanges, respectively. Using the interaction lagrangian (20} it is
straightforward to obtain the cross sections [15] in terms of Mandelstam variables for the subprocess g — 5§
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where 5 = (py +p,)°%. t=(p —p)?, and  py, py, pe and Ms represent photon, quark. lepton momenta and scalar
leptoquark mass, respectively.

Then following the similar steps of the previous section we calculate total cross sections for the reaction yp - S€.X
cousidering the photon spectrum and quark distribution in the proton.

In numerical calculations we consider the subprocess yu — Se™, Su™, St~ . The total cross sections against scalar
leptoquark masses are plotted in Fig. 11 for HERA+LC.

TABLE 1. Types and charges {Q)} of scalar and vector leptoquarks which can be produced in vyp collision. LH and RH denote
left handed and right handed.

Process Q Type {Scalar) Type (Vector]

~u - Ve (5e) 3/3 R:(LH) (V(RH) U(LH)

Ju— Vet(Se*) -1/3 SULH) S\ (RH),S3(LH) Vo RH)VS(LH)

wd — Ve (Se™) 2/3 RL(RH), Ra{LH) COLHYVUWRHV T (LH)
«d — Vet (Set) -4/3 SHRH), Ss(LH) Va(LH). VaiRH)

wu— Vu(Sv) 2/3 Ro{LH), Ry(RH) U LHY. Us(LH)L.UL(RH)
yu — Vi{S0) 2/3 Sy(LH), S (RH) Uy(LH) VIR

vd ~ Vel Sv) -1/3 Bo(LH), Ry(RH) U5 LH) UU(RH)

nd — Vi(55) -1/3 S:(LH) Ss(LH), S;(RH) Vol LH). VI(RH)




Since the leptoquark couples to g¢ and qv, one anticipates the following signals for single leptoquark production:
(a) j+2¢€, (b) j+ €+ pF'** or (c) j + pF***. The background comes from the standard model processes: vq — Zyg
for the case (a) and (c), and v¢ — Wq for the case (b). In order to eliminate these effects we make the requirement
that the leptoquark signal has a sharp invariant mass peak in M;, at My which is absent in the standard model
processes. Furthermore, W and Z signals include mass peaks in Mtp;..-. and Mg+,- at My and Mz which are not
present in the leptoquark production. The signal (a) is the most striking one for the existence of leptoquarks. Thus.
when compared with hadron colliders 4p machines probably have a clear background for the leptoquark production.
This allows us to demand 100 or less events per year for the discovery limit for the leptoquark searches. Using the 5p
luminosities for HERA+LC and cross sections from Fig. 11 we find the upper mass limits for the scalar leptoquarks
of the (eu), (pu), (ru) kinds. We consider the scaling parameter k£ = 1 for the coupling constants and the resultant
upper mass limits are given as

0.60 TeV for (euw) kind

050 TeV for (pu) kind
046 TeV for (ru) kind

2. Pair Production of Leptoquarks

The leptoquark pair can be produced via the subprocess vg — V'V(5S) in 7p collision. The Feynman diagrams
contributing to'this process include t and u channels which correspond to the leptoquark exchange. and the quartic
vertex gV V' (7vgS55). In the case of scalar leptoquarks the total cross section for the subprocess is found to be

o N.maQia, 4., 13
= - —_ — i ')'i'
5(3) = == [26(2 B+ 5 (25)
and in the case of vector leptoquarks it is given by
ico Neraa,QF 2 y4 2 5 1-J .
§) = ————t - : Nl-5= ' G
() TEYF [25(22 987 + 33"y +3(1 -3 3“+3)1n(1+’j , (26)

with

g1 Mg
S‘ 1}

where s, a, and N. = 1/2 are the Mandelstam variable, strong coupling constant and color factor from the average
over the incoherent sum, respectively. My denotes the vector or scalar leptoquark mass. Following the similar steps
of the previous section, we integrate Eq.(25) or Eq.(26) over gluon and photon distributions in order to obtain the

total cross section for the process yp — V' X(5S5.X):
083 1
dr T .
o= ar [ Zy (—)fy(r)o(rs), (
Tmin r/fosz T z

Tmin = . )

[ 8]
-1

with

where f,(2) is given in £q.(17) The strong coupling constant a, has been evaluated at @* = $/2 with the paranetriza-
tion of Eichten et af., in Ref. {32]. Fig. 12 shows the behaviour of the cross section as a function of the scalar leptoquark
masses . One should note that the coupling constant is model independent in the case of pair production.

