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ABSTRACT

We discuss the possible phenomenology of the additional charge (-1/3)

colour triplet particles DL of spin & and D

o’ ﬁs of spin 0 which are
contained in each matter generatlon if the superstrlng is compactified
on a Calabi-Yau manifold. In the minimal model 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 )+ 1q, D1 > 2%
decays would dominate, where x is the lightest supersymmetrlc partlcle

Alternatively, the D particles could behave as diquarks coupl1n% Lo
pairs of antiquarks, in which case the 31ng1e productlon process

D, (D D D )J+X would occur, aund D, (D )+ a4, D (D ) » qq, D, + qqx
decays would domlnate. We present cross sectlons for ep > DoiD )+X,

(p)p-+ D, (D D D )+X, e*e™ > D_ D (D D ) and DlDl, p'p > DODO(DSDO) and
D, D, +X. We calculate the experlmental 51gnals and estimate backgrounds
for D production and decay in these processes. The decays D (D ) + fq
and D% > qu or qqx would be detectable in most of these reactlons, but
DO(DO) + qq decays may ounly be detectable in e*e™ =+ DoDo (DODO)
collisions,
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1. - INTRODUCTION

1)

The low-energy phenomenology of the superstring ’ depends on the compactifi-
cation scheme which is adopted. An attractive proposal which avoids many theore-
tical and phenomenclogical pitfalls is that the six unseen dimensions are compac-
tified on a Kihler manifold of SU(3) holonomy and zero torsionZ). In this case
the observable particles appear in generations containing 27 fields with the
quantum numbers of the fundamental representation of Egy, plus possible split
multiplets coming from ﬂ+ﬁ representations of Eg, and the four-dimensional
observable gauge group is some rank 5 or 6 subgroup of ESB). In some models this
gauge group is broken by the Higgs mechanism, and the light particles do not
include all the fields in a 27 of Eg. However, it is quite possible that some
exotic matter particles survive down to low energies. Thus one can expeclt 1in
many of the conceivable symmetry-breaking patterns to see additional matter
particles and/or gauge interactions at low energies. Although they have not yet

4)

been worked out in detail, some orbifold compactifications ' could offer similar

phenomenclogical possibilitiess) .

Constraints on additional neutral current effects at low emergies have been

6),7)

digcussed extemsively , as well as possible signals of new gauge bosons at

future collidersS). The possible phenomenclogy of colour-singlet superstring

particles has also been exploredg). This paper is concerned with the possible
signatures of additional colour-triplet superstring particles. These have also

10)

been previously discussed s 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 Eg.
The 27 representation splits up under S0(10) to £+_1_Q_+_1_' and then under SU(5) to
(_1£+E+_1_) + (i+§) + 1. According to the conventional assignment, the usual quarks
and leptons are members of the first 10 and E The states of the additional 5
and E 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 S0(10) and

SU(5) singlet called N, and an SU(5) [but not 50(10)] singlet called v°.

The decomposition of the 27 representation under the standard model subgroup

G, = SU(3)C * SU(2)L x U(l)Y consists of the following left-handed multiplets:



Q= (:&L)"’(é’zfi/e) W (3,4,-2/2) e (4,4,+1),

D~(3,i,"i/5), HE(::)N(i,Q.,-\'i/Q.) ;o (1.1)

(Z) CH= ?‘; ~(1,2,-1/2),

5D~ (3,4,05) , L

N\ vc” (i) LJO) - (1.2)

The first two numbers in brackets denote the dimensions of the SU(3)C and SU(Z)L
representations respectively, and the third ome the UY(I) hypercharge. The above
states have, besides the usual gauge couplings, also generalized Yukawa interac-
11)

sym-

metry-breaking mechanism, which is the only one presently available for breaking

3).

tions. The most general superpotential couplings allowed by the Hosotani

Eg down to an acceptable subgroup at the compactification ascale, are

'F = hoQu H+ he Le H (1.3a)
* h'ﬂ HLVC + A‘HF\N (1.3b)

+ M D + kppeN (1.3¢)

+ 3. QDL + théc'ﬁ (1.3d)

+_’)eDe°LLc +}QD&Q+AQDCUQ(AC—. (1.3e)

In a conventional GUT, the couplings hu, hE’ hv’ A ... would be related by

Clebsch-Gordan coefficients of order unity, and therefore the new states D and p°
would need to be very heavy in order to avoid rapid proton decay12). The new
feature of the string compactification scenario is that not only is the GUT gauge

group broken by the Hosotanill) mechanism, but also the Clebsch-Gordan relations



- 3 -
between Yukawa couplings are broken3). This leads to the phenomenologically
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 my = k(OlNl0>, denoted here by D%. The masses
of their scalar partners Do’ Dz receive additional contributions from soft super-
symmetry-breaking terms which are of the same order as conventional Higgs or
squark masses, and hence are expected to be 0(111w to 1 TeV). It is possible that
<0iN|0> is very large, but in that case the HHN coupling (1.3b) would need to be
very small in order for <0|H,ﬁ|0> to be 0(%) as required. It is therefore
interesting to study the case that <0|NJ0> is not very much larger than s where
one expects both the D% fermions and the Do’ D:; bosons to weigh ¢ 0(1) TeV and
hence be accessible to experiment. A priori, one could have mixing between a©
and D° and between leptons and Higgses H. We discuss this problem carefully in
Section 2 and argue that in the context of a minimal model there are no rotaticons
between these sectors to be considered [for an alternative point of view, see

Ref. 10)].

