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ABSTRACT: We ask what new states may lie at or below the TeV scale, with sizable
flavour-dependent couplings to light quarks, putting them within reach of hadron colliders
via resonant production, or in association with Standard Model states. In particular, we
focus on the compatibility of such states with stringent flavour-changing neutral current
and electric-dipole moment constraints. We argue that the broadest and most theoreti-
cally plausible flavour structure of the new couplings is that they are hierarchical, as are
Standard Model Yukawa couplings, although the hierarchical pattern may well be different.
We point out that, without the need for any more elaborate or restrictive structure, new
scalars with “diquark” couplings to standard quarks are particularly immune to existing
constraints, and that such scalars may arise within a variety of theoretical paradigms. In
particular, there can be substantial couplings to a pair of light quarks or to one light and
one heavy quark. For example, the latter possibility may provide a flavour-safe interpre-
tation of the asymmetry in top quark production observed at the Tevatron. We thereby
motivate searches for diquark scalars at the Tevatron and LHC, and argue that their dis-
covery represents one of our best chances for new insight into the Flavour Puzzle of the

Standard Model.
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1 Introduction

For some decades now, phenomenological research into physics beyond the Standard Model
(SM) has been driven by the question of ‘What new physics should we see?” That is to
say, the SM leaves unresolved several deep mysteries, such as the electroweak hierarchy
problem, the flavour puzzle, the identity of dark matter, the origin of the matter-antimatter
asymmetry, &c, and new models that address these issues inevitably predict new degrees



of freedom. Diverse and intense experimental efforts have been directed towards their
discovery. Thus far however, although there are some intriguing anomalies, there has been
no decisive experimental break with the SM.! Indeed, the myriad null searches (both direct
and virtual) now very tightly constrain the form of any new physics near the TeV scale.
Our dominant inspiration, the hierarchy problem, has led to beautiful new ideas and the
vision of a rich new spectrum, but proposed resolutions only remain viable in small regions
of their natural parameter space.

Happily, the game is far from over. Analysis of the large Tevatron data set is ongoing,
and the LHC has begun the most thorough exploration yet of the TeV scale. Hopes are
high for the discovery of new physics. It may be that an unforeseen, but fully satisfying,
resolution to the hierarchy problem emerges directly from the data. Or it may be that
standard considerations of the hierarchy problem and fine-tuning provide only a very crude
guide as to where new physics should appear. In that case, one of the existing paradigms
may yet be discovered, with parameters that seem to us “tuned” at the per cent level.
But life could be more complicated. There may well be a rich new threshold at which
the lion’s share of the hierarchy problem is resolved, but it may lie above LHC reach, say
at 10 TeV, or 100 TeV, with 10~% tuning by effective field theory measure. In that case,
even the LHC will catch only those associated states that happen to be exceptionally light,
an opening move but not the end-game. A rough parallel can be found in the SM itself:
among the states that feel electroweak breaking we first discovered the electron because it
was one of the lightest, even though it was not a “major player” of the likes of the W, Z,
top or Higgs. If the LHC, at least in its early stages, is sensitive only to a light vestige of
a major mechanism at higher energies, the question shifts from ‘What new physics should
we see?’ to the more humble ‘What new physics could we see?’ More precisely: what new
physics (however dimly perceived its ultimate “purpose”) is consistent, without too much
theoretical artifice, with the many existing constraints?

There are three reasons for trying to develop a systematic approach to this ques-
tion. Firstly, the constraints on TeV physics are so strong that, subject to some plausible
assumptions, the litany of new physics possibilities may be short enough to catalogue.
Secondly, the complexities of hadron machines are such that we are unlikely to discover
anything without expressly looking for it. Thirdly, such a catalogue of allowed, albeit “un-
motivated”, possibilities is of theoretical use, in highlighting new paradigms, mechanisms
and modules which guarantee consistency with existing constraints. It is to this general
programme that we will contribute in this paper.

