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Abstract. We explore the possible exotic particle content beyond the standard model by examining all its
scalar bilinear combinations. We categorize these exotic scalar fields and show that without the suppression
of (A) their Yukawa couplings with the known quarks and leptons, and (B) the trilinear couplings among
themselves, most are already constrained to be very heavy from the nonobservation of proton decay and
neutron-antineutron oscillations, the smallness of K° — K9, D° — DO and BY — BY mixing, as well as the
requirement of a nonzero baryon asymmetry of the universe. On the other hand, assumption (B) may be
naturally violated in many models, especially in supersymmetry, hence certain exotic scalars are allowed to
be below a few TeV in mass and would be easily detectable at planned future hadron colliders. In particular,
large cross sections for the distinctive processes like pp — tt,tc and pp — tt, bb would be expected at the

Fermilab Tevatron and CERN LHC, respectively.

1 Introduction

The quarks and leptons of the minimal standard model are
familiar fixtures of particle physics. Under the standard
SU@3)e x SU(2)r x U(1l)y gauge group, they transform
as follows

d;
dig ~ (3,1,-1/3); (1)

(7) ~(1,2,-1/2), lLir~(1,1,-1). (2)

<“> ~(3,2,1/6), wuir ~ (3,1,2/3),
L

In the above, the index ¢ denotes the known 3 families.
Only one scalar bilinear combination of these fermions is
required in the minimal model, i.e.

(¢+7¢0) ~ (172’ 1/2)’ (3)

which couples (u;,d;); to u;r and d;g, as well as (v, ;)
to ljr. As qﬁo acquires a nonzero vacuum expectation
value, v = (¢°), the quarks and leptons obtain masses
and there is mixing among the quark families, but not
among the lepton families. The other possible bilinear
combinations may give rise to unobserved phenomenol-
ogy. Therefore their masses and couplings to fermions have
been stringently constrained from low energy and collider
processes [1,2].

However, the scalar bilinear combination which cou-
ples (vi, ;) to (v,1;)L, e,

(€++7£+7£O) ~ (L 3, 1) ) (4)

has been shown to have important phenomenological im-
plications [3] beyond these considered in the previous
works. The new ingredient is the trilinear coupling of £ to
the standard model Higgs boson which, together with the
Yukawa couplings to fermions, may give rise to baryogen-
esis or, alternatively, to wash away the baryon asymmetry
of the universe. Also, for a very large Mg, it is natural for
€9 to acquire a tiny vacuum expectation value, thereby
allowing neutrinos to obtain very small Majorana masses
and to mix with one another.

In this paper, we extend the above consideration to
all possible scalar bilinear combinations of the quarks and
leptons of the minimal standard model including diquark
scalars. We categorize these exotic scalar fields and as-
certain their various contributions to physics within and
beyond the standard model. From a general consideration
we can show that most are already constrained by present
experimental data to be very heavy. This is based on two
assumptions: (A) the Yukawa couplings of these exotic
scalars with the known quarks and leptons are all of or-
der unity, and (B) the trilinear couplings of these exotic
scalars among themselves are of order the mass scale of
the heaviest particle involved. Whereas assumption (A) is
a natural one in almost any model, assumption (B) is sub-
ject to many other possible qualifications. For example, ex-
act supersymmetry often forbids the existence of trilinear
scalar couplings, in which case any such coupling should
not exceed the scale of supersymmetry breaking, which
may be very small compared to the mass of the heaviest
particle involved. Relaxing assumption (B) allows certain
exotic scalar particles to be below a few TeV in mass and
they would easily be detectable at planned future hadron
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Table 1. Exotic scalar particles beyond the standard model

Representation qq gl ¢l 1l Comment
(1,1,-1) X ny>2
(1,3,-1) X neutrino masses
(1,1,-2) X e~ e collider

