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We discuss the possible phenomenology of the additional charge (— ;) colour triplet particles
D, /, of spin ! and D,, D of spin 0 which are contained in each matter generation if the
superstring is compactified on a Calabi-Yau manifold. In the minimal mode] with no intermediate
mass scales and supersymmetry breaking fed into the observable sector via a gaugino mass, either
a spin-} or a spin-0 D particle could be the lightest, and either could be as light as the present
lower bound from e*e” experiments of about 20 GeV. The D particles could behave as
leptoquarks coupling to quarks and leptons, in which case the single production process ep —
D,(D§) + X would occur, and D, (D§) — #q, D, 2~ £qX decays would dominate, where X is the
lightest supersymmetric particle. Alternatively, the D particles could behave as diquarks coupling
to pairs of antiquarks, in which case the single production process P'p - Dy(D§,D,, DY) + X
would occur, and D, (D§) - aq, Dg (DO) - qq, D, , — 3a¥ decays would dominate. We present
Cross sectxons for ep — DO(DO) +X, p p— DO(DO,DO,DO) +X, ete" - DODO(D0 DS) and
D, D, 2 (p'p —» Dy Dy(DEDS) and Dy p D, ,2 +X. We calculate the expenmemal signals and
estimate backgrounds for D production and decay in these processes. The decays Dy(D§) - £q
and D, , — q% or qq¥ would be detectable in most of these reactions, but Dy(D§) — §g decays
may only be detectable in e* ¢~ — DDy (D§D§) collisions.

1. Introduction

The low-energy phenomenology of the superstring [1] depends on the compactifi-
cation scheme which is adopted. An attractive proposal which avoids many theoreti-
cal and phenomenological pitfalls is that the six unseen dimensions are compactified
on a Kihler manifold of SU(3) holonomy and zero torsion [2]. In this case the
observable particles appear in generations containing 27 fields with the quantum
numbers of the fundamental representation of E, plus possible split multiplets
coming from 27 + ﬁ representations of E, and the four-dimensional observable
gauge group is some rank 5 or 6 subgroup of E¢ [3]. In some models this gauge
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group is broken by the Higgs mechanism, and the light particles do not include all
the fields in a 27 of E,. However, it is quite possible that some exotic matter
particles survive down to low energies. Thus one can expect in many of the
conceivable symmetry-breaking patterns to see additional matter particles and /or
gauge interactions at low energies. Although they have not yet been worked out in
detail, some orbifold compactifications [4] could offer similar phenomenological
possibilities [5].

Constraints on additional neutral current effects at low energies have been
discussed extensively [6, 7], as well as possible signals of new gauge bosons at future
colliders [8]. The possible phenomenology of colour-singlet superstring particles has
also been explored [9]. This paper is concerned with the possible signatures of
additional colour-triplet superstring particles. These have also been previously
discussed [10], though the emphasis of previous studies has been somewhat different
from that taken in this work.

We start with a pedagogical discussion of the particle content and of the possible
interactions of the 27 fields in the fundamental representation of E,. The 27
representation splits up under SO(10) to 16 + 10+ 1 and then under SU(5) to
(10+5+1)+(5+5)+1. According to the conventional assignment, the usual
quarks and leptons are members of the first 10 and 5. The states of the additional 5
and 5 can be identified with the usual Higgs doublets H and H, and as new
additional colour triplets D and D¢. There is also an additional SO(10) and SU(5)
singlet called N, and an SU(5) (but not SO(10)) singlet called »©.

The decomposition of the 27 representation under the standard model subgroup
Gy =8SU(3) - X SU2) X U(1)y consists of the following left-handed multiplets:

Qs(g)~(3,2,+g), ui~(3,1,-2), e~ (1,1,+1),
1 j— H+ 1
D~ (3,1,-1), H=(H0)~(1,2,+5); (1.1)

e e (3 _(?y g H")_ 1
e, D¢~ (3,1,+4), L=( ),H*(ﬁ_) (1,2,-1),
N,»°~(1,1,0). (1.2)

The first two numbers in brackets denote the dimensions of the SU(3) . and SU(2),
representations respectively, and the third one the U(1); hypercharge. The above
states have, besides the usual gauge couplings, also generalized Yukawa interactions.
The most general superpotential couplings allowed by the Hosotani [11] symmetry-
breaking mechanism, which is the only one presently available for breaking E
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down to an acceptable subgroup at the compactification scale, are [3]:

f=hyQuH + hgLe°H (1.3a)
+h,HLv® + \HHN (1.3b)
+X,Ddv¢ + kDD°N (1.3c)
+A, QDL + h,Qd°H (1.3d)
+ADecu’ + Ao DQQ + X\ Deucd". (1.3¢)

In a conventional GUT, the couplings hy, hg, h,,A... would be related by
Clebsch-Gordan coefficients of order unity, and therefore the new states D and D¢
would need to be very heavy in order to avoid rapid proton decay [12]. The new
feature of the string compactification scenario is that not only is the GUT gauge
group broken by the Hosotani [11] mechanism, but also the Clebsch-Gordan
relations between Yukawa couplings are broken [3]. This leads to the phenomeno-
logically interesting possibility that the new colour triplets D and D° could be light
and behave either as leptoquarks or as diquarks.

The D and D¢ particles acquire their mass through the vacuum expectation value
of the N field. The fermionic members of the D /D¢ supermultiplets will combine
into Dirac fermions of mass mp, = k(0|N|0), denoted here by D, /,. The masses of
their scalar partners Dy, D§ receive additional contributions from soft super-symme-
try-breaking terms which are of the same order as conventional Higgs or squark
masses, and hence are expected to be O(my, to 1 TeV). It is possible that (0| N|0) is
very large, but in that case the HHN coupling (1.3b) would need to be very small in
order for (O|H, H|0) to be O(my,) as required. It is therefore interesting to study
the case that (0| N|0) is not very much larger than m.,, where one expects both the
D, ,, fermions and the Dy, D§ bosons to weigh < O(1) TeV and hence be accessible
to experiment. A priori, one could have mixing between d¢ and D¢ and between L
and H. We discuss this problem carefully in sect. 2 and argue that in the context of
a minimal model there are no rotations between these sectors to be considered (for
an alternative point of view, see ref. [10]).