The non-observation of supersymmetvric particles and the absence of additi-
onal neutral current effects constrain the parameters of sul:;erstring models and
hence the possible masses of the D% and Do’ Dg particles. We analyze these con-
straints in Section 2, working in the context of a minimal rank-53 low—energy
mode16), where the dominant source of supersymmetry breaking in the observable
sector 1s a gaugino mass term. We also incorporate more model-dependent con-
straints which follow from dynamical calculations of radiative electroweak break-
ing in this special theoretical framework., We find that some of the D% and Do’
Dg particles could be as light as the present bounds on new particles in ete”
collisions: m > 20 CeV. ‘The D particles could be produced by single or pair
production mechanisms. Single production could proceed through quark-quark anni-
hilation in hadron-hadron collisions or quark-lepton annihilation in ep colli-
gsions through the diquark and leptoquark couplings of Eq. {1.3). The two pro-
cesses cannot happen simultaneously, because otherwise rapid proton decay could
be mediated by D0 exchange. The couplings of the D particles which influence
their possible production mechanisms and decay signatures are discussed in
Section 3. The cross—-sections for these two single production mechanisms are

calculated and compared with conventional backgrounds. We find that the process
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ep (DOIDE + gi) + 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, (E)p > DO/DE > qq/qq + X would, however, be overwhelmed by the conven-
tional QCD jet-jet background. However, the pair-production process could be a
source of observable D particles at hadron-hadron colliders. In Section 4 we
calculate cross~sections for the possible pair-production mechanisms hh + Doﬁo
(Dgﬁg) + X and D%]-)% + X which proceed through the conventional strong interac-
tions, 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 compar-
able to those for conventional squarks or t quarks respectively. The decays
Dofﬁz-* q+v, 50/D§ > a+v, D%-+ q+v¥§ and D%-+ a+a+¥, where ; denotes the lightest
supersymmetric particle, have missing energy signatures analogous to those expec-

3)

ted for conventional squarks and gluinosl . The present UAl missing energy
searchlA) may be able to exclude D, or D_% weighing up to 0{60) GeV, but this
needs to be investigated by the experimentalists themselves. Any such limit
could be improved by future experiments using ACOL at CERN, or the Tevatron Col-
lider. The decays D% > q+£+"i give experimental signatures with leptons, jets
and missing energy which could have shown up in the UAl dimuon :mmplel5 or in
their top search, and again present data might have sensitivity for mD% £ 60 GeV.
The decays D_ (Bg) » g+q and I—)O(Dz) + q+q would give four-jet final states which
would be drowned by the QCD four-jet background, but the decays Dolﬁz + qf
(50/DZ + g) would give dilepton + dijet signatures which should be easier to
detect, and could show up in the UAl dimuon samplelS). A useful limit on them

could perhaps be obtained with present data.

Finally, Section 5 presents some conclusions and proposes some possible

directions for future experiments which could search for D particles.

2. - CONSTRAINTS ON THE (DO,DE) AND D}l_ MASSES

Here we discuss in detail the mass matrices for the exotic quarks D% and
squarks D, DE in the realistic case of n_, = 3 generations. Where it is necessary

G
to be specific, we will work in the framework of the minimal rank-5 gauge group6)
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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 Section 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 SU(3)c % SU(Z)L x U(l)Y quantum numbers., y If the 1oﬁ~energy group
commutes with SU(2)N, which is the case for the minimal model, we may without
loss of generality identify I with the standard lepton doublet, in which case
lepton number counservation requires (0';,0) = @. In order to identify the mass
eigenstates corresponding to the ordinary charge -1/3 quarks and charged leptons,

one must examine the corresponding mass matrices, which take the forms

" hp <ol Hejo) o
(J)D)My_,,(bc P My, (2.1)
v <ol F¢lo> A <olNiy

]

and

he<ojH° o> o

e

M, =
a- 1

QEF, }1*) 041
hv<o] 3¢ oy DcoNie> [ (2.9)

The physical masses are given by the eigenvalues of the matrices MI/3M1,3 and
MIMl respectively. We assume for simplicity real Yukawa coupling constants and
vacuum expectation values (vevs). Note that, im order to avoid unacceptable zero
ma;s eigenvalues in (2.1) and (2.2), it must be that <0|N|0) F 0. On the other
hand, the possibilities that RD<OI$C!0>, AL<0|;c’0> f 0 have potential phenomeno-
logical problems with flavour-changing neutral curreats and the physical values
of my me17). Thus we will assume in the rest of this paper that <0|$C'0> = 0,
which implies <0|ﬁ°|0> # 0 to avoid zero eigenvalues in (2.1) and (2.2). It must
also be that <0|H"}J0> # 0 to give masses to the quarks of charge *2/3. We are

then led to a situation where we can identify (d,dc) with the ordinary quarks (of

ﬁu

mass hD {0 0>) and (D,Dc) with the new exotic quarks (of mass k <OlN|0>), and
there is no mixing between the two sectors. Similarly, we will identify (e,e®)

with the ordinary leptons, and (4*, H™) with the charged Higgs fields.