Let us first establish some ground rules, whose purpose is to balance the observability
of TeV-scale new physics against its plausible connection to some deeper theoretical “plot”.
While scenarios such as weak scale supersymmetry predict a doubling or more of the SM
spectrum, we contemplate here a much more modest number of new particles with sub-TeV
masses, with perhaps a richer but heavier spectrum out of range. We will also focus on
particles that can be readily and directly produced at colliders, with appreciable coupling

!'Neutrino oscillations are a notable exception. While these data provide valuable new clues on the
flavour puzzle, it can be accommodated by only a modest extension of SM structure.



to the SM, in particular to SM gauge bosons and/or to SM light fermions. This balances
experimental observability with our best guess that a light vestige of some (generally heavy)
solution to the SM hierarchy problem should couple directly to the SM.?

At the technical level, the requirement that the new particles couple substantially to
the SM implies that these couplings are renormalizable in form. This is because non-
renormalizable couplings rapidly weaken below the scale of their UV completion, and we
are contemplating that any such higher physics scale is at least above LHC reach. Non-
renormalizable interactions may however play an important role in the decays of a new
particle, especially if its renormalizable interactions alone would leave it stable. Renormal-
izability restricts the new particles to spin < 1. New particles with SM gauge quantum
numbers then certainly represent a very plausible possibility, and also a very safe option
from the point of view of existing constraints. Gauge interactions are famously “flavour-
blind” and so this kind of new physics can readily evade stringent FCNC constraints, while
still allowing pair-production (or even resonant production [2, 3]) of new particles. Very
weak or non-renormalizable couplings to the SM may subsequently mediate the decay of
these particles, with only mild constraints from flavour physics. Another possibility is
that the new particles are themselves spin-1 gauge bosons under which some of the SM is
charged. Again, the choice of gauge couplings can naturally be sufficiently flavour-blind,
but constraints from electroweak precision tests or searches for jet or lepton excesses can
still be challenging.

Gauge interactions are the only renormalizable interactions until one introduces scalars.
Minimally, this could be just the SM Higgs boson, to which new particles can couple. But
one might also have a new scalar. Beyond SM gauge interactions, a new scalar can also have
sizable Yukawa couplings to a pair of SM fermions, or to a SM fermion and a new fermion.
Such Yukawa couplings might well provide a new window on flavour physics. Indeed,
one might worry that the vast array of past flavour tests already severely constrains this
possibility unless there is a very special mechanism in place.

Let us survey the possibilities for such a scalar, ¢. Denoting SM quarks by ¢, SM
leptons by ¢, and possible new fermions by x, we see that the list of ¢ Yukawa couplings
with at least one SM fermion is given by (i) ¢qq, ¢4, (ii) ¢ql, dqf, (iii) dqx, plx, (iv) ¢le,
(v) ¢gq. The ¢ of category (i) necessarily has the same electroweak quantum numbers of
the SM Higgs multiplet, and is either colour octet [4] or colour singlet. It is well understood
that such generalized Higgses can all too readily mediate excessive FCNCs if they lie below
a TeV, unless their couplings are very carefully chosen. If there is a second colour-singlet
Higgs doublet, the Glashow-Weinberg rule [5] for designating one as an up-type Higgs and
the other as down-type, as enforced for example by supersymmetry, ensures the absence of
tree-level Higgs-mediated FCNCs. More generally, a much tighter Yukawa-coupling ansatz,
such as Minimal Flavour Violation (MFV) [6], is required to suppress tree-level FCNCs.
It requires quite specialized structure in the UV to arrange for it. Even a small deviation

*This is in contrast to, say, a “hidden valley” structure [1] in which there are light states that do not
directly couple to the SM, but are produced via a heavy “bridge” particle, which does couple to the SM.
In terms of observability, the production cross-sections are low, but off-set by the spectacular nature of
the events.



from the MFV structure can be deadly, leading to excessive FCNCs. Category (ii) ¢s are
“leptoquarks”. Such couplings can be relevant for decays at hadron colliders [7—10], but
unlikely to dominate production. Sfermions of supersymmetry are examples of category
(iii), with x being a gaugino or Higgsino. Of course, this case is famously dangerous for
FCNCs, as encapsulated in the supersymmetric flavour problem. Again, special patterns
such as gauge-mediated supersymmetry breaking can evade this generic concern.? Category
(iv) ¢s are “dileptons”, which are less relevant to hadronic collider production. Finally,
category (v) ¢s are “diquarks”. Such couplings, if strong enough, can play an important
role in new physics production at hadronic colliders [12, 13]. Indeed, they have already
been suggested by several authors [14-20] as an explanation for the tt forward-backward
asymmetry. They are the focus of this paper.