The non-observation of supersymmetric particles and the absence of additional
neutral current effects constrain the parameters of superstring models and hence the
possible masses of the D, , and Dy, D§ particles. We analyze these constraints in
sect. 2, working in the context of a minimal rank-5 low-energy model [6], where the
dominant source of supersymmetry breaking in the observable sector is a gaugino
mass term. We also incorporate more model-dependent constraints which follow
from dynamical calculations of radiative electroweak breaking in this special
theoretical framework. We find that some of the D, ,, and Dy, D§ particles could be
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as light as the present bounds on new particles in e*e~ collisions: m > 20 GeV. The
D particles could be produced by single or pair production mechanisms. Single
production could proceed through quark-quark annihilation in hadron-hadron
collisions or quark-lepton annihilation in ep collisions through the diquark and
leptoquark couplings of eq. (1.3). The two processes cannot happen simultaneously,
because otherwise rapid proton decay could be mediated by D, exchange. The
couplings of the D particles which influence their possible production mechanisms
and decay signatures are discussed in sect. 3. The cross sections for these two
single-production mechanisms are calculated and compared with conventional back-
grounds. We find that the process ep — (D,/D¢ — q¢) + X could be observable at
HERA if the D, mass is below ~ 250 GeV. The diquark annihilation process which
could take place at the hadron-hadron colliders, ‘p’p — D,/D§— qq/qq + X
would, however, be overwhelmed by the conventional QCD jet—jet background.
However, the pair-production process could be a source of observable D particles at
hadron-hadron colliders. In sect. 4 we calculate cross sections for the possible
pair-production mechanisms hh — D,Dy(D{DS) + X and D, /2_D1 ,2 + X which pro-
ceed through the conventional strong interactions, and explore the possible event
signatures. Since the gauge couplings of D particles are the same as those of usual
quarks, these cross-sections are comparable to those for conventional squarks or t
quarks respectively. The decays D,/D$ — q + », D,/D§ > q+», D, 2 q+r+X
and D, , » @+ q+ X, where ¥ denotes the lightest supersymmetric particle, have
missing energy signatures analogous to those expected for conventional squarks and
gluinos [13]. The present UA1 missing energy search [14] may be able to exclude D,
or D, , weighing up to O(60) GeV, but this needs to be investigated by the
experimentalists themselves. Any such limit could be improved by future experi-
ments using ACOL at CERN, or the Tevatron Collider. The decays D, , > q + £+ X
give experimental signatures with leptons, jets and missing energy which could have
shown up in the UA1 dimuon sample [15] or in their top search, and again present
data might have sensitivity for mp, , < 60 GeV. The decays Dy(D$) — q + q and
Dy(D§) — q + q would give four-jet final states which would be drowned by the
QCD four-jet background, but the decays D,/D§ — q¢ (D,/D¢ - q¢) would give
dilepton + dijet signatures which should be easier to detect, and could show up in
the UA1 dimuon sample [15]. A useful limit on them could perhaps be obtained
with present data.

Finally, sect. 5 presents some conclusions and proposes some possible directions
for future experiments which could search for D particles.

2. Constraints on the (Dy, Dg) and D, ,, masses

Here we discuss in detail the mass matrices for the exotic quarks D, ,, and
squarks Dy, D in the realistic case of n; =3 generations. Where it is necessary to
be specific, we will work in the framework of the minimal rank-5 gauge group [6]
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which can be provided by Hosotani symmetry breaking. However, the following
analysis could be extended to any similar model with light exotic quarks and
squarks.

First we discuss the possibility mentioned in sect. 1 of mixings between the fields
d® and D¢, L and H, v and N, which are seen from eq. (1.2) to have identical
SUB3)x SUQ2), X U(1)y quantum numbers. If the low-energy group commutes
with SU(2),, which is the case for the minimal model, we may without loss of
generality identify L with the standard lepton doublet, in which case lepton number
conservation requires {0]7|0) = 0. In order to identify the mass eigenstates corre-
sponding to the ordinary charge — } quarks and charged leptons, one must examine
the corresponding mass matrices, which take the forms

Y _(hE0) 0 |
(d,D)M1/3(Dc)- 1/3 (}\u<0|5c|0> k(OINIO))’ (2.1)
- e ). _ [ heC01H|0) 0
(e, H )M‘(ﬁ—)' Ml_( h,(07°|0) >\(O|N|O))' (22)

The physical squared masses are given by the eigenvalues of the matrices M7,3 M, /3
and M; M, respectively. We assume for simplicity real Yukawa coupling constants
and vacuum expectation values (VEVs). Note that, in order to avoid unacceptable
zero mass eigenvalues in (2.1) and (2.2), it must be that (0| N|0) # 0. On the other
hand, the possibilities that AP(0|#°|0), A%(0|#°|0) # 0 have potential phenomeno-
logical problems with flavour-changing neutral currents and the physical values of
mgy, m, [17]. Thus we will assume in the rest of this paper that {0{#°|0) = 0, which
implies (O|ﬁ %10) # 0 to avoid zero eigenvalues in (2.1) and (2.2). It must also be
that (0| H%0) # 0 to give masses to the quarks of charge + ;. We are then led to a
situation where we can identify (d,d®) with the ordinary quarks (of mass
hp (O[H®|0)) and (D,D¢) with the new exotic quarks (of mass k£ (0|N[0)), and
there is no mixing between the two sectors. Similarly, we will identify (e, e®) with the
ordinary leptons, and (H*, H™) with the charged Higgs fields.