In the case of & three-generation model, the fields which cam acquire non-
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vanishing VEVs are H;, H° and N_» where a = 1,2,3 is a generation index. However,

15

to redefine those fields, via independent rotations in

0> = <o|H;|0> = <o|N_[0> = 0 for

it is always possible

generation space, in such a way that <0'H; ;
a =1,2 and the only non~vanishing VEVs are:

<ol ld=v |,  <olHs|ed=0 | <oINjo=x . (2.3)

In this new basis, the part of the superpotential contributing to the D% masses

is simply:

mass c
WC = ’&abs Do Dy Ns (2.4)

Dﬁh -

We have not used, up to now, the freedom of redefining the fields D, and DZ by
independent rotations in generation space. We can therefore move to a convenient

basis where the following relations hold:

‘22053—-:0 -(-‘ov‘ a#b | (2.5)

Assuming, without loss of generality, that x > 0, the two-component spinors of
each generation contained in the chiral superfields Da’ DZ will then combine to

form three Dirac spinors Déa of masses

‘TTIDQ = I‘qug\‘ X (o.: 1,2,3) (2.6)

P . c .

The mass matrix involving the scalar components of Da and Da has a slightly

more complicated structure. Even in the convenient basis we chose above, one has
in general a real symmetric 6x6 matrix, with nmon-trivial intergenerational mixing

The matrix elements are

- _""'2 2 2 — -~ z
MD‘D« -_’mDu-l-'mQ‘ +G(D), Mpf.p“ﬁumo‘;i-f’fﬁoi-}& (15),

P —2 2 -~ 2 2 2
Mp D= Mo, + Ny + &'(®) , Mgepf = ™, +mp +G (DY),

—- ~d2 2 4 — L _ =2 2 2, C
M By = My + g + G ® , Mpepf- oI, t fmps«-&CD D,
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3
¥ = - ~ XA
qu[" = ’f]ﬂ; X+ 1— ﬂ'ssc L‘Hc. L M D, P = m Diz

<

- 2

L)
T
Mp‘p:' = "1:23"_* ) 5333 ’E‘ZCDU 2 ™ 0P = mD‘t& 4
K
MD.%C= "')133.)(“}' ; casar_ '&13(_ uo ’

< 2
n ”3 ;c ‘)3%%?“'00 1B ch - DC" , Vipep=mmc ,

Mp°

!

Mew 5 o 0% . x+ S5 Naac g vD
pe D, = Nas e VY,

3 —
Xf?c&z,gc )(2-z,c_ now ) MD pes

n b
23 233 V& 23¢

<
o
A=)
"
1
(S
+
N
¥
h..-
c
¢

o
LYz T M z2s

- — ~2
Mocos-nmmz Aesekanedd Mg ogs fihe

Mppe = M, x+ 1‘_ Nzze Raze v0 .

(2.7)

Symbols appearing in the above formula correspond to the following general
expressicns for the superpotential and the soft supersymmetry~breaking part of

the scalar potential:

‘F‘ Qch, Ha ﬁbNC + kClbe. DQD; N_c,""--- i (2.8)
o2 ~ 2 * c

Veope= Tp,  DID + @ ye DY DY 4 .
+ W‘Zbc(Dq Do Ne +h.e.) +. . (2.9)

where the dots represent terms which do not contribute to (2.7}, m, are the
a

fermion masses given by Eq. (2.6) and a,b,c = 1,2,3. Moreover, ¢2(p) and ¢2(d%)

are the generation-independent D-term contributions to the scalar masses:

Q?'(D): -g— T‘:f;';ji‘; {+ (TGJ_ 2( ] (210



2
2 - .2
G(D)= 2 v tan Ow 1_1_(2)_1(5)2 (2.11)
= 15“ 5/u) 2 2\0 2\u
1+ (S/v)
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 » K ’
aaa aaa
scalar potential assumes the simplified form:

...}, 1In this case, the soft supersymmetry-breaking part of the

~ % ~
Vogs = Mg, Da e dys D517+

+ ‘thc A:‘bc('DoD:Nc’fh-C-)"'--- (2.12)

Moreover, the mass matrix (2.7) for D, squatks becomes block-diagonal in genera-

tion space, with each 2x2 block given by

~ 2 2 z Y -
M 2 m Dot * G (p) My, Ao.qs +J-533‘!EM3UU
Oa, - }gl ‘+:X ‘&Z \J{3 ‘i;;z 2 2, .
Mgzt P33R aa3 B +mg +G (D ) (2.13)

Let us examine now the phenomenological constraints on the quantities
appearing in Eqs. (2.6) and (2.13). These constraints are derived under the
plausible assumption that the main source of supersymmetry breaking in the obser-
vable sector is a universal gaugino mass mélg), assigned at the grand unification
scale MX, which in turn generates all the other SUSY-breaking parameters via
radiative corrections, taken into account by the renormalization group equations.

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

the constraint

¢ w3 G GeV
= ~ e
m,, Som 5 = 82

must be satisfied, where e is the running electric charge evaluated at Q2 ~ m%:
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it is then convenient to have as independent parameters x/v and v/v.