Naively, such diquark couplings, ¢qq, appear to pose similar FCNC concerns as Higgs-
like couplings, ¢Gq [13], evaded only by the same level of specialization of couplings, such
as MFV [21]. Remarkably, this is not necessarily the case. For example, consider a colour-

triplet scalar that couples to right-handed up-type quarks, qﬁu’éuﬁ, where u/=123 =

u, c, t.
QCD gauge invariance implies colour antisymmetry, which in turn implies flavour anti-
symmetry of the quarks. Now, antisymmetry implies that any flavour-changing diagram
must involve all three generations of quarks. Indeed, with only two quark generations, the
diquark coupling is proportional to €;;, which is an invariant tensor of the SU(2) flavour
symmetry acting on u%. This has various consequences. For example, tree-level ¢ ex-
change cannot mediate AF = 2 FCNCs, since only two generations would be involved.
Even at one-loop, the contributions to neutral D-meson mixing must proceed via the third
generation. Thus, they do not involve the ¢purcr coupling, which consequently may be of
order unity, even for a diquark mass of a few hundred GeV, resulting in a huge produc-
tion cross section at the LHC. As we shall see, there are also remarkable suppressions of
flavour-diagonal, electric dipole moments (EDMs), in that diagrams involving only quarks
and diquarks do not contribute at any loop order.

Such considerations make a much broader and more plausible flavour structure of
diquark couplings possible. Indeed our purpose here is to point out that scalars with sub-
stantial diquark couplings represent a unique combination of experimental and theoretical
opportunity at hadron colliders such as the LHC and Tevatron. In addition to their QCD
couplings, the diquark couplings can be strong enough to play an important role in new
physics production and decay. The fact that these couplings can tolerate a variety of
patterns without already being ruled out by flavour and other precision data means that
experiments can teach us something about flavour structure that we do not already know.
(By contrast, in the MFV ansatz, precisely the flavour structure of SM Yukawa couplings
is replicated in new physics.) Finally, such “diquark” scalars can very plausibly represent
the low end of a new spectrum which addresses the “big” hierarchy problem. For example,
the scalars might be (i) pseudo-Goldstone bosons of a new strong dynamics which makes a
composite Higgs boson, (ii) squark remnants of supersymmetric physics, with R-parity vio-
lating couplings to quarks, (iii) a coloured partner of the SM Higgs boson in some (orbifold)
unification schemes [22]. Or they may be a light vestige of something unanticipated.

#Non-flavour blind, flavourful alternatives were discussed in [11].



It is certainly not the case that any flavour structure of diquark couplings is consis-
tent with FCNC constraints. Instead, we will be guided very broadly by what we already
see in the flavour structure of SM quark Yukawa couplings. The hierarchical pattern of
quark masses and mixing angles strongly suggests that there is a particular electroweak
gauge basis in which the Yukawa matrices have a hierarchical structure of matrix elements,
such that the first, second, and third generations have an increasing degree of connect-
edness to the SM Higgs boson. While the SM itself offers no explanation of this fact,
it can be understood in a variety of UV theories in which these three quark generations
are distinguished. For example, in Froggatt-Nielsen theory [23], the hierarchical structure
arises from assigning the three generations distinct charges under a Higgsed U(1)py gauge
theory. In higher-dimensional theories, hierarchy arises when the three generations have
distinct extra-dimensional wavefunctions with varying overlaps with the Higgs boson [24].
In strongly-coupled (or AdS/CFT-related warped) models, the three generations are dis-
tinguished by scaling dimensions [25-30)].