In the case of a three-generation model, the fields which can acquire non-vanish-
ing VEVs are H°, H? and N,, where a = 1,2,3 is a generation index. However, it is
always possible [18] to redefine those fields, via independent rotations in generation
space, in such a way that (0| H2[0) = (0|H?|0) = (O|N,|0) =0 for a =1,2 and the
only non-vanishing VEVs are:

(O|HPI0)=v,  (O|H|0)=5, (O|N|0)=x. (2.3)

In this new basis, the part of the superpotential contributing to the D, , masses is
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simply: mass .

fD,/2 =k, 53D, DyN;. (2-4)
We have not used, up to now, the freedom of redefining the fields D, and D¢ by
independent rotations in generation space. We can therefore move to a convenient

basis where the following relations hold:
k,;=0 fora#b. (2.5)

Assuming, without loss of generality, that x > 0, the two-component spinors of each
generation contained in the chiral superfields D,, DS will then combine to form
three Dirac spinors D, ,,, of masses

mp =k,zx  (a=1,2,3). (2.6)

The mass matrix involving the scalar components of D, and D¢ has a slightly
more complicated structure. Even in the convenient basis we chose above, one has
in general a real symmetric 6 X 6 matrix, with non-trivial intergenerational mixing.
The matrix elements are

2 _ =2 2 2 2 =2 2
5,5, =Mp, +mp +G*(D), M3 pe = fe +mp, + G*(D°),
2 _ 2 2 2 2 2 2( e
Mj 5, =my +mp +G*(D), Mppe=mpe + mp + G*(D°),
2 _ _ =2 2 2 2 =2 2
MD‘B‘—mDH'{"mDB'i'G(D), MD§D§_mD§3+mD +G(D)
3
2 _ .k = 2_ =2
Mp pe=m13x + Zc}‘nckucw ) Mp5,=myp,,
1
2
-k = 2 _ =2
D = M23X + Zc}\33ck12cw ) Mpp,= mp.»
1
2

2 _ .k =
MDng' =MaX + Zc}\33ck13cvv )
1

2
2 _ ok - 2 =2
MD,‘DZ =my3X + ZCABckﬂc’UU’ MDfD§ =mps,
1
2
2 _ ok - 2 _ 2
Mpep, = m313x + YAz kb, Mpeps=mpe ,
1
3
.k - 2 _ =2
D,ps = Mamnx + YA ss kb0, My 5, =mp,,,
1
2
2 _ ok -
Mp,ps=1n333x + ZCA33Ck23CUU >
1
2
2 _ ok = 2 _ =2
Mbep, = 180X + L A3 k3 00, Mpsps=mps,

1
3

Mgaos‘ = M353% + LAy ka0 (2.7)
1
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Symbols appearing in the above formula correspond to the following general
expressions for the superpotential and the soft supersymmetry-breaking part of the
scalar potential:

f=\, HHN.+k,, D,DSN.+ -+ (2.8)
Vet =13, DXDy+ i DE*Ds+ -+ +0%, (D, DN, +he)+ -+, (2.9)
where the dots represent terms which do not contribute to (2.7), mp are the

fermion masses given by eq. (2.6) and q, b,c=1,2,3. Moreover, G*>(D) and
G?*(D°) are the generation-independent D-term contributions to the scalar masses:

G*(D)= ;%[14‘(%)2—2(;)2], (2.10)
-SG5 e

To bring the discussion to a reasonable degree of simplicity, some short-cuts are
necessary. Our first simplification is to assume that the only Yukawa couplings
contributing significantly to the renormalization group equations (RGE) for the soft
supersymmetry-breaking parameters are those diagonal in generation space
(A saa> Kuaas---)- In this case, the soft supersymmetry-breaking part of the scalar
potential assumes the simplified form:

_ = 2
Viote =1t | D,|* + ritgye| DE|* + -

+k,p. A% (D,DEN.+hec)+ - - . (2.12)
Moreover, the mass matrix (2.7) for D, squarks becomes block-diagonal in genera-
tion space, with each 2 X 2 block given by

Jté _ mD +mD +G2(D) mDAltja3+>‘333kaa305 . (2'13)
“ mD“Aaa3+}\333kaa3vz7 ch+mD + G?*(D°)

Let us examine now the phenomenological constraints on the quantities appear-
ing in eqs. (2.6) and (2.13). These constraints are derived under the plausible
assumption that the main source of supersymmetry breaking in the observable
sector is a universal gaugino mass m, ,, [19], assigned at the grand unification scale
My, which in turn generates all the other SUSY-breaking parameters via radiative
corrections, taken into account by the renormalization group equations.
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TABLE 1
Typical values [6] of the model parameters, specified at the electroweak symmetry-breaking scale

0.2 < u/v < 0.6
2.8 < x/v < 10
100 GeV < my < 500 GeV
0.15 < X33 < 0.35
3.00 < r'r'z%)s/mlz/z < 3.35
2.95 < ﬁzfjg/mf/z < 3.30
—35 < Aly3/my g < -3.0
0.25 < k333 < 0.55

The couplings k,,3 (a=1,2) are assumed to be significantly smaller than the coupling k;3;.

Of the three VEVs v, v and x, only two combinations are independent since the

constraint
e [ v?+ 52 £ Gev
My = — = e
Y sinfy 2

must be satisfied, where e is the running electric charge evaluated at Q% ~ m%,: it is
then convenient to have as independent parameters x /v and 7 /v.

As other parameters appearing in (2.6) and (2.13), it is convenient to take m; ,,,
(Fip, /My 12)%, (Ppe/my )2, Algs/my 5, Nasy and k3. To simplify the discussion
further, we shall assume that the only non-negligible Yukawa couplings contributing
to the RGEs are indeed Ay;; = A, kyy3 =k and hy, = h (where & provides the top
quark mass), so that the RGEs can be written down in the simplified form used in
ref. [6]. In this case, indicative ranges of variation for the different parameters are
presented in table 1. The lower limits on x/v and m, ,, are derived from the present
limits on sparticle masses and on the mass of a second neutral gauge boson. The
corresponding upper limits resemble a form of naturalness constraint, and are more
subjective. The ranges of variation of /v, Ay, and k,;, are obtained from a
detailed dynamical study of the effective scalar potential at low energy, solving
numerically the RGEs for the soft SUSY-breaking parameters. The ranges of
variation of (7 p,/ My /2)2, ( ps/ My /2)2 and A%,;/m, ,, correspond to the solutions
of the RGEs for allowed values of A,,,, k33, and of the top mass. The upper limits
(in absolute value) correspond to small values of k;,, and vice versa*. The Yukawa
coupling k;;; must be greater than ~ 0.25 to generate the desired hierarchy
x/v = 2.8, and cannot be larger than ~ 0.55 if one wants to avoid charge-breaking
minima. The other couplings k,,, and k,,, are assumed to be smaller than &,,,, and
there are no lower limits on them apart from the experimental limits on m , .