As other parameters appearing in (2.6} and (2.13), it is convenient to take
my, (EDalm%)z, (EDg/mé)z, A§a3/m%, A3z and ky,q3. To simplify the discussion
further, we shall assume that the only nen-negligible Yukawa couplings contribut-—
ing to the RGEs are indeed Ag33 = A, k333 = k and hV333 = h (where h 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 para-—
meters 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 sezond neutral gauge
boson. The corresponding upper limits resemble a form of naturalness constraint,
and are more subjective. The ranges of variation of v/v, A333 and k333 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 (ED /m%)z, (EDglm%)2 and Agasfm%correspond to the solu-
tions of the RGEs for allowed values of Ag33, kyyz and of the top mass. The
upper limits (in absolute value) correspond to small values of kyz3, and vice
versa*). The Yukawa coupling k333 must be greater tham ~ 0.25 to generate the
desired hierarchy x/v 2 2.8, and cannot be larger than ~ 0.55 if one wants to
avoid charge- breaking minima. The other couplings ki13 and ky,3 are assumed to
be smaller than kggy, and there are no lower limits on them apart from the

expetrimental limits on mp -
a

Let us see now what are the indications on the D% and D0 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:

Yy
'Y1'11:,0‘-~'=JZM._,> X = "zaas (;’_‘,—) vz G'F[L‘F(U/U)z]} * (2.14)

where GF = 1.166 x 1075 Gev2 is the Fermi constant. Using the limits of Table 1,

one finds T, 2 105 Gev, while for a = 1,2 the lower limit on mp, is the experi-
a

mental one:
Mp, P 20 GeV  (a=1,2) (2.15)

*) For a = 1,2 we expect the corresponding quantities to be close to these
limits, according to our assumption that kij13 223 <€ k333.
»
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An indicative upper limit on the D% masses comes from the naturalness comstraint,
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

correctionse). Using the values of Table 1, one finds:

My, My, < Mo, $ 4 TeV (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)E 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
k - . . .
mDa Ajaq 2> M333ky vy, 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 contri-
butions of Eqs. (2.10) and (2.11) become negative and big. On the other hand,

the positive contributions E% and E%c are proportional to m%. This suggests
a a

that light D, masses can be obtained for relatively high values of (x/v) and

6)

relatively small values of my . However, detailed model calculations ' exhibit a
strong correlation between x/v and my; in particular, to avoid (mass)? for the
charged "unHiggses" (H;,ﬁ;), (a = 1,2), which are too small or negative, a
relation of the type my Y Kcr(x/v) must be satisfied, with K. slightly dependent
on the other parameters, and generically in the range K.cr =~ 55+65 GeV. Even

taking into account this last constraint, together with the correlation between

D

m2 E%c and A% , one finds the following results:
a a aal

1) Calling Déa and Dga the two eigenvalues of the mass matrix (2.13), with

masses mn.] & m.2 , the following twe hierarchies are both possible:
D5a D3 a

Mpta < Mp, < Mp2, (2.17b)
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Under our set of assumptions, masses of the Dé3 (Dél,z) squarks as low as
100 GeV (170 GeV) are allowed. These lower limits come from the study of
the "unHiggs' wmass spectrum, and have been derived under some model-depen-
dent aSSumptionss). 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 gener-
ally lead to higher D, masses, favouring the case of Eq. (2.17a) with

respect to the one of Eq. (2.17b).
When the lowest possible wvalues for the Déa masses are attained, the mass
eigenstate Déa is always an admixture, with contributions of almost equal

. . ; . ey
magnitude, of the interaction eigenstates Da and Da .

This is essentially all the information on D%, D0 nmasses that one is able to

extract from model calculations. Despite all the constraints on the different

parameters, there is still a large freedom for the resulting spectrum of D%, Do

masses, which is not significantly bounded from below, thus motivating the pheno-

menological amalysis of the following sectious.

3.

3.1

- SINGLE D PRODUCTION AND DECAY

D Couglings

As was mentioned in the Introduction, the D, ¢ supermultiplets may couple

directly to ordinary quarks and leptons through the following superpotential

terms:

{f D J.DAC +gcb°u°d° (3.1a)
+ QLDCLG‘ + C)QDULP-& (3.1b)

c c
+D‘” Dd™» (3.1c)

No other couplings are allowed by invariance under the Eg 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
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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
disallowed combinations of couplings, though no explicit example has yet been
exhibited. Dirac neutrino masses can be made to vanish naturally only if the
couplings (AL,Ae) of (3.1b) are not present simultanecusly with the coupling kv
of (3.1c), and the same remarks about topological zeroes and/or discrete sym—
metries apply. We will take the sets (3.1a), (3.1b) and (3.1¢c) 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 -1/3 quarks is possible. Single production of
the scalar D is posgsible in hadron-hadron collisions via a+a + DO (q+q + Dz),
followed by D, > q9+q (Dg + gq+q). The squared amplitudes IMIz for the decays of

D0 and Dz to quark pairs are given by

2z
\ﬂoo\2= 245 'mzpo , I}f’ | = 632 'm;: (3.2)

and we have no idea what the ratio of the couplings KQ and hc might be. The

differential cross-section for the process h+h > (DO + qq)+X is given by

c[i- = (4/481!)% {U(Kc)d("‘g) +u(x2)d (x) +... ‘de,dxz ?CSx,xz-g) .