The pair production of leptoquarks gives the signals (a) 2j + £€ (b) 2j + & (¢) 2j + vir. The recognition of (a) is the
easiest one since the signal for pair production of leptoquark shows a pair of sharp peaks with the same invariant nass
M. Moreover, the jets in the leptoquark decay will be widely seperated. Thus. the pair production of leproguarks is.
in principle, free of background coming from the standard model processes. Taking 100 events per vear as discuvery
limit, the upper observable mass limit of the scalar leptoquarks with charge Q=5/3 turns out to he .3 TeV.
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D. Heavy Quark Praoduction

In this section we analyse the goals of the HERA+LC +p collider in heavy quark searches. It seems that the ¢ quark
will be discovered in the near future at FNAL with an improved luminosity, because there are strong arguments in
favor that m; < 250 GeV. According to D0 Collaboration experimental lower limit for {-quark mass is 130 GeV and
CDF Collaboration reports evidence for the existence of the ¢-quark with mass 174 %10 GeV [39]. For this reason we
estimate the number of #t pairs which will be produced at HERA+LC for different values of m, (130, 200 and 250
GeV). Then we obtain the discovery limits for heavy quarks, a fourth SM family of ¢ and &’ quarks or 1sosinglet D
quarks predicted by the Es model [40-42]. Finally, we give short remarks on the possibility of investigating extremely
small r, via process yp — &c.X or b.X.

The quark-antiquark pairs will be produced through the subprocess ¥¢ — ¢q. The Feynman amplitudes consist of
two well-known diagrams and it is easy to obtain the differential cross section

o _ |MP (28)
di 16752 )
2: L C 9
|M|* = 327 aema,Q2C 4m’s u mﬁ + t m_,
(t = m?) (11 — m? ) (t-—m?)  (u-m?)
4ntg?
(29)

(t = m?)2(u ~ m?)?

where 5 = (py + pg)2f = (py — pg)%, &t = {pg — pg)* are Lorentiz invariant Mandelstam variables: p,,p,.p, and m
denote photon, gluon, quark momenta and quark mass, respectively. a.. is the fine structure constant and a, is the
strong coupling constant. @ is the charge of quarks, and the color factor C is 1/2.

In order to find the cross section for the subprocess ¢ — §q, the integration over { can be carried out analytically.
We get

_ 7umaiQ : gt 3
——W[ﬂ(ﬁ“ B2~ 2) + (85 + 8 - 33" 3)1n(1+3)] (30)

where 3 = /1 ~ 4m?/s. Further integration over the gluon distribution in the proton and the energy spectrum of the
photon should be performed to obtain the cross section for the quark pair production through the process yp — §¢.X:

r
= d — - 7(T5 31
7= ./r T.[/osa x f‘r(r)fy(.n)a(r ) B

min

where 7, = 4m*/s and § = 7s.
The gluon distribution function in the proton at £ > 0.01 has been chosen as in Eq.(17). At r < 0.01 different
parametrization were proposed. We use two possibilities taken from [32]

fi(e) = %(0.444;-‘1/:’— 1.886) (32)

f,(z) = 25562712 (33)

The total cross sections versus the quark mass are plotted in Fig. 13 for HERA4LC ~p collider in the case of
() = 2/3. For heavy quarks with charge @ = —1/3 the cross saction decreases by a factor 1/4

The numbers of #¢ pairs which will be produced at the yp collider under consideration are given in Tahle 11 for three
different values of m,.