*For a=1,2 we expect the corresponding quantities to be close to these limits, according to our
assumption that k;;3 53 < ks33.
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Let us see now what are the indications on the D, ,, and D, masses coming from
explicit model calculations. To begin with, let us consider the D, , masses, given by
eq. (2.6), which in terms of the parameters of table 1 reads:

mDa = kaa3x = kaa3(%) {2‘/7GF[1 + (5/0)2] } —1/2’ (214)

where G =1.166 X 10~° GeV ~2 is the Fermi constant. Using the limits of table 1,
one finds m D, 2 105 GeV, while for a=1,2 the lower limit on m D, is the
experimental one:

mp 220GeV  (a=1,2). (2.15)

An indicative upper limit on the D,,, masses comes from the naturalness con-
straint, which forbids very large values of x/v, since they would require a fine
tuning of the parameters in the scalar potential which would be unstable under
radiative corrections [6]. Using the values of table 1, one finds:

mp,mp <mp <1TeV. (2.16)

In summary, model calculations suggest for the D, ,, quarks masses ranging from 20
GeV to 1 TeV. Although the scale of D, ,, masses is generally the same as the scale
of the extra Z’' boson, since both are related to the breaking of the extra U(l)g
gauge factor, some D, ,, particles may be considerably lighter than the Z’ if they
have small Yukawa couplings to the N field which acquires a VEV.

Let us comment now on the structure of the D, mass matrices, eq. (2.13). First of
all, note that, for the range of parameters given in table 1, always m D"A’;a3 >
A 333k 300, so that we can neglect this last contribution to the off-diagonal entry.
Note also that, for large values of x/v, the D-term contributions of egs. (2.10) and
(2.11) become negative and big. On the other hand, the positive contributions ’7‘20,,
and ﬁzZD: are proportional to mj - This suggests that light D, masses can be
obtained for relatively high values of (x/v) and relatively small values of m ,.
However, detailed model calculations [6] exhibit a strong correlation between x/v
and my ,,; in particular, to avoid (mass)? for the charged “unhiggses” (H., H,),
(a=1,2), which are too small or negative, a relation of the type m; , > K (x/v)
must be satisfied, with K slightly dependent on the other parameters, and
generically in the range K_ =55+ 65 GeV. Even taking into account this last
constraint, together with the correlation between 77 , . and A%,;, one finds the
following results:

(i) Calling D}, and D}, the two eigenvalues of the mass matrix (2.13), with
masses mp; < mp; , the following two hierarchies are both possible:

mp, <mp <mp:, (2.17a)

Mmp <mp <mp . (2.17v)
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(i) Under our set of assumptions, masses of the Dj; (D} ,) squarks as low as
100 GeV (170 GeV) are allowed. These lower limits come from the study of the
“unhiggs” mass spectrum, and have been derived under some model-dependent
assumptions [6]. Relaxing these assumptions, they can be significantly lowered and
could be as light as 20 GeV. On the other hand, the addition of a common scalar
mass to the primordial soft SUSY-breaking terms would generally lead to higher
D,, masses, favouring the case of eq. (2.17a) with respect to the one of eq. (2.17b).

(iii) When the lowest possible values for the D}, masses are attained, the mass
eigenstate D}, is always an admixture, with contributions of almost equal magni-
tude, of the interaction eigenstates D, and D.

This is essentially all the information on D, ,,D, masses that one is able to
extract from model calculations. Despite all the constraints on the different parame-
ters, there is still a large freedom for the resulting spectrum of D, ,, D, masses,
which is not significantly bounded from below, thus motivating the phenomenologi-
cal analysis of the following sections.

3. Single D production and decay

3.1. D COUPLINGS

As was mentioned in the introduction, the D, D¢ supermultiplets may couple
directly to ordinary quarks and leptons through the following superpotential terms:

/2 XoDQQ + A D*ucd® (3.1a)
+A, DLQ + A Du‘e® (3.1b)
+A,Ddeve. (3.1¢)

No other couplings are allowed by invariance under the E, Cartan subalgebra,
which is maintained by the Hosotani gauge symmetry-breaking mechanism. In order
to avoid rapid proton decay, the first row of couplings (3.1a) cannot be present
simultaneously with the second (3.1b) and third (3.1c) rows of possible terms in f.
Topological zeroes and/or discrete symmetries could in principle forbid the disal-
lowed combinations of couplings, though no explicit example has yet been ex-
hibited. Dirac neutrino masses can be made to vanish naturally only if the couplings
(AL, A,) of (3.1b) are not present simultaneously with the coupling A, of (3.1c), and
the same remarks about topological zeroes and /or discrete symmetries apply. We
will take the sets (3.1a), (3.1b) and (3.1c) as alternative cases to study.

3.2. COUPLINGS TO QUARKS

As discussed earlier, in the class of models we consider, no mixing of the D
particles with conventional charge — § quarks is possible. Single production of the
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scalar D is possible in hadron-hadron collisions via @+ q— D, (q+q— Dg),
followed by D, = q+ q (D§ — q + q). The squared amplitudes |.#|> for the decays
of D, and D§ to quark pairs are given by

|‘//{D0 |2 = 24}‘20”1%)0’ ‘J/log = 6>\20m%)8 s (32)

and we have no idea what the ratio of the couplings Ay and A, might be. The
differential cross section for the process h + h — (D, — qq) + X is given by

d% = (1/487)§{u(x,)d(x,) + u(x;)d(x;) + - }dx;dx, 8(sx,x,~5)

y A% (64/9) N N (4/9) | (33)

(s-md,) +13m3,) ((s- mbs)” + D)

where V3§ is the centre-of-mass energy of the subprocess qq - Dy = qq, x; and x,
are the fractions of the momenta of the incoming hadrons carried by the quarks
with distributions u(x), d(x), etc., and I', p are the decay widths of the D, and
D§. No mixing between the D, and Dg is taken into account in writing (3.3) and
(3.2): its effects would be trivial.

In fig. 1 we show the total cross sections for the above process as a function of the
mass mp,, assuming mp =mp: and A=A =A for simplicity. The common
Yukawa coupling is parametrized by its ratio to the electromagnetic coupling

No/4m N /an

F

(3.4)

aem aem

Note that although neutral current constraints impose severe upper bounds on
flavour- or generation-changing couplings of the D supermultiplets, there are no
severe constraints on their diagonal couplings [17]. Note also that the three
generations of scalar D particles could in principle have similar masses, in which
case the estimated cross sections should be increased by a factor of 3. Fig. 1 includes
curves for all high-energy hadron-hadron colliders currently envisaged: CERN pp
at Vs = 630 GeV, FNAL Pp at Vs = 1600 GeV, LHC pp at ys = 17 TeV and SSC pp
at Vs =40 TeV.