(3.3)

4 4
{ (64/3) . A (4/9)
A2 82 2 z A 2 2 2
(Ce-mp)* M m5) ((3-m}e)?+ Toe Mpe)
where v% is the centre-of-mass energy of the subprocess qq + D0 * qq, x; and x,

avre the fractions of the momenta of the incoming hadroms carried by the gquarks

with distributions u{x), d(x), etc., and I'p p¢ are the decay widths of the D,
o'“o

.. c . . . .
and DZ. No mixing between the D and D_ 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 func-
tion of the mass mDo, assuming mDo = ng and AQ = ic ™ X for simplicity. The
common Yukawa coupling is parametrized by its ratio to the electromagnetic

coupling
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'F — 9\&2/411 — /)c.z/“hl'
X e Kem

Note that although neutral current constraints impose severe upper bounds on

(3.4)

flavour- or generation-changing couplings of the D supermultiplets, there are no
severe constraints on their diagonal couplingsln. 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.
Figure 1 includes curves for all high-energy hadron-hadron colliders currently
envisaged: CERN pp at ¥'s = 630 GeV, FNAL pp at vs = 1600 GeV, LHC pp at /5 = 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 UA220). In Table 2 we compare their do/dM (jet-jet) multiplied
by the widths &M of the bins they use, corresponding to their mass resoluticn,
with the I)0 cross-section we would expect for F = 1. We see that the QCD jet-jet
background is between one and two orders of magnitude larger than our expected D0
cross-sections. We expect this state of affairs to be repeated at future colli-
ders, so that it will be difficult to see the D0 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 fermioms D,. In Fig. 2 we show diagrams
2
contributing to their possible decays D, » q+q+y in leading order. The squared
2

decay amplitude in the rtest frame of the Dé— is given by:

. pa
'/L( | "’Az(ﬁe)z4 (43" Mo, E; (Mo, Eq+ 5 Mo, - £ mg)
qﬁ N 2 2 2
(P%- my)
2
280" Moy Ea (Mo By + 4 M0}, - )
(?2__ mzaR)

2

(l/g )z Mpyz (Moyz’E{"Ez) ( Mpyz (Elq— EQ) —'é Mpkz -1-.'i rﬁf‘)
( Kz__ sz: )2
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(15)(-%) Moy, (26/E2 Moy, (£,+E2) +5 Mol 4 m3)
2
(P% wig) ( 2%~ mg)

_ (e (- %)M"vz (M%-QEZ) (MDVZ(E&EZ)—éMz%-pJZ-mzf)
(P2m'z) (K™ mpe)

+C’2/5)("’5) Mo, (Mpy,-2 () (M, (E+E2) —5M§V,+% ""sz)}
(B2-nfg ) (K- my)

(424 Mo, (Mo, E-E, ) (Mpy, (E1+E2)~4 Moy, +4 my)

(K mp)*

+ 9\1(\15‘2)24 [

+ MD.&E“ (nyzE|+ é ng; ‘Z mz\g) d

(C%.)z . -%5)° N 2(%)(-%) )
[Py~ (BZ i) | (2% mig ) (22 my)

(3.5)
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_3/5) MP;& (MD%"'z Ez) (MDVZCEI-'-EZ)-‘EMDZ +‘-j2" mzs:‘)

+
(k- mp)
( ) () ) ’
(BEm%) (Pz-m?%) (3.5)

P*= Mo, (Mp,-28,) , K= 2E,E2 (I-cosg)

¢ is the angle between the two final—state quarks, Ej and E; their energies,
we have assumed that the lightest supersymmetric particle % is essentially a

21)

N
photino v ~and we have neglected mixing between left- and right-handed

squarks. The partial decay rate d of the D% is given by

(emy®> myp

2
1 i
dr- L. A | K, | 4E.dE,
Y.
Y z
(3.6)
The decay rate given by (3.5) and (3.6) is a complicated function of le/mE g- In
- 3
2

the simplifying limit where mp <X ;4 and neglecting quark masses and m%,we
z

find

m“‘“ "‘ 2 2~

(2/3)2 . ~aX%)2
4
mg mg mg (3.7)

~ e (2¢)*4

vf?l_{.’)urem (5)° | %) , (B)C73) 2
(-)*
md}.
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Rather than use (3.5) in calculating the missing energy signature for D, produc-
z
tion discussed in Section 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 mow turn to the case (3.1b). Mixing of the D particles with conventional
charge -1/3 quarks would be possible if <0|3,0) = 0. However, as mentioned
earlier, this possibility is severely constrained by experiment, and we assume
<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/ﬁz(e+a > Dg/ﬁo), while DO/EE >

q+i (Dglﬁo + q+1) decays dominate. The squared amplitudes for these decays are

I/L(Do\iéa‘:ml;o / Ij'(pf]i 1235"’“;2;':_ (3.8)

Neglecting mixing, all of the Do decays are to jets + charged leptons, while the
Dg has 50% branching ratios into (jets + charged leptons) and (jets + neutrinos).

Again, we have no idea what the ratio of the couplings A, and AL might be. The

b
cross—-section for the process ep > DO—* Xq is given by

do= S22 0ucd) ]

250 R A
(8-Mge)* e MZ  (A-M 2 M2

(3.9)

where Vs = VéEeEP is the centre-of-mass energy and 5 is the invariant mass
squared of the colliding lepto-quark combination. In Fig. 3 we show the integra-

ted cross-section as a function of mDo, assuming m, = ng and (AE+A§) = Az =

0
= 4n.F.aem as in Eq. (3.4). Results are presented for HERA: /s = 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 compafed with the background

from the conventional process e+p » e+X, whereas the cases where the lepton is a
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neutrine must be compared with the charged current cross-sections for e+p > v+X.
There would be relatively little background if the D decays into a p or a T, but

17)

flavour-changing neutral current constraints severely restrict the possible

couplings to these leptons.