The minimal structure we will impose on diquark couplings is that they and the SM
Yukawa matrices are hierarchical in the same electroweak gauge basis. They need not,
however, exhibit the same hierarchical structure. This seems to us the most plausible and
broadly phrased approach to how new physics flavour structure might appear at collider
energies. Note that this assumption in no way saves all types of new scalars from danger.
For example, new Higgs bosons with hierarchical couplings that approximately mimic SM
Yukawa couplings would satisfy our criteria, but would give tree-level FCNCs, typically
far in excess of experiment. Only a much more restrictive ansatz, such as MFV, can avoid
this. More generally, even if we started with an extreme hierarchy of couplings for a new
Higgs-like scalar in the gauge basis, with only a single, non-vanishing, diagonal entry in
the coupling matrix, the rotation required to go to the quark mass basis would already
lead to tree-level FCNCs, again typically excessive. But we will show that scalars with di-
quark couplings are much safer. So safe in fact that, at least for antisymmetrically-coupled
diquarks, any one of the couplings could be the largest. Thus, the largest coupling may
involve quarks of the second and third, the first and second, or the first and third genera-
tions and each gives rise to a distinct phenomenology. We call the resulting hierarchies the
normal, inverted, and perverted hierarchies, respectively. The perverted hierarchy, in par-
ticular, can be used to explain the asymmetry in ¢t production in a way that is consistent
with constraints from D-meson mixing and single top production.

The remainder of this paper is organized as follows. In section 2, we will further frame
our flavour philosophy, and illustrate how it naturally fits with popular UV approaches to
flavour structure. In section 3, we classify diquarks by their SM gauge charges, tree-level
FCNCs, and proton stability. In section 4, we consider loop-level effects. In section 5,
we restrict ourselves further to the two states with (automatically) antisymmetric flavour
couplings and determine existing bounds on the masses and couplings coming from one-
loop processes and from tree-level, flavour-violating decays. We discuss flavour-diagonal
processes and electroweak precision tests in section 6 and outline strategies for collider
searches for the various paradigms in section 7.



2 Flavour philosophy

We begin our journey with the Yukawa couplings of the SM, which generate the observed
masses and mixings of quarks and provide the origin of flavour in the SM. As is well-
known, these masses and mixings are not anarchical, but rather possess a curious pattern
of hierarchies and degeneracies.

One ansatz for the Yukawa couplings that leads to a good description of the observed
masses and mixings takes the form (see e.g. [26-34])

L=-%; <y%efequLHuﬁ + y%e?e?qu%%) + h.c., (2.1)
q,u,d

7
sarily between the different quark multiplets) and the coefficients y;; are of order one. We

where the € < 1 are hierarchical between the different generations (though not neces-
will refer to the Yukawa structure of eq. (2.1) as the Chiral Hierarchy.

Passing to the mass basis, we find that both €3 and €4 should be of order one in order
to reproduce the large top quark mass, while the CKM matrix is given by

Eq Eq
Lo
Eq €
Voxm ~ —631 63 (2.2)
4 q¢ 3
_ 9 _ & 1
Eq Eq
3 3

The three measured mixings, Vi, Vys, and Vi, then fix e ~ My and €f ~ A\g\, where
AckMm ~ 0.23 is the Cabibbo angle, together with the successful “prediction” Vi ~ Vi Vis.
We may then solve for the remaining five € parameters in terms of the remaining five quark

masses. In all, we have

€3 ~ my ) (23)
d ms u Me

€9 ~ , €5 ~ , 2.4
2 miVep 2 miVep ( )
d mq u My

€5 ~v s €1 N~ . 2.5
! miVisVep ! miVisVep ( )