These processes will appear experimentally as two-jet events. We have made a
detailed comparison of the signal-to-background ratio at Vs = 630 GeV using data
published by UA2 [20]. In table 2 we compare their do/d M (jet—jet) multiplied by
the widths 8M of the bins they use, corresponding to their mass resolution, with the
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10° T T T T T T T T
pp—~Dg—~aq
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Fig. 1. Total cross sections, as functions of mp and F= (A /4%)/ @, for the process h +h— (D —
qq) + X for (a) Pp at Vs = 630 GeV, (b) Pp at Vs = 1600 GeV, (c) pp at Vs =17 TeV and (d) pp at
Vs = 40 TeV. The cross sections include Dy, D§, D, and D§ production.
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TABLE 2
Signal and background for D, search in Pp collisions

Vs =630 GeV
m (GeV) 125 145 168 188 208 228 268 288
8m (GeV) 11.0 12.3 13.7 14.9 16.2 17.3 19.5 20.6
de/dm (nb/GeV) 3x107' 9x1072 3x107% 1072 7x107% 3x10°% 4x107% 64
8o (nb) 3.3 1.11 0.41 0.15 0.11 005 7.8x107%12x107?
a (nb) 0.8x107103%x107101x107105x107202%x107209%x107202x10"306x1074

F=1

We have assumed, following UA2 [20], that the mass resolution 8m =029 [m (GeV)]>* and computed
80 =28mdo/dm.

¥
Dz a" Dz -~
q i ; Doi
}1 q
Tq G

Oz ’ Bip d
; =

< <

Fig. 2. Tree diagrams contributing to the decay D, ,, — qgX.

D, cross section we would expect for F=1. We see that the QCD jet—jet back-
ground is between one and two orders of magnitude larger than our expected D,
cross sections. We expect this state of affairs to be repeated at future colliders, so
that it will be difficult to see the D, in this way. Nevertheless, it would be useful for
theorists if collider experiments could in the future quote directly upper limits on
cross sections for new particles decaying into jet pairs.

We turn now to the decays of the fermions D, ,,. In fig. 2 we show diagrams
contributing to their possible decays D, ,, = q + q + X in leading order. The squared
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decay amplitude in the rest frame of the D, ,, is given by:

|y, | =R(V2e)

X4 (%)ZMDI/ZEI(MDI/ZEI + %Mlz)l/z - %m?;)
(PZ— mﬁk)2

(%)ZMDl/zEz(MDl/zE2 + %Mél/Z B %m%)
(PZ— m%R)2

+

(%)ZMDl/Z(MDl/Z - El - EZ)(MDl/z(El + Ez) - %Mém + %mé)

(k2 - m%)g)2

+

1.2

(%)(_ %)Mlzam(zElEz - MDI/Z(El + Ez) + %Mlz)m - Emi)
(P2 =mi,)(P?—mi,)

(%)(— %)MDI/2(MD1/2 - 2E2)(MD1/2(E1 + E2) - %M%Vz + %mé)
(PZ - m%k)(kz - m%)g)

N (- %)(_ %)MDI/Z(MDVZ_ 2E1)(MD1/2(E1 +E,) - %Mém + %mi)
(P2—m2 ) (k2= mby)

%)2. 4- MDI/Z(MDI/Z_EI_EZ)(MDl/z(E1+E2)— %Mlz)l/z + éﬂ’n%)

(k2 - mf)o)2

+}\2Q(\/5e)2 . 4{(

1 2 1.2
+MD1/2E1(MD1/2E1+ 2MD1/2 zm;)

(2) (1) 2(3)(-1)

+ +
(P2—m§,L)2 (PZ—,ng-lL)2 (P2—m2 )(P2-m} ) )

X

+ (_ %)MDl/l(MDl/z B 2E2)(MD1/2(E1 + EZ) - %Mél/Z + %m*z?)
(k= m,)

><((Pz—ma) ' (ﬁ—»@))}’ G3)
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where

P =My (Mp —2E), Kk*=2EE,(1-cos).

¢ is the angle between the two final-state quarks, E; and E, their energies, we have
assumed that the lightest supersymmetric particle X is essentially a photino § [21]
and we have neglected mixing between left- and right-handed squarks. The partial
decay rate d of the D, ,, is given by

dr= —— | #y, | dE, dE,. (3.6)

(27) mp,, " P
The decay rate given by (3.5) and (3.6) is a complicated function of mp, /Mg 3. In
gledsimplifying limit where mp, , <mgg and neglecting quark masses and m;, we
in

et G20 o

Rather than use (3.5) in calculating the missing energy signature for D, 2 produc-
tion discussed in sect. 4, we use simple phase space. We do not expect our results to
be sensitive to this simplification.

3.3. COUPLINGS TO QUARKS AND LEPTONS

We now turn to the case (3.1b). Mixing of the D particles with conventional
charge — § quarks would be possible if (0|7|0) = 0. However, as mentioned earlier,
this possibility is severely constrained by experiment, and we assume (0|7|0) =0, in
which case there is no D /d mixing. Single production of the scalar D is possible in
ep collisions via e"u - Do/D¢ (e*@ > D§/D,), while D,/D§ - q + ¢ (D§/D, -
q + ¢) decays dominate. The squared amplitudes for these decays are

| Mp, [P =6X2md,, || = 1208 md. (3.8)

Neglecting mixing, all of the D, decays are to jets + charged leptons, while the D§
has 50% branching ratios into (jets + charged leptons) and (jets + neutrinos). Again,
we have no idea what the ratio of the couplings A, and A; might be. The cross
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Fig. 3. Total cross section, as a function of mp, and F= (M/471)/a.y, for the process ep — (D - £q)
+ X; (a) at Vs = 314 GeV, (b) at Vs =14 TeV and () at Vs =1.8 TeV. The cross sections include D,
and D§ production.
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Fig. 3. (continued).
section for the process ep — D, — £q is given by
ds s § )
do=—-—(ul-|+---
167 s { s }

Y A
X + N
(5— MR + T3 M2 (5-M2) +I2M2

(3.9)

where Vs = VAE.E, 1is the centre-of-mass energy and § is the invariant mass
squared of the colliding leptoquark combination. In fig. 3 we show the integrated
cross section as a function of mp, , assuming mp, =mp: and (AL +A2) =N =47-
F-a,, as in eq. (3.4). Results are presented for HERA: Vs = 314 GeV, and for two
LHC/LEP options: Vs = 1.4 TeV, 1.8 TeV.