(3*,1,1/3) X X p— etr?
(3,3,1/3) X X ny>2
(3*,1,4/3) X X ny > 2
(3*,1,-2/3) X ny > 2
(3,2,1/6) X HERA
(3,2,7/6) X anomaly
(6,1,—2/3) X neutron-
(6,1,1/3) X antineutron
(6,1,4/3) X oscillations
(6,3,1/3) X K° — KO0 and
(8,2,1/2) D° — DO mixing

colliders. In particular, large cross sections for the flavor-
changing neutral-current (FCNC) process pp — tc, and for
the quark flavour violating resonance processes pp — tt, bb
may be expected at the Fermilab Tevatron and CERN
LHC, respectively. Also, the cross section of the resonance
process pp — tt at Tevatron, though sea quark suppressed,
may be large enough to provide an observable excess of
the same-sign dilepton final states indicating clearly for
the new physics.

The outline of the paper is as follows. After the In-
troduction we classify the exotic scalar bilinears and dis-
cuss constraints on their masses and couplings. In Sect. 3
we present our results on diquark mediated processes at
hadron colliders. We conclude in Sect. 4.

2 Classification and indirect constraints

In this section we classify the exotic scalars and constrain
their masses and couplings from low-energy phenomenol-
ogy and from cosmological considerations. In Table 1 we
list all possible scalar representations which are products
of two known fermion representations. The colour singlet
fields have been listed before in [1] and the colour triplets
and sextets in [4]. We cite the most stringent constraints
on their masses and interactions from previous works and
add several new bounds.

2.1 Dileptons

First we consider the three scalar dileptons.

(1,1,-1): This scalar singlet couples to v;l;—I;v; where
1 # 7, hence the number of families n; must be 2 or
greater. It contributes to p and 7 decays leading to the
constraints [1, 5]

Mx

4
le6x10 GeV;

w—>ey:
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GT:&R

eT

2 3.2x10% GeV;

2.2 x 10 GeV,

Mx
Jur

where My denotes the scalar mass. Similar bounds can
be derived from the precision electroweak data. If it is
assumed that this exotic scalar contributes less than 0.1%
of the p decay rate, then its mass divided by | f.,,| is greater
than 1.1 x 10* GeV [6]. It has been also shown to be useful
for the radiative generation of neutrino masses [7].

In models with two or more Higgs doublets, there are
in general trilinear couplings given by

—Livj) + haMx X~ (6] ¢) —

L =Xt ¢ 97) - (6)
Lepton-number conservation is thus violated and if hy and
hs are unsuppressed (which is the case in most models
of radiative neutrino masses), the resulting interactions
will erase any lepton asymmetry of the universe before
the onset of the electroweak phase transition. This will
deprive the anomalous sphaleron-induced processes from
converting an existing lepton asymmetry into a baryon
asymmetry of the universe [8]. To forestall this eventuality,
X must be heavy:

M M
“X 210 GeV or =5 210" GeV  and

h’l h’2
Mx
——5 2 100 GeV. (7)
hih3

(1,3,~1): This scalar triplet couples according to
EOV,L'I/]‘ + €+(Vilj + le])/\/i + §++lilj and allows us to
have the most general 3 x 3 Majorana neutrino mass ma-
trix without right-handed neutrinos. It also couples to the
standard Higgs doublet according to £2¢%¢° + /26~ ¢pF ¢°
+E~ ¢t ¢t and it has been shown [3] that a tiny (£°) of
a few eV or less is obtained for M¢ 2 10'® GeV. If there
are two such triplets, a successful leptogenesis scenario [3]
for the baryon asymmetry of the universe may also be
obtained.

Alternatively, it is possible that £ does not couple to
¢, in which case lepton number is conserved, but not lep-
ton flavor. In this latter scenario, the most stringent con-
straints come from p — ecé [1] decay and p — e conversion
in nuclei [9], which are given by

Mx

(feefeu) /2~
Mx

(feafua) /2

respectively, where, a = e,u or 7. The doubly charged
component of the triplet may give rise to unique lepton-
flavor-violating signatures at collider experiments [1,10,
11]. In particular, for certain neutrino mass patterns where
the neutrino decay lifetimes are constrained, there are
lower bounds on the cross sections of the processes
e"e (p~p~) — 171~ such that they must be seen at fu-
ture lepton colliders [11].