We show in Table 3 numerical calculations of the cross-sections for e +p »
(Do + e~+q) + %, compared with the continuum background coming from the conven-
tional electromagnetic and neutral current scattering e +p + e +X. To estimate
the background, we have integrated over bins in x corresponding to the e + jet

22). We see that the signal-

mass resolutions expected for the HERA detector ZEUS
to-background ratios are very favourable if F = ], which may be an upper bound on
the Dqf coupling. 1Tt should also be possible to detect the D0 even if F is
considerably smaller than one. The process e+q > Do + y+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 resclution for the mass bump
in the (v+q) channel is in the ZEUS detector only a factor ~ 1.6 worse than in
the (e+q) channel. The other HERA detector Hl is expected to have an (e+q) mass
resolution somewhat better (by a factor ~ 1.1} and a (v+q) mass resolution some-
what worse (by a factor ~ 1/1.7) than the ZEUS detector. Similar calculations

can be made for higher energy ep collider projects, with similar conclusionSZB).

The squared amplitude for D, » qiy decay in the D, trest frame is given by
2 2

2 1 2
io.'Mo.Z’ 3 mzi' - MpaEE)MDv, Ef. 21/3) %) 2
(8% myp)* (B%mY)

2 ()" Mo, (Mo EoBe) (Mo (EerEq) -5 Ml + 5 ™)
( K- mzn‘;)z

+
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(%3) (QM:"Z EqEq - Muy, (Mo, (Eprq) - IMa, +4m3)
(Pz‘m%b) (pe- mé_)

+

(“2) Mpu,_ (M?v,_ (Ee+Bq)- .%.M"”zz M %-m'}')
(K*- mg)

[ Mo26s (Mo 260 (%) (Mo, 2B )W)
(ank)  (2%*w2) (2% mg)

E

2 2
A -2 3 p J"‘49 -im ~-Mpo E.
3e(m>z-12.{ () Moy, Eo(4Mry-4my MouEe)

(27 - i)’

4 2
Mo, Eq (5 Moy - & my ~Mo, Eq)

(P?%-wm2 )2

e

-%4) (2 Mo, EeEq ~Moi, (Mo, (Ee+Eq) -3Mr + L m5)
| 2
(P2-mi) (2% wi)

+

(3.10)
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2
C '/5)2 M"'fz (Mv'fz"E’l" EC) (MO&CEU'E‘Q -3 Mo, + Jin'ff) (3.10)
2 2 2 Contd.

(K - mpa)

where

2
? = MD|& (MDVZ_'Z E.e’q)

k2=_QEgEti (1—(’05(0)

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

energies and df is given again by (3.6). In the simplifying limit where

mD% << my, ey we find

(Y R 20wy

- " 4 4 Py 2 2
2n)y* 192 mg Ly me mMe Mg
2 2 (-24)" i 2(-%) (3.11)
+4 (fze) -3-4 + + :
e m3 ™ ms m>
uR eg €r ml:l-'g_

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

3.4 Couplings to Conjugate Neutrinos

Finally, we turn to the case (3.1lc). Mixing of the D particles with conven-
tional charge -1/3 quarks would be possible if <O|’;C|0> f 0. However, as men-
tioned before, we assume here that <Or;c]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+vc,
o
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which would have the same experimental missing-energy signature as conventional
squark E * q+? decay. The dominant decays of the D% in this case are to q+vc+;

via the squared amplitude
2

,M lz: 35 (J’ée)z 0. (‘é)sz,ﬁE» (%Mv.,z—%
(2% mh)

P 2:: MD&Z(MDA“L‘- 2Eu)

(3.12)

where we have already taken the simplifying limit mD% « my, ey which is used in

the phenomenological analysis of its missing energy signature in Section 4.

4. - PAIR PRODUCTION IN HADRON-HADRON COLLISIONS

In this section we discuss the possible cross—sections and signatures for

(=) = -
PP DOD°+X and D%D%+X.

4.1 Cross-sections

The forms of the parton-parton cross-sections for gg, qq + D are identi-

24)

D
o o
cal to those of gg, gq > Ea if one compares the limits . >> my, and oy >>

2 o]

ma, due to the fact that D0 couplings to gluons are identical to those of a. The
only difference between the total cross-sections in these limits is therefore an

overall combinatorial factor counting the total number of D0 or E species. 1In

S

. 25) .
previous work, two of us have generally assumed 5 approximately degenerate

flavours of squark (E, d, ;, ¢ and b). and added together both left- and

right-handed quarks. Here we add together the Do scalars expected from three
generations, and also include both left- and right-handed states. In this case,
U(DODO)/c(qq) = 3/5.

The forms of the parton-parton cross-sections for gg, qq »> D%]FSl are identi-
%

cal to those of gg, qq + £e26)

if one considers the limit my > mpy . Equiva-
o 3

lently, these parton-parton cross-sections can be obtained from those for B8,

24)

99 * 88 in the limit m » fr simply by adjusting the colour factors.
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4.2 Possible Signatures

As discussed in the previous section, possible decays of the DO are to qv,
q4~ aund qq, while the D% may decay to qv;, ql‘% or &E&, where the E 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: Doﬁo-* (qv) (qv)

D%D%-+ (qqx) (qqx) or (qvx)(gvy)

Charged lepton pairs: Doﬁo-* (@2t
Leptons and missing energy: D%B%-+ (g2 %) (gd*y)
Dijet mass bumps: D050-> (99) (qq)

While the semileptonic decay of one D is not compatible with the simultaneocus
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. How-
ever, we will not discuss such dijet + lepton + missing energy final states. Nor
will we discuss final states with two charged leptons of different flavours:
eiu;, etti, utri. We concentrate on the missing-energy signatures and on the
charged lepton pair signatures. We present here results for pp collisions at
Ys = 630 GeV corresponding to the CERN Collider, and 1600 GeV, corresponding to
the Fermilab Collider: results for pp collisions at /s = 17 TeV corresponding to

the LHC will be presented elsewhere23).