These processes will appear experimentally as (lepton + jet) final states. The cases
where the lepton is an electron must be compared with the background from the
conventional process €+ p — e + X, whereas the cases where the lepton is a neu-
trino must be compared with the charged current cross sections for e + p > » + X.
There would be relatively little background if the D, decays into a p or a 7, but
flavour-changing neutral current constraints [17] severely restrict the possible cou-
plings to these leptons.



V.D. Angelopoulos et al. / New quarks suggested by superstring L

We show in table 3 a numerical calculations of the cross sections for e+ p —
(D, —>e” +q)+ X, compared with the continuum background coming from the
conventional electromagnetic and neutral current scattering e”+p —e~+ X. To
estimate the background, we have integrated over bins in x corresponding to the
¢ + jet mass resolutions expected for the HERA detector ZEUS [22]. We see that the
signal-to-background ratios are very favourable if F =1, which may be an upper
bound on the Dq¢ coupling. It should also be possible to detect the D, even if F is
considerably smaller than one. The process e + q— Dy — » + q can be detected
almost equally easily. The background from the standard model charged current
reaction is slightly smaller than that shown in table 3. The resolution for the mass
bump in the (» + q) channel is in the ZEUS detector only a factor ~ 1.6 worse than
in the (e + q) channel. The other HERA detector H1 is expected to have an (e + q)
mass resolution somewhat better (by a factor ~ 1.1) and a (» + q) mass resolution
somewhat worse (by a factor ~ 1/1.7) than the ZEUS detector. Similar calculations
can be made for higher energy ep collider projects, with similar conclusions [23].

The squared amplitude for D, ,, > q£X decay in the D, ,, rest frame is given by

|‘//1D1/2 l2 = >\2L(ﬁe)2

(%)(ZM%VZE’EQ — MIZ)]/:(MDl/z(E/+ Eq) - %Mlz)l/z + %m%))
(2= )7 = mi)

—+

(%)Mbl/z(MDI/z(Ef‘* E,)~ %sz)l/z + %mi)

" (k2 —md;)

'MD1/2~2EQ + (MDV2—2E{)(%) + (MDI/Z_ZEZ’)(_%)
(P2-mi) " (P2-mi) (p2-mi,)

up
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(-2)*Mp, E,(AM3,  — im%i— My, E,)

2
2 2
(P2-m2)
1ar2 1,2
MDl/Z 279Dy 0 Zm‘7 MDx/zEQ)
2
2 2
(P mék)

(— %)(2M12)1/2E{Eq - Mél/z( MDI/Z( E/+ Eq) - %Mlz)l/z + %m%))

(P2 —mz, )(P?—mi,)

(%)ZMDVZ(MDVZ B Eq - E/)(MDl/z(E(+ Eq) - %M1231/2 + %mé)

—+

(k2-m3,)’

P?= MDI/Z(MDl/Z - ZEf,q) ’

k*=2E,E (1~ cosw).

(3.10)

w is the angle between the final-state quark and lepton, E, and E, are their

Signal and background for Dy, search in ep collisions

TABLE 3

mp,
x=mb/s
Background

cross sections

ef (ab)

eg (nb)

dm (GeV) ZEUS [22]
86 =4mdmo/s (nb)
(ZEUS) [22}]

op, (F=1) (nb)

do/dx

100
01

423
246
2.05
(L) 0.35
(R) 0.20
3.6

200
0.40

14

0.7
29
0.032
0.016
0.32

300
0.91

20%x1074
93x1077
35
84x10°°
3.9%x10°¢
0.83x 1074

Calculations for HERA: Vs = 314 GeV, corresponding to E, = 30 GeV, E, =820 GeV.
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energies and dI' is given again by (3.6). In the simplifying limit where mp, , < my,
mg, we find

1 M, 1 3
" (@n) T2 {ﬁ‘(‘/_e) 3 4( 3 G omt mim?
eL 0 ate

FR(fTe) -3 4 , (3.1)

m* 2
Mag €r

(-3)° 1 2-3)

which is used in calculating signatures for D, ,, production in sect. 4.

3.4. COUPLINGS TO CONJUGATE NEUTRINOS

Finally, we turn to the case (3.1c). Mixing of the D particles with conventional
charge — { quarks would be possible if (0|7°|0) # 0. However, as mentioned
before, we assume here that (0]|7°]0) = 0 and hence that there is no D /d mixing. In
this case there is no single production of the D, in either hadron-hadron or
electron-hadron collisions. The dominant decays of the D, are to q + »¢, which
would have the same experimental missing-energy signature as conventional squark
g — q + ¥ decay. The dominant decays of the D, ,, in this case are to q + »° + ¥ via
the squared amplitude

(%)2MD,/2EV(%M]2)V2 - %m% - MDl/zE")
ey

Ur

)2 =N (V2e)’ 12

P?=My (Mp, ,—2E,), (3.12)

where we have already taken the simplifying limit mp, , < m, my which is used in
the phenomenological analysis of its missing energy signature in sect. 4.

4. Pair production in hadron-hadron collisions

In this section we discuss the possible cross sections and signatures for (p’p —
DyD, + X and D, ,D, , + X.

4.1. CROSS SECTIONS

The forms of the parton—parton cross sections for gg, jq — D,D, are identical to
those of gg,qq — qq [24] if one compares the limits mp, > mp and my>> mg,
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due to the fact that D, couplings to gluons are identical to those of §. The only
difference between the total cross sections in these limits is therefore an overall
combinatorial factor counting the total number of D, or § species. In previous work,
two of us [25]) have generally assumed 5 approximately degenerate flavours of
squark (i, d, 5, ¢ and b) and added together both left- and right-handed quarks.
Here we add together the D, scalars expected from three generations, and also
include both left- and right-handed states. In this case, a(DyD,) /6 (dq) = 3.