> 2.2 x 10° GeV  and

2 4 x 10* GeV, (8)
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(1,1,—2): This doubly charged scalar singlet couples to
l;rljr symmetrically. It is relevant for e~ e~ colliders [1,
10], but it also contributes to lepton-flavor-changing pro-
cesses such as p—e conversion, yu — ey, and u — ece. The
bounds from these processes are the same as those for the
(1,3,-1) scalar.

If this exotic scalar X coexists with the previously dis-
cussed (1,1, —1), now call it Y, which is much lighter than
X, then there may be lepton-number-violating couplings
given by

L= h1X++lRlR + hQMxX++Y7Y7.

In this case, X has to be again heavy to satisfy the lepto-
genesis constraints [8],

M M
—f > 10" GeV  or —;( > 10" GeV and
hi h3
Mx 16
= 10™° GeV (9)
hih3

2.2 Triplet diquarks and leptoquarks

The decomposition of 3 x 3 being 3* + 6 under SU(3),
there are two types of scalar diquarks. The antisymmetric
combination 3* may also couple to an antiquark and an
antilepton as shown in Table 1. This means that proton
decay is always possible, if not at tree level [4] then in one
loop as we show below.

(3*,1,1/3): This exotic scalar singlet couples to
u?Ld?L - u?Ld?L - d?Lu?L + deu?L where o, = 1,2,3
are color indices. This combination is antisymmetric under
both SU(3)¢ and SU(2) L, but symmetric under the inter-
change of families. It also couples to uf‘Rd]@ n— uiﬁ rdjR as
well as ﬂiLl_jL —d;r v;r, and ﬂiRZ_jR. Hence it mediates pro-
ton decay with the effective operators (uudl) and (uddv).
Using 7(p — 7% ™) 2 9 x 1032 years, one finds the con-
straint

Mx
— = >10'% GeV.
|fudful‘1/2

Although this is the strongest bound, it is applicable only
to u, d, and s quarks. However, if other couplings are
large, there will be fast baryon-number-violating interac-
tions in the early universe and a baryon asymmetry cannot
be maintained. Thus strong bounds exist for all quarks,
namely

(10)

Mx > 105 Gev.
12
On the other hand, if baryon asymmetry is generated after
these scalars have decayed away, then these bounds will
not be valid.

(3*,3,1/3): This triplet scalar diquark couples to a
symmetric combination of SU(2), doublets, hence it must
be antisymmetric in its coupling to quark families. It me-
diates proton decay with the effective operators (uusl) and

(11)
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Fig. 1. One-loop proton decay due to the (3*,1,4/3) scalar
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Fig. 2. One-loop proton decay due to the (3*,1,—2/3) scalar

(udsv). From the nonobservation [5] of processes such as
p = etK% or p — ptKY we find its mass divided by
\fusful\l/z to be also greater than about 106 GeV.

There will also be constraints from the survival of the
baryon asymmetry of the universe in this case, which are
of similar magnitude but applicable to all generations,
Mx/f2 2 1015 GGV

(3*%,1,4/3): As a diquark, this exotic scalar couples
only to w;rujr, where i # j. As a leptoquark, it couples
only to dirl;r. Since the c or ¢ quark must appear in
a tree-level effective operator, proton decay here requires
a one-loop diagram such as the one depicted in Fig. 1.
The resulting effective operator (uusl) is suppressed by the
factor GpmemsVesVis/16m%. We find thus the constraint
on the mass of this scalar to be

M
X >53x10'" GeV.
|fucfsl|1/2

There will also be constraints from baryogenesis in this
case, which are of similar magnitude but applicable to all
generations, Mx/f? 2 10*® GeV.