4.3 Missing Energy Signatures

To discuss these quantitatively we have used the same approach as in previ-
ous workZS) on UAl dataIA). We divide missing energy events into the following
categories; monojets: only one cluster of hadronic energy within AR =
/TEEFY?IT3537'= 1 above a threshold of ET = 12 GeV, and missing transverse momen-—
tum p. in excess of 4o, where the measurement error ¢ = 0.7/ET(GeV); dijets: two
such jet clusters and P > 4g; trijets: three such jets, etc. Our calculations
include a somewhat more subtle characterization of the UAl detector which is

described in previous publicationSZS). However, a full description of the
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assignments of missing energy events to different categories is impossible in the
absence of a full detector simulation. Therefore in this paper we restrict our-
selves to quoting cross-sections for monojet events and multijet events, and
emphasize that a realistic detector may shuffle events between these two

categories,

Dg + qv The signature for this decay is identical to that previously dis-

) 13)

cussed for q + z? with m? = 0. Figure 4a contains our predictions for
monojets and multijets ) from Doﬁo production at vg=630 GeV including the factor
of 3/5 in the cross-section which was mentioned previcusly. The horizontal lines
correspond to o = 7 pb (solid line: five events in the present event sample of
about 700 nb‘l), o = 1.4 pb (dashed line: corresponding to one event in the
present sample) and ¢ = 0.28 pb~l [dotted line: corresponding to perhaps five

events at the pp collider with ACOL27)]

. We believe that a lower limit on the
D0 mass could only be established by the UAl 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. Figure 4b contains analogous cross—section
o

curves for ¥s = 1600 GeV. At this energy, a sensitivity comparable to present

CERN Collider data would increase the possible limit to my 2 120 to 130 Gev.
o

D%-+ qﬁ; Here there is some additional ambiguity provided by the unknown mass of
the i. Model analyses of sparticle spectra suggest that mi > 15 Gev, and it

would easily be a large fraction of my . Therefore we plot in Fig. 5a our results
for /s = 630 GeV as contours in the (mp, s mf) plane corresponding to o = 7 pb
3

(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 UAl semsitivity teo oy is essentially
F

unchanged for 0 < m; < 15 GeV, but decreases significantly for larger m;, and

disappears in the limit > mD%. less than five monojet events in the present

UAl datal4)

would correspond to mD% 2 70 Gev if the ; is light, or mD% 2 50 to 60

GevV if Ty = 3 mp,. We plot in Fig. 5b cross-section curves for Ys = 1600 GeV
z

assuming for definiteness that my = 3 mD%. We see that a seunsitivity comparable

to present UAl data would increase the possible limit to mD% 2 120 Gev.

*) Note that in this and the next case the vast majority of multijet events only
contain two jets.
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D%-+ qqx This is an alternative decay mode of the Dy which has a signature simi-
lar to the conventional E + q&? decay, although the cross-section is somewhat
different and the mass of the ¥ may not be negligible., In Fig. 6a we have plotted
for ¥s = 630 GeV contours in the (mD%, mi) plane corresponding to o = 7 pb (solid
lines), l.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 sy and large mD%, while the
multijet cross-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 mD% 2 80 GeV for w L 20 GeV,
while an upper limit of five monojet events in the present data would correspond

to mp 2 60 GeV ifm, =% mD%. Cross-section curves for /s = 1600 GeV and my = %
z

X X
mD% are plotted in Fig. 6b. Here we see that a multijet sensitivity comparable

to that presently achieved by UAl would reach mD% ~ 150 GeV.

4.4 Charged Lepton Signatures

Taking our cue again from UA115), we have taken the following cuts on
charged leptons: Inll < 1.3, ,nzl < 2.0, mpyp- > 6 GeV and pil, p%z > 3 GeV for

i
ot
tion cuts: Gﬁ 2E%) ¢ 9 GeV? in the combination of cores with AR = ¢(A¢)2+(An)2 <

muons, R pT2 > 8 GeV for electrons. We have also tried the effects of isola-
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 /s = 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 m; 3 60 GeV and differ by less than 10% even for mj =~
o o

40 CeV. Note that here we have assumed a 100% branching ratio into qu~ for each
of the three generations of D particles. This is probably unreasonable, a better
guess being that at most onme of the three generations of Do particles would have
a large branching ratio into qu~. 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 UAl event samplelS) would correspond to my 2 60 to 70
o

GeV. Corresponding cross-—sections for ¥s = 1600 GeV are shown in Fig. 7b. A

sensitivity comparable to UAl's present achievement would then yield m; 2 140
o

GeV.