The forms of the parton—parton cross sections for gg,qq — D, /Z_D1 ,» are identi-
cal to those of gg,qq — tt [26] if one considers the limit mp,_> mp, Equivalently,
these parton-parton cross sections can be obtained from those for gg, qq — §§ [24]
in the limit m; > m; simply by adjusting the colour factors.

4.2. POSSIBLE SIGNATURES

As discussed in the previous section, possible decays of the D, are to qv, q£~
and qq, while the D, ,, may decay to qvk, q¢ X or q@X, where the X is a
weakly-interacting neutral Majorana fermion similar to the photino, which can carry
off missing energy. We therefore have the following possible event signatures:

missing energy: DoD, - (q)(q¥)

D1/2ﬁl/2 - (qqx)(aqx) or (qvx)(qrx),

charged lepton pairs: D,D, - (q¢7)(g¢").,
leptons and missing energy: D, ,D, ,,— (a2 %)@A¢*%),
dijet mass bumps: D,D, - (qq){qq) -

While the semileptonic decay of one D is not compatible with the simultaneous
hadronic decay of another D, it is in principle possible to mix the semileptonic
decay into a charged lepton of one D with the neutrino decay of another D.
However, we will not discuss such dijet + lepton + missing energy final states. Nor
will we discuss final states with two charged leptons of different flavours: e *p ¥,
e*x ¥, u*r¥. We concentrate on the missing-energy signatures and on the charged
lepton pair signatures. We present here results for pp collisions at Vs = 630 GeV
corresponding to the CERN Collider, and 1600 GeV, corresponding to the Fermilab
Collider: results for pp collisions at ys = 17 TeV corresponding to the LHC will be
presented elsewhere [23].
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4.3. MISSING ENERGY SIGNATURES

To discuss these quantitatively we have used the same approach as in previ-
ous work [25] on UA1 data [14]. We divide missing energy events into the following

categories; monojets: only one cluster of hadronic energy within AR
=(4¢)*+ (4n)* =1 above a threshold of E;=12 GeV, and missing transverse

103 T T T T T T T
. Pp—~DoDp+X
Monojets l Legv
qv
@ Vs = 630 GeV .
Multijets
0 7
5 events
E‘ _________________________ 1 event
o 1 B ]
P O AP 1/5 event
10 7
Multijets
102 ]
Monojets
a
1073 ! ] L L 1 I 1

20 L0 60 80 100 120 1%0 160
mp, (GeV)

Fig. 4. Total cross section, as a function of mp, , for the process pp — (D, - qv) + Dy~ qv) + X,
(DS - gv) + (DS — qv) + X; (a) at s = 630 GeV and (b) at s = 1600 GeV.
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momentum p in excess of 40, where the measurement error ¢ = 0.7)E; (GeV);
dijets: two such jet clusters and p > 4o; trijets: three such jets, etc. Our calcula-
tions include a somewhat more subtle characterization of the UA1 detector which is
described in previous publications [25]. However, a full description of the assign-
ments of missing energy events to different categories is impossible in the absence of
a full detector simulation. Therefore in this paper we restrict ourselves to quoting

103 T T T T T T T
pp—~DyDp+X
l v
qv
102 Vs = 1600 GeV T
Multijets
0
RN
)
107 -
1072
b
10-3 { 1 | 1 | L 1
40 80 120 160 200 240 280
Mmp, (GeV)

Fig. 4. (continued).
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Fig. 5. (a) Contours, in the (MDx/z‘ my) plane, of ¢ =7 pb (solid line), ¢ =1.4 pb (dashed line) and

o =0.28 pb (dotted line), for monajet (circles) and multijet (crosses) events from the process pp — (D,

= qr¥)+ (D, —>qpx) + X at Vs = 630 GeV; (b) total cross section as a function of mp, , (assumed
equal to 2m), for the same process at Vs = 1600 GeV.

cross sections for monojet events and multijet events, and emphasize that a realistic
detector may shuffle events between these two categories.

D,— gv. The signature for this decay is identical to that previously discussed
[13] for § —» q¥ with m;=0. Fig. 4a contains our predictions for monojets and
multijets* from D,D, production at ys = 630 GeV including the factor of  in the
cross section which was mentioned previously. The horizontal lines correspond
to ¢ =7 pb (solid line: five events in the present event sample of about 700 nb 1),
o =14 pb (dashed line: corresponding to one event in the present sample) and
o =0.28 pb~! (dotted line: corresponding to perhaps five events at the pp collider
with ACOL [27]). We believe that a lower limit on the D, mass could only be

* Note that in this and the next case the vast majority of multijet events only contain two jets.

83
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established by the UA1 collaboration itself. If it would establish an upper limit of
five multijet events in the present data, that would correspond to mp 2 60 to 70
GeV. Fig. 4b contains analogous cross section curves for Vs = 1600 GeV. At this
energy, a sensitivity comparable to present CERN Collider data would increase the
possible limit to mp, 2 120 to 130 GeV.

D, ,, — qvX. Here there is some additional ambiguity provided by the unknown
mass of the X. Model analyses of sparticle spectra suggest that m; > 15 GeV, and it

103 T T T I T T T
PP—=D1/2Dy/2+X
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Monojets qvy
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m; = 1/2 Mgy/2
Multijets
0 I
o
=
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107
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1072 - -
b
10-3 | 1 | 1 i | |
40 80 120 160 200 240 280 320
mﬂvz(Gew

Fig. 5. (continued).
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could easily be a large fraction of mp, , . Therefore we plot in fig. 5a our results for
Vs = 630 GeV as contours in the (mDl » M3) plane corresponding to o = 7 pb (solid
lines), 1.4 pb (dashed lines) and 0 28 pb (dotted lines) as in fig. 4a. Naive
interpolation between these contours will give cross sections accurate to better than
a factor of 2, which is in any case the expected accuracy of our calculations. We see
that monojet events are always more copious than multijet events. We also see from
fig. 5 that the UA1 sensitivity to mp, , is essentially unchanged for 0 <m; <15
GeV, but decreases significantly for larger m,, and disappears in the limit m -
mp, Less than five monojet events in the present UAL1 data [14] would correspond
to mp, , 270 GeV if the ¥ is light, or mp > 50 to 60 GeV if m, = 2mDl - We
plot in f1g 5b cross section curves for Vs = 1600 GeV assuming for deflmteness that
mg=3mp . We see that a sensitivity comparable to present UA1 data would
increase the possible limit to mp, > 120 GeV.
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Fig. 6. (a) As in fig. 5a for the process pp = (D; » > qqx) + (51/2 —qqx) + X at Vs = 630 GeV; (b) as
in fig. 5b for the same process.
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Fig. 6. (continued).