(3*,1,—2/3): Because there is no singlet neutrino, this
exotic scalar acts as a diquark, but not a leptoquark. It
couples only to d;rd;jr, where i # j. Hence it does not
appear to mediate proton decay. However, the trilinear
scalar interaction

(3",1,-2/3)(3",1,1/3)(3*,1,1/3)

(12)

(13)

is generally allowed and the effective operators (udsv) and
(ddsl) may be obtained in one loop as depicted in Fig. 2.
Note that these have the selection rule AB = —AL in-

stead of the usual AB = AL. Let the trilinear coupling be
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p and the mass of the (3*,1,1/3) scalar be My, then the
loop suppression factor for decays such as n — e~ KT and
p— vKTis ,ump/167T2M32,, where m,, is the proton mass.
Taking the natural value of x to be equal to My ~ 106
GeV, we find the mass of the (3*,1, —2/3) scalar divided
by | fas fudfar|'/? to be greater than about

MX (mpMy)1/2
|fdsfudfd1/|1/2 ~ 4m

In addition to this bound, if the scalar (3*,1,-2/3) has a
trilinear coupling as assumed above, then its interaction
with two quarks and simultaneously with two (3,1,-1/3)
scalars will break baryon number. To prevent an existing
baryon asymmetry from being washed out, we would then
get a much stronger bound on its mass and couplings,

~ 7.7 x10° GeV. (14)

M3 /p? 2 10*° GeV
M3/ f2u? 2 10'° GeV,

or Mx/f2 > 10 GeV  and

(15)

assuming that My < Mx. The same consideration ap-
plies to the (3%,1,4/3) scalar if the trilinear coupling
(3*,1,4/3) (3*,1,-2/3) (3*,1,-2/3) also exists.

2.3 Leptoquarks

There are two scalar leptoquark representations, both of
which are SU(2), doublets. They are ¢l (and not ¢l) com-
binations, and may be relevant [12] to the erstwhile HERA
anomaly [13] of excess events at large momenta in e*p
scattering. Reviews on the constraints on leptoquark cou-
plings to fermions can be found in [2].

~ (3,2,1/6): This scalar leptoquark couples to
(li; ;) Ldjr. It mediates lepton flavor-changing processes
such as K° — ey ~. From the experimental upper bound
[5] of the latter, one finds its mass divided by |faefs.|*/?
to be greater than about 2.4 x 10° GeV.

~ (3,2,7/6): This scalar leptoquark couples to
(li, 7)) Lujr and lir(uj,d;) . The same constraint applies
here as in the previous case.

2.4 Sextet diquarks

The other type of scalar diquark is an SU(3)¢ sextet. It
couples symmetrically to two SU(3)¢c quark triplets. It has
not received much attention in the past, but it is poten-
tially an important hint for physics beyond the standard
model. These scalars contribute at tree level to K — KO,
D° — DY and Bj — BY mixings, and neutron-antineutron
oscillations naturally occur from the trilinear scalar inter-
actions (6,1,—2/3)(6,1,1/3)2, (6,1,—2/3)(6,3,1/3)? and
(67 17 4/3)(67 17 72/3)2

(6,1,-2/3): This exotic scalar couples to d;rd;r sym-
metrically, whereas (3*,1,—2/3) does so antisymmetri-
cally as already discussed. Comparing the two cases, we
see that a similar loop diagram to Fig. 2 would gener-

ate the effective operators (uddi) and (dddl). Hence its
mass divided by | fgaqfuafar|'/? should also be greater than
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about 7.7 x 10° GeV. The effective dd — ss and dd — bb
transitions which induce K° — K9 and Bj — BY mix-
ings give somewhat weaker bounds, 1.5 x 106 GeV and
4.6 x 10° GeV, on its mass over the couplings | faqfss|'/?
and | fgqfus|'/?, respectively.