In the last columns of Table II we give the observable upper masses for new quarks. Here we take 100 events per
vear as the discovery limits for new quarks at yp colliders. This value is quite reasonable due to clearer situation
concerning the background as compared to pp and pp colliders. In the Table II, t and &' denote the fourth fermion
family quarks, D denotes the weak isosinglet heavy quark with Q=-1/3 predicted by the E; model.

Signatures for new quark production will depend on their masses and mixings. Note that the Tightest of t and ¥
wiil decay only due to mixing with the first three family quarks. Let us suppose that the mixing between fourth and
third family quarks dominates. Therefore, if my > my (or my > my) the dominant mode for #'{or ') Jecay will he
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b — t + W(or ¢ — b+ W). Then, if my > my + mw, the domiinant decay mode will be ¢ — ' + 11, As a result
the signature for the ¢' and b search is similar (may be a little more complicated to those for t-quark).

A different situation takes place for D-quark decays because flavor changing neutral currents appear. Indeed,
the D-quark will decay due to mixings with usual down-type quarks. Let us suppose that the interfamily mixing
dominates and we restrict ourselves to the consideration of the first E¢ family quarks:

4
(;ﬂb) . wr, dr, Df, Dr (34)
L

where d¥ = dcos¢ + Dsing, D? = —dsing + Dcos¢. Here we have supposed that usual CKM mixings lie in the

up-quark sector, the subscript # reflects this fact.
Mixing between left-handed components of d and D leads to a modification of the Lagrangian. The interaction

Lagrangian responsible for D-quark decays has the form:

VAT m

L= Py (1 — ¥5)d cos ¢ + @8y, (1 — v5) D sin o W,
Qﬁsinaw[ Yol —7s) ¢ Yall = 7s)
3 \/4.7ra,m Sin ¢ cos ¢J70,(1 —4)D|Z. + he (35)
4 sin 8y cos Gy

In Eq.(35) 8w denotes the Weinberg angle, sin® 8w ~ 0.23. In order to keep Cabibbo universality, @ must be restricted
by sin® ¢ < 0.01. In accordance with Eq.(35), for the partial decay widths of the D-quark one has

0D —u'W) = %fwfﬂp sin” ¢ (36)
Dgm .7 o
MDD —dZ)= ————————fzmpsin” ¢ cos” o {37)

32(1 —sin? fy)

where fir = (1 - ev)’(1 + ev)/ev, ev = mi/m} (V = W, Z). Notice that the experimental lower limit for the
D-quark mass is the same as for the t-quark, namely mp > 130GelV. Therefore we can neglect the difference in the W
and Z mode phase factors because mz —mw ~ 10GeV. As a result, one has the branching ratios BR(D — uli’) ~ 0.6
and BR(D — dZ) ~ 0.4. Therefore the essential part of the D-decays will be induced by flavor changing neutral
currents. In particular, D — d£+¢™({ = e, 4, 7} decay channels occur with probability more than 1%.

As mentioned above, 1p colliders will give the opportunity to investigate gluon distributions at extremely small
I, by means of the processes yp — X and yp — b6.X. In Fig. 14 we represent the ¢c pair production differential
cross-section, do/dr,, for the HERA+LC proposal. As one can see from this figire, parametrizations (32} and (33)
lead to drastically different behaviours at small z;. Note that these parametrizations are not valid at r, < 10719
however we represent this region for illustration. Then, the main part of the ¢c pairs will be produced at extremely
small 24 ~ 1073, Therefore, the proposed vp machines will give the opportunity to investigate gluon distributions up
to z, = 107°, where the phenomenon of inverse evolution of parton distributions [43] will manifest itself. Detailed
investigation of these aspects as well as the role of the hadronic component of the photon will be considered alsewhere.

TABLE II. Number of {t pair production per year and discovery Hmits for new quarks.

Machines N:(10%)
150 GeV 200 GeV 250 GeV meiTel’} my pl(Tel’)
HERA+LC 1.7 0.4 0.1 0.25 0,29
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