D, ,, = qgx. This is an alternative decay mode of the D, ,, which has a signature
similar to the conventional § — qq¥ decay, although the cross section is somewhat
different and the mass of the ¥ may not be negligible. In fig. 6a we have plotted for
Vs = 630 GeV contours in the (myp, ,, mg) plane corresponding to o =7 pb (solid
lines), 1.4 pb (dashed lines) and 0.28 pb (dotted lines) as in fig. 5a. We see that the
multijet cross sections are larger for low m; and large mp, while the multijet cross
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sections are larger for bigger m . Thus monojet and multijet searches to some extent
complement each other. An upper limit of five multijet events in the present data
would correspond to mp .2 80 GeV for m <20 GeV, while an upper limit of five
mono_]et events in the present data would correspond to mD 2 60 GeV if m,
= szl/ Cross section curves for Vs = 1600 GeV and m = 2mD are plotted i 1n
fig. 6b. Here we see that a multijet sensitivity comparable to that presently achieved
by UA1 would reach mp, = 150 GeV.
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Fig. 7. Total cross section as a function of mp, for the process pp = (Dy > qu ™) + D= grH)+X%,
(D§—>Gut) + (D§ > qu )+ X; (a) at s = 630 GeV and (b) at Vs =1600 GeV. The centrality and
isolation cuts are specified in the text.
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Fig. 7. (continued).

4.4. CHARGED LEPTON SIGNATURES

Taking our cue again from UA1 [15], we have taken the following cuts on charged
leptons: |n,| <1.3, |9,] <20, m,,->6 GeV and p%, p%Z>3 GeV for muons,
p4, p%>8 GeV for electrons. We have also tried the effects of isolation cuts:
(£,,E2) <9 GeV? in the combination of cores with AR = y/(4¢)” + (4n)* <0.7
around the two charged leptons. Thus we quote cross sections for (u*p ™) both total
and isolated, and similarly for (e*e™) pairs.

D,— g¢. Our results at Vs = 630 GeV are shown in fig. 7a. The total (solid line)
and isolated (dashed line) curves are for p*p~ pairs. The e*e™ cross sections are
indistinguishable for mp,_> 60 GeV and differ by less than 10% even for mp = 40
GeV. Note that here we have assumed a 100% branching ratio into qu~ for each of
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the three generations of D, particles. This is probably unreasonable, a better guess
being that at most one of the three generations of D, particles would have a large
branching ratio into qpu~. In this case, the cross sections in fig. 7 should be reduced
by a factor of 3. Taking this point of view, an upper limit of five events in the
present UA1 event sample [15] would correspond to mp, > 60 to 70 GeV. Corre-
sponding cross sections for Vs =1600 GeV are shown in fig. 7b. A sensitivity
comparable to UA1’s present achievement would then yield mp, 2 140 GeV.

D, ,, > qfX. Here we meet again the ambiguity in the mass of the x. If these
events are treated simply as possible missing energy events, and no attempt is made
to identify the charged leptons, then the results of fig. 6 are directly applicable.
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pra36ev/ \ "X
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Fig. 8. Same as in fig. 7 for the process pp = (D, , > qu™ X) + (_Dl/2 ->qutR) +X; (a) at Vs =630
GeV and (b) at Vs = 1600 GeV.
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Fig. 8. (continued).

Alternatively, they could be analyzed as (¢*¢7) events with no attempt made to
measure missing energy. In this case, their signature would be similar to that of
D, — q¢. Figs. 8a and 8b show cross section curves at Vs = 630 GeV and 1600 GeV
respectively, assuming m = %msz' We see from fig. 8a that an upper bound of five
events in the present UA1 sample would yield mp, .2 80 GeV, while comparable
sensitivity at the Fermilab Collider would yield mp, A > 160 GeV.

5. Conclusions

Superstring-inspired models offer the possibility that additional light colour-
triplet, charge |}| particles exist in addition to conventional quarks. These D
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particles exist with spin zero (two per generation) and spin 3 (one Dirac fermion per
generation). We have motivated and studied the case where the D particles do not
mix with the conventional charge || quarks d,s,b. In contrast to conventional
GUTs, symmetry breaking by the Hosotani mechanism at the compactification scale
offers the possibilities that D particles have either purely leptoquark couplings DG/,
or purely diquark couplings Dqq. In this paper we have studied the phenomenolo-
gies of these two cases.

In the case of leptoquark couplings, we find that the spin-zero D, particles could
be produced and observed at HERA if they have masses <250 GeV. Future ep
colliders could extend the search for leptoquark D, particles above 1 TeV.

In the case of diquark couplings, we find that the single production of spin-zero
D, particles at hadron-hadron colliders through qq annihilation is likely to be
overwhelmed by a large QCD jet—jet background.

Pair production of D,D, and D, /2_D1 ,2 at hadron-hadron colliders offers a
promising way to search for these particles. The pair-production mechanism leads to
characteristic experimental signatures in almost all possible decay channels if
mg/mp < 3. The D,y and D, ,, particles could be sought in samples of missing-
energy events, £*¢~ events and top candidates. The present CERN pp Collider
probably has sensitivity to these particles if they have masses < 60 to 70 GeV. The
improved luminosity available with ACOL would increase this range to about 100
GeV. The FNAL Tevatron Collider should be able to see D, or D, ,, particles
weighing up to ~ 150 GeV. In the longer term, at the LHC or the SSC one could
search for the pair production of D, and D, ,, particles with masses <2 TeV, as
has previously been discussed for squark and gluino searches.

We hope that this paper stimulates our experimental colleagues to search sys-
tematically in their present and future data for exotic charge |%| particles with
diquark or leptoquark couplings.
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