(6,1,1/3): This exotic scalar couples to uf‘Lde
+uf L4 — d?Lu? L= df 1 ujr,, which is antisymmetric under
SU(2), and the interchange of families. It also couples to
uf‘Rdf r+ uf rd5g- Since the trilinear scalar interaction

is generally allowed, the analog of Fig. 2 is also possible
here. We find the mass of the (6,1, 1/3) scalar divided by
\fudfdbfbl,|1/2 to be also greater than about 7.7 x 10% GeV.

As discussed before, the coexistence of a trilinear scalar
coupling and a Yukawa coupling with the quarks will cause
fast baryon-number violation. Forbidding it will impose a
stronger bound on the mass and couplings of the heavier
scalar, My /f? 2 10 GeV.

(6,1,4/3): This exotic scalar couples to u;ru;r sym-
metrically. It does not participate in proton decay. How-
ever, from the allowed trilinear scalar interaction

we obtain the effective (udd)? operator which induces
neutron-antineutron oscillations. From the present exper-
imental upper bound [14] of the latter, we find the mass of
the (6,1,4/3) scalar divided by |faa||fuu|'/? to be greater
than about 1.3 x 10% GeV. However, this limit is super-
ceded by considering the effective uu — cc transition
which induces DY — D% mixing. From the experimental
upper bound [5] Amp < 1.4 x 10710 MeV, we find the
mass of the (6,1,4/3) scalar divided by |fuufee|*/? to be
greater than about 7.3 10° GeV. Again the consideration
of baryogenesis applies as before.

(6,3,1/3): This exotic SU(2)y, triplet has all the cou-
plings of the previous 3 singlets. It partcipates in the tri-
linear scalar interaction

(63371/3)(63'?’;1/3)<631a72/3)7 (18)
which induces n — 7 oscillations. Hence its mass divided
by | fual'/?| faal*/* should be greater than about 1.0 x 10°
GeV. The baryogenesis bound will also be similar as in
the other cases. Previously quoted bounds coming from
the KO — K0, D — DO and Bj — BY mixings apply also
in this case..

2.5 Octet

(8,2,1/2): This SU(3)¢ octet couples (u$,d$)r to ufR
and df - It carries neither baryon nor lepton number. Con-
sider the neutral member of this SU(2);, doublet. Unlike
the standard neutral Higgs boson, it has in general non-
diagonal couplings to quarks. Hence there is an effective
d5 — sd transition which induces K° — K9 mixing. We
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find thus the mass of this scalar divided by |fas fsa|*/? to
be greater than about 1.5 x 10 GeV. Bounds from the
other neutral meson mixings are also valid here.

All the bounds coming from the survival of the baryon
asymmetry of the universe may be avoided to some ex-
tent, if a baryon asymmetry of the universe is generated
after the heavy scalars (whose interactions violate baryon
number) have all decayed away. However, in this case,
there will still be a bound on the masses of these heavy
scalars, which is the scale of baryogenesis. If these scalars
are lighter than the scale at which baryon asymmetry of
the universe is generated, then their interactions will erase
the asymmetry thus generated. Hence the bounds from the
constraints of baryogenesis can at most be made milder by
generating a baryon asymmetry of the universe at a lower
energy scale.

3 Diquarks at hadron colliders

In general, the above derived bounds on the couplings and
masses of the SU(3)¢ triplet and sextet diquarks depend
on the attributed flavor indices and, most importantly, on
the assumption of the existence of the trilinear couplings.
For example, if the latter are absent or strongly suppressed
as in some models of supersymmetry, then the most strin-
gent bounds from proton decay, neutron-antineutron os-
cillations and baryogenesis can be evaded in the case of
sextet diquarks. The bounds coming from the measure-
ments of K — K0 D° — DO and B) — BY mixings still
apply, but if we take care of them by suppressing the di-
quark diagonal couplings involving the first two families,
then no bounds at all exist for the others. The diquark cou-
plings to the third family, in particular to the top quark,
can only be tested in experiments at Tevatron and LHC.
In order to be consistent with the above discussed exper-
imental constraints there are widespread arguments [15]
that new flavor-changing interactions are likely to affect
mainly the physics of the third family of quarks only.