In the SM, the only physical parameters arising from the rotation are contained in the quark
masses and the CKM matrix; when we add new physics states coupled to quarks, other
parts of the quark rotations also become physical. In this way, new physics could also be
important for further elucidating the flavour structure within the SM: the presence of new
physics is necessary to render the right handed rotations measurable, but these rotations
are part of the same underlying structure that generates the SM flavour parameters. In
particular, Chiral Hierarchy (2.1) predicts right-handed rotations which take the same form
s (2.2), but with €/ — e;"d. Thus,

m m
VER~ 7" ~0.01, Vs~ 0~ 0.00,
chus mt‘/cb
mq m
ViR~ ~ 0.2, ViR~ T 0.5,
ms Vs mb‘/cb
un,dr UR,dR 1/ UR,AR
V13 ~Viy V23 ) (2-6)



where in making the estimates we have taken central values for the quark masses at the
TeV scale. While V1d2R is parametrically equal to the Cabibbo angle and VQ%R is larger
than Vg, V)5% and V5" are much smaller than their CKM counterparts. This asymmetry
between the left- and right-handed rotations arises because the Yukawa couplings in Chiral
Hierarchy are not symmetric matrices. We shall later see that the suppression of mixings
may lead to an important suppression of flavour-changing processes from new physics and
will be crucial for explaining the ¢t asymmetry in the context of our flavour paradigm.

While Chiral Hierarchy gives a good fit to the measured hierarchies in masses and
mixings, it is unnecessarily restrictive for our needs. In particular, the suppression of right
versus left mixings just described need not be a general feature of hierarchical Yukawa
couplings. As a counter-example, in a GUT model with all quarks living in the same
multiplet, one might expect the Yukawa matrices to be symmetric or antisymmetric and
thus the right rotation matrix to be equal to the complex conjugate of the left rotation
matrix. As a result, if the rotations in the up and down sectors were comparable, we
would have

VARIR Ao ~ 0.23, Vst o 220~ 0.0,

UR,dR UR,dR 1 UR,AR
V13 ~ Vi2 V23 : (2-7)

So, in order to be as general as possible, we shall not impose Chiral Hierarchy in what
follows. Rather, we shall assume that there exists some pattern of hierarchies in the SM
Yukawa couplings and that the resulting mixings in the right handed sector lie somewhere
between the values in (2.6), which correspond to Chiral Hierarchy, and the values in (2.7),
which we refer to as CKM-like mixing.

Now let us move on to new physics. Our flavour philosophy will be that any new physics
should also possess some hierarchical structure in its couplings, ¢n the gauge basis. From
the IR viewpoint, this seems not only reasonable (since the SM Yukawa couplings already
possess such a structure), but also necessary (in that anarchic, sizable new couplings would
be irreconcilable with flavour physics constraints).

4 we shall not insist that the hierarchical struc-

In contrast with the previous literature,
ture in the new couplings is the same as the structure in the Higgs Yukawa couplings.
Rather, we shall take the view that any structure is acceptable, especially given our igno-
rance about the UV dynamics that generates flavour.

Before continuing, we should address one objection that may irk the reader: why, from
the UV viewpoint, should the couplings of both the Higgs and extra scalars to fermions
be hierarchical in the same basis? If they are not, then the rotation from one basis to
the other would restore anarchy in one or other of the coupling matrices, with disastrous
consequences for flavour physics.

We claim that having both coupling matrices hierarchical in the same gauge basis is
quite plausible, if one takes the viewpoint that the UV theory of flavour makes a strong

1Ref. [35] differs in considering extra Higgs scalars with sizable couplings involving the light generations.
However, since other couplings are set to zero in the mass basis, this does not fall within the scope of our
flavour philosophy.



distinction between the different fermion generations, as occurs in the examples mentioned
in section 1. In an extra-dimensional model, for example, a hierarchical flavour structure
that arises because of small wavefunction overlaps will appear in the couplings of all scalars,
in the same basis.

Another objection to our philosophy might be that, although a hierarchical structure
in the Higgs and new scalar couplings is plausible, different hierarchical structures are not.
This does not seem to hold water to us either, since different scalars may interact in very
different ways with the SM fermions. Indeed, the examples in section 1 can easily generate
different hierarchical structures for different scalars: in the extra-dimensional case, for
example, it suffices to localize the scalars in different places; in the Froggatt-Nielsen case,
it suffices to assign different flavon charges to different scalars.