> ql% Here we meet again the ambiguity in the mass of the E. If these events

Dy X
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are treated simply as possible missing energy events, and no attempt is made to
identify the charged leptons, then the results éf Fig. 6 are directly applicable.
Alternatively, they could be analyzed as (L*L1~) events with no attempt made to
measure missing energy. In this case, their signature would be similar to that
of D0 + qX. Figures 8a and 8b show cross-section curves at vs = 630 GeV and 1600

GeV respectively, assuming ny = 4m We see from Fig. 8a that an upper bound of

D%'

five events in the present UAl sample would yield mp 2 80 GeV, while comparable
5

sensitivity at the Fermilab Collider would yield mp, 2 160 GeV.
z

5. — CONCLUSTIONS

Superstring-inspired models offer the possibility that additional light
colour-triplet, charge |1/3| particles exist in addition to conventional quarks.
These D particles exist with spin zero (two per generation) and spin # (one Dirac
fermion per generation). We have motivated and studied the case where the D
particles do not mix with the conventional charge |1/3| quarks d,s,b. In contrast
to conventional GUTs, symmetry breaking by the Hosotani mechanism at the compac-—
tification scale offers the possibilities that D particles have either purely
leptoquark couplings Daf,_gg purely diquark couplings Dqq. 1In this paper we have

studied the phenomenclogies of these two cases.

In the case of leptoquark couplings, we find that the spin-zero D0 particles
could be produced and observed at HERA if they have masses £ 250 GeV. Future ep

colliders could extend the search for leptoquark D0 particles above 1 TeV.

In the case of diquark couplings, we find that the single production of
spin-zero Do particles at hadron-hadron colliders through qq annihilation is

likely to be overwhelmed by a large QCD jet-jet background.

Pair production of Doﬁo and Dgﬁg at hadron-hadron colliders offers a promis-
ing way to search for these particles. The pair-production mechanism leads to
characteristic experimental signatures in almost all possible decay channels if
m;/mD < 2. The Do and D% particles could be sought in samples of missing-energy
events, L*1” 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 D0 or D% particles weighing
up to ~ 130 GeV. 1In the longer term, at the LHC or the SSC one could search for
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the pair production of D0 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

systematically in their present and future data for exotic charge |1/3l particles

with diquark or leptoquark couplings.
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0.2 < v/v < 0.6
2.8 < x/v < 10
100 GeV < my < 500 CeV
0.15 < Aa33 < 0.35
~2 2
3.00 < mD3/m% < 3.35
~ 2.2
2.95 < mD;: /m% £ 3.30
-3.5 < Ak /m < -3.0
. 2 333/™1 L .
0.25 < K333 < 0.55
Table 1
6)

Typical values ' of the model parameters, specified
at the electroweak symmetry-breaking scale. The
couplings ka3 (a = 1,2) are assumed to be signifi-
cantly smaller than the coupling kiijz.
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g, 100 200 300
[s]
x = m%/s 0.1 0.40 0.91
Background
cross—-sections
el (nb) 42.3 1.4 2.0.107%
do/dx
eg(nb) 24.6 0.7 9.3.10°3
Sm(GeV) ZEUSZZ) 2.0% 2.9 3.5
80 = 4mémo/s(nb)} | (L) 0.35 0.032 8.4.10°6
(zEUS)22) (R) 0.20 0.016 3.9.10°6
op (F = 1) (ab) 3.6 0.32 0.83.107"
o]

Table 3: Signal and Background for D0 Search in ep Collisions

Calculations for HERA: vs = 314 GeV, corresponding to Ee = 30 Gev, Ep = 820 GeV
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FIGURE CAPTIONS

Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
iF_ig- 6
Fig. 7
Fig. 8

Total cross-sections, as functions of myy and F = (12/4n)/aem, for
0

the process h+h » (D » qq)+X for a) pp at ¥s = 630 GeV, b) pp at
Ys = 1600 GeV, c) pp at /s = 17 TeV and d) pp at /s = 40 TeV. The

. . c - .
cross—sections include Do’ Do’ DO and Dg production,

_———

Tree diagrams contributing to the decay D% > qqy-

Total cross-section, as a function of m, and F E.(Kzlhn)/aem, for
o ;

the process ep » (D » lq)+X; a) at /s = 314 GeV, b) at Vs = 1.4 TeV
and ¢) at ¥s = 1.8 TeV. The cross-sections include D0 and 52

production,

Total cross-section, as a function of oy for the process

[s]
pp > (D » qv) + (B » qV) + X, (S > qv) + (B » qv} + X
a) at s = 630 GeV and b) at ¥s = 1600 GeV.

a) Contours, in the (ﬂD%, mi) plane, of o = 7pb (solid line),

g = l.4pb (dashed 'line) and o ='0.28pb (dotted line), fqr mone jet
(circles) and multijet {crosses) events from the process

PP * (D%.4 qv&) + (5%_+'a;§) + X at vs = 630 GeV;

b) total cross-section as a function of my (assumed equal to Zmi),

‘for ;the same process at s = 1600 GeV.

é) As in Fig. Sa:for the prdgess. -
PP+ (D, » q@D+(Dy » aa¥) * X at /s = 630 GeV;

b) as in Fig. 5b for the same process.

Total cross-section as a function of w for the process
O
pp > (D » qu+(B_ > qut) + X, (D > qu*) + (B » qu) + X
a) at ¥s = 630 GeV and b) at ¥s = 1600 GeV. The centrality and

isolation cuts are specified in the text.

Same as in Fig. 7 for the process
pp > (D) > qu ) +(D, qpty) + x
a) at ¥s = 630 GeV and b) at s = 1600 GeV.
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