At Tevatron diquarks may give rise to t-channel pro-
cesses ull — U;Uj, ud — Jiuj and dd — Jidj due to the
proton and anti-proton valence quarks collisions; and s-
channel resonance processes uu — u;uj, ud — d;u; and
dd — d;d; due to the proton valence quarks and anti-
proton sea quarks collisions. Among these the most inter-
esting final states are tf, tt, tb, tb, bb, bb and t¢, tc because
top, bottom and charm tagging allows one to distinguish
them effectively from the standard model background. In
particular, the observation of a large rate for the flavor-
changing process uu — tc¢ at the Tevatron Runs IT and
IIT would indicate unambiguously the existence of new
physics [16]. Also, large excess of the same-sign dileptons
from the tt final states may indicate for the new physics.

Because collider phenomenology of the diquarks de-
pends on their quantum numbers we have to discuss their
couplings in more detail. The form of the Yukawa La-
grangian describing the SU(2);, singlet diquark X cou-
pling to down type quarks is given by

L= fij [Tw]™ (d%)¢ dj Xom + hec., (19)
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where d¢ = —dTC", i,j = 1,2,3 are family indices, a,b =
1,2,3 are colour indices, R denotes the chirality of the
quarks and matrices T" form the basis of the n dimensional
3x 3 matrix representation of the SU(3). group. Therefore
m = 1,...,n. For colour triplets (n = 3) the matrices Ty,
should be anti-symmetric in a and b and one may iden-
tify [Top)™ = €,,™, where €, ™ is the three dimensional
totally anti-symmetric tensor. For colour sextets (n = 6)
the matrices T,; are symmetric in ¢ and b. Analogously
o (19) we have for the SU(2), singlet diquark couplings
to up and down type quarks

L= fij [Ta)™ (uf)¢ digj Xom + hec., (20)
and for the couplings to up type quarks
L= fi; [Tab]m (u%)g ull’%j X, + he.. (21)

Yukawa interactions of the SU(2)p triplet diquarks to
quarks can be expressed by the Lagrangian

L= fij [Ta)" (1) (¢5)% ab 5 Xpi + hc.,  (22)

where the new indices «, 8 = 1,2 are the SU(2), indices,
7" are the three Pauli matrices and e,z is the 2 x 2 anti-
symmetric tensor acting in the SU(2), space.

We have calculated the cross sections of the above men-
tioned processes mediated by the diquarks at Tevatron by
convoluting over the default parton structure functions
MRS (G) [17] of the CERN Library package PDFLIB [18]
version 7.09. The colour factors F, coming from averaging
over the initial state colours and summing over the final
state colours depend on the SU(3). representation. For
the s- and t-channel cross sections we obtain F, = 4/3 and
F. =2/3, and for the decay widths F. = 2 and F, = 1 cor-
responding to triplets and sextets, respectively. For defi-
niteness we shall in the following consider the colour sextet
diquarks; the corresponding cross sections for the colour
triplets are larger due to the larger colour factors.

Let us first study the s-channel resonance production
of dijets at Tevatron. Neglecting the final state fermion
masses the diquark partial width is given by