To be explicit, let us sketch how each of these two examples could give rise to the
normal, inverted, or perverted hierarchies which we introduced above for antisymmetrically-
coupled diquarks, as follows. In the extra-dimensional example, imagine that both scalars
and fermions have wavefuctions that are exponentially localized (in some metric), but that
the profiles of fermions are broader than those of the scalars. The Yukawa couplings then
take exactly the form in (2.1), where the e parameters are given by the values of the
respective fermion wavefunctions evaluated at the location of the scalar. Thus, the third
generation is simply the fermion that lives closest to the Higgs, while the first generation
is furthest away and the second generation is somewhere in between. Then, to obtain
the normal hierarchy, it suffices to localize the new scalar closer to the second and third
generations than to the first. The other hierarchies can be obtained by moving the location
of the new scalar around in an obvious way.

In the Froggatt-Nielsen example, suppose that the flavon symmetry is a U(1) 7, under
which the Higgs is neutral and qiL,u% and dﬁ% have positive semi-definite charges Q?’u’d.
The € parameters are then given by ¢; = 5Q3’u’d, where 0 is the ratio of the flavon VEV to
the cut-off. To get the large top mass requires Q4" = 0. One may then obtain any one of
the three hierarchies by an appropriate choice of a negative charge, @, for the new scalar,
since the coupling to quarks of generations i and j will be suppressed by §/@+t@i+@il For
example, in the simplest case in which q%, u% and d% have common charge @);, the choice
Q + Q1+ Q3 = 0, corresponds to the perverted hierarchy with subdominant couplings (in

mi1 5
ms3

m2

ma and )\23 =

the gauge basis) given by A2 = \/

5These examples show that, whenever the UV physics has a non-trivial flavour structure, an effective
theory-approach where only SM fields are retained is, in general, unable to determine correctly the coef-
ficients of non-renormalizable, flavour-violating operators. For example, in the case of a Froggatt-Nielsen
model, once we integrate out the new physics, the coefficients of the effective operators involving SM fields
will be typically suppressed by powers of STS/A?, where S is the flavon and A is the cut-off. Such sup-
pression factors cannot be determined just by counting the Froggatt-Nielsen charges of the SM fields alone.
Our extra-dimensional example shows that the same is true also in that case, because new-physics inter-
actions and SM Higgs Yukawa couplings can be sensitive to different parts of the quark profiles. A simple
counting of the suppression factors in the coefficients of the non-renormalizable, flavour-violating operators,
based on powers of quark wave-functions, would give an incorrect result. The specific features of the UV
flavour theory are essential for determining the pattern of flavour violation in the quark sector and these
cannot be captured by an effective-theory analysis. A similar result was obtained, in the supersymmetric
context, in [36].



Name SU(3). SU((2)r U(l)y QQ Coupling LQ Coupling Tree-level AF = 27
I 6 3 —é (qrar) - Yes
II 3 3 —:1)) lqrqr] qrln No
111 6 1 —é l[qr.qL], urdr - No
v 3 1 —:1)) (qrqr),urdr  qrlp,urer No
\% 6 1 -3 (uruR) - Yes
VI 3 1 —g [uruRg] drer No
VII 6 1 3 (drdg) - Yes
VIII 3 1 3 [drdR] - No

Table 1. Scalar diquarks and their couplings. The parentheses in the ‘QQ Coupling’ column
indicate whether the relevant coupling is symmetric () or antisymmetric [| in flavour indices.

Before closing this section, we stress that we do not wish to restrict ourselves to an
explicit flavour model. Indeed, we mention them here only to motivate our generalized
flavour paradigm.

3 Classification, proton decay, and tree-level FCNCs

If we consider scalars coupled to a pair of quarks, via a Yukawa coupling, then there are
eight possibilities, distinguished by the representation under the SM gauge group and listed
in table 1.