2
F:f—FCMX,

8 (23)

which implies that the expected resonance is quite nar-
row. Assuming that the charge 4/3 and -2/3 components
of (6,3,1/3) diquark decay 100% to uu and bb final states,
respectively, we plot in Fig. 3 the dijet s-channel cross
sections as functions of the diquark masses for two values
of collision energy /s = 1.8 TeV and /s = 2 TeV. The
diquark couplings are taken to be equal to unity. One can
see from the behaviour of the cross section curves in Fig. 3
that the narrow width approximation is effective up to di-
quark masses ~ 700 GeV. For considerably higher masses
the width becomes larger according to (23) and the res-
onance peak will be smeared. The difference in pp — uu
and pp — bb cross sections is only due to the difference in
the parton structure functions for the u and d quarks.
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The narrow resonances in dijet signal [19], and in the
double b-tagged dijet signal separately [20], have been
searched for with Tevatron CDF detector. Negative results
have resulted in model-independent bounds on the narrow
resonance cross sections. Therefore, for the diquark cou-
plings equal to unity the present CDF data allowes us to
exclude the charge 4/3 component of the (6,3,1/3) diquark
in the mass range

270 GeV < Mx < 500 GeV (24)
and the charge -2/3 component in the mass range
200 GeV £ Mx £ 570 GeV, (25)

provided they decay 100% to uu and bb pairs, respectively.

Next we consider the top quark pair production at
Tevatron. In Fig. 4 we plot the cross sections of (6,1,4/3)
or (6,3,1/3) diquark mediated ¢-channel process pp — tt
and the (6,3,1/3) diquark mediated s-channel resonance
process pp — tt as functions of the diquark masses for
two values of collision energy, as indicated in the figure.
The couplings f are taken to be equal to unity. For the
resonance production we have assumed diquark branching
ratio to ¢t pair to be 100%. With these assumptions the
resonance cross section exceeds the t-channel cross section
for diquark masses below ~ 700 GeV. Above that scale t-
channel production becomes dominant.

To derive constraints on the diquark masses and cou-
plings we proceed as follows. The standard-model NLO
(next to leading order) ¢ [21] and also tb [22] cross sec-
tions at the Tevatron and LHC are known within a total

2000

M

pp — uu and pp — bb at Tevatron as functions of
the scalar (6,3,1/3) diquark masses. The couplings
are taken to be equal to unity

[GeV]

error of 15%. If the total cross sections of the new pro-
cesses exceed 15% of the standard-model cross section,
then the new signal will be detectable (such a criterion
has recently been used in [23]). Assuming that one of the
cross sections dominates we find from the Tevatron Run I
(Vs =1.8 TeV, L=0.1 fb=1) #¢ and tf cross sections that
the masses of (6,3,1/3) and (6,1,4/3) diquarks should ex-
ceed 700 and 600 GeV, respectively. At Run II (/s = 2
TeV, L=2 fb~!) the corresponding bounds would be 750
and 600 GeV, respectively.

These bounds based on the cross section estimates in-
dicate the sensitivity of Tevatron to considered processes.
Of course, dedicated Monte Carlo studies with appropri-
ate kinematical cuts would allow one to achieve a much
better signal-over-background ratio and therefore higher
bounds on the diquark masses ( in particular at Run III,
Vs = 2 TeV, L=30 tb=1). This is because the diquarks
are scalars while the standard model top pair produc-
tion background is dominantly produced in gluon-gluon
and gluon-quark collisions. This statement applies espe-
cially to the s-channel ¢t production. This process is quark
flavour violating and the distribution of the final state top
quarks is flat. The unambiguous diquark signal in this pro-
cess would be the same-sign dilepton originating from top
decays. This has very little background from the stan-
dard model. However, while large excess of the same-sign
dileptons would indicate a clear signal of new physics then
reconstruction of diquark resonance peak in this channel
is impossible due to the missing energy carried away by
neutrinos. On the other hand, studying the kinematics of
the visible particles in terms of endpoint spectra it should
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be possible to extract information on the diquark mass
also in this channel (the Jacobian peak should be visi-
ble). This information can further be combined with the
studies of hadronic and semileptonic channels. These kind
of dedicated studies are beyond the scope of the present
work.

To demonstrate the effectiveness of dedicated studies
we first plot in Fig. 5 the cross section of the process
pp — t¢ and pp — tc against the mass of the (6,3,1/3)
diquark My for /s = 1.8 TeV and /s = 2 TeV assuming
the couplings to be of order unity. The single-top pro-
duction at Tevatron due to anomalous chromomagnetic
couplings has been studied in [24,25]. Assuming that in
the case of the diquark mediated process the same sen-
sitivity to the pp — t signal can be achieved as in [25],
then comparison of the pp — t¢ cross sections gives for
Run I a bound Mx = 750 GeV and for Run II and III
Mx 2 1.2 TeV and Mx = 1.6 TeV, respectively. These
estimates are indicative of the sensitivity of the Tevatron
to flavor-changing diquark processes. B

For completeness, we obtain from the tb, tb cross sec-
tion estimates at Tevatron that at Run I that the (6,3,1/3)
diquark mass should exceed 650 GeV and at Run II 720
GeV. Appropriate kinematical cuts and tagging of hard b
jets should separate the signal from the background.

Because LHC will be a pp collider, it will be the ideal
place to search for scalar diquarks. The most interest-
ing process, pp — tt, can be mediated by the s-channel
(6,3,1/3) diquark. Therefore, resonance production is pos-
sible. The discussion on detectability of this process at
Tevatron applies also here. Another interesting process

|
2000

M[GeV]

pp — tt at Tevatron against the (6,3,1/3) scalar
diquark mass Mx. The couplings are taken to be
equal to unity

to study is pp — bb which may also occur due to the
s-channel (6,3,1/3) diquark resonance. The resonance can
be detected searching for doubly b-tagged dijet final states.
We plot the cross sections of these processes in Fig. 6 as
functions of Mx. The couplings are taken equal to unity
and only one decay channel is assumed for the diquarks.
Considering tt production, the excess of same-sign charged
dilepton final states will be clear signal of the new physics.
The main experimental error to this signal will come from
the misidentification of the lepton charge but this is ex-
pected to be small. To estimate which diquark mass scales
can be probed at LHC we assume that about 10° events
will constitute a discovery. It follows from Fig. 6 that for
couplings of order unity, scalar diquarks as heavy as 7 TeV
can be discovered already at the low luminosity (L=10
fb~1) run of LHC. With the final luminosity, L=500 fb~*,
diquark masses of 13 TeV can be probed. The same con-
clusions apply also to the process pp — tc provided that
the involved couplings are of order unity.

4 Conclusions

We see from the above discussion that all exotic scalars
which are bilinear combinations of two known fermion rep-
resentations are all very heavy if their couplings are inde-
pendent of the quark or lepton family and unsuppressed.
At closer scrutiny, we see also that the above derived
bounds on the couplings and masses of the exotic scalars
depend on the flavor indices and on the assumption of
the existence of trilinear couplings. If the latter couplings
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Fig. 5. Cross sections of the FCNC processes
pp — t¢c and pp — tc at Tevatron against the
(6,3,1/3) scalar diquark mass Mx. The couplings
are taken to be equal to unity

Fig. 6. Cross sections of the s-channel process
pp — tt and pp — bb at LHC against the scalar
(6,3,1/3) diquark masses. The couplings are taken
to be equal to unity
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are absent, the most stringent bounds coming from the
nonobservation of proton decay and neutron-antineutron
oscillations, and from baryogenesis can be evaded in many
cases. Certain combinations of the couplings can be tested
only in high-energy experiments. The possibility exists for
some of the diquark masses to be in the range of a few TeV,
in which case they can be discovered at future hadron col-
liders. At Tevatron the best sensitivity to diquarks can be
achieved by studying the processes pp — tc, tt. The reso-
nance process pp — tt, though sea quark suppressed, may
also provide an observable excess of the same-sign dilep-
ton final states indicating clearly for the new physics. LHC
will be an ideal facility for the studies of diquarks because
the quark-flavor-violating resonance processes pp — tt, bb
will not be suppressed. Therefore diquark masses as high
as 13 TeV can be probed at LHC.
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