An important observation is that diquark couplings to qrqr, ugrur and drdgr imply
symmetry or antisymmetry of the corresponding Yukawa matrices in flavour space in the
gauge basis. We note that the symmetry properties under interchange of flavour indices are
preserved under flavour rotations in SU(3), x SU(3),, x SU(3)4. This further implies that
the pure up- or down-type couplings (to urugr, drdg, and urur,drdy, C qrqr) retain their
symmetry properties in the quark mass basis. (The mixed up/down-type urd;, C qrqr,
couplings do not, because distinct rotations on uy, and dj, are required to go to the quark
mass basis).

3.1 Proton decay

We now open a parenthesis, to make a short discussion of proton decay, mediated by the
new scalars. As indicated in table 1, three of the eight possible diquark states (namely
IT, IV and VI) can also have a dimension-four, Yukawa-type coupling to a lepton and a
quark [13, 21]. The presence of both the diquark and leptoquark coupling would permit
decay of the proton via a dimension-six operator mediated by tree-level exchange of the
scalar, implying a very large bound on its mass. This can be easily avoided by declaring
that some additional global symmetry stabilizes the proton and forbids the leptoquark

5Vector diquarks, either colour triplets or sextets, could couple at dimension four to qu® or gd®, but will
be ruled out by tree-level FCNC constraints as per the discussion for scalar states.



coupling. The simplest such symmetry is a baryon parity, under which only the quarks
are odd.

For the remaining five diquark states, baryon number is an accidental symmetry of
the renormalizable lagrangian, such that we may remain agnostic about its status in the
UV [13, 21].

3.2 Tree-level FCNCs

Starting from these eight diquark states, we can reduce the number that may be compatible
with our rules of the game to five (with one possible exception), by consideration of tree-
level flavour physics processes. Indeed, even though all diquark states are charged, their
couplings to quarks may allow them to mediate AF = 2 mixing between neutral mesons at
tree-level, as illustrated in figure 1. For example, a canonically-normalized, colour-triplet,
electroweak-singlet diquark, ¢, of mass M, coupled to quarks ¢)p € {ur,dr}, has the
Yukawa interaction

2 A .
LD — 2” g b Oty + huc., (3.1)

where a,b, and ¢ are colour indices, and ¢ and j are flavour indices. This generates the

dimension-six operator

NG
LoD "0 ey O R (3:2)
where we have used the antisymmetry of the coupling )\Z
Similarly, for a colour-sextet, electroweak-singlet diquark, ®, we use a matrix notation
in colour space, writing

P [
1 s

V2 V2
the Yukawa coupling

LD — ;2 Ay @Cp, + hc. (3.4)
then generates, via tree-level exchange of the diquark, the same operator (3.2), where now
A;@ is symmetric. For any diquark, tree-level AF = 2 processes can arise via such diagrams
only if the diquark can couple to two quarks of the same generation and charge. As a
result, five di-quark states do not mediate such processes.” They include the states VI and
VIII, whose couplings are purely antisymmetric in flavour indices in the mass basis. Two
more are III and IV, which can couple both to ¢rqr and to urdpg, since both couplings
only connect quarks of different charge. The fifth and final state is II, which couples
antisymmetrically to the SU(2), triplet combination of g7qr, in the gauge basis. This has

"This observation was previously made for state VI in [15] and for states IV and VIII in [37].
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Figure 1. Tree-level exchange of a diquark contributing to AF = 2 FCNCs.

components coupled to uruy, or drdy, but these couplings retain antisymmetry in flavour
indices in the mass basis. It also contains a third component which couples to quarks of
different charges (but is no longer antisymmetric in the mass basis).

We now wish to examine whether the three states that mediate tree-level FCNCs are
compatible with our flavour paradigm, wviz. a single, sizable coupling, together with a
hierarchical structure. Up until now, we have been rather coy in specifying what we mean
by a“sizable coupling”. Since we are interested in the prospects for flavourful production
at hadron colliders, the most appropriate definition of sizable would seem to be: large
enough to result in a statistically-significant sample of signal events at the Tevatron or
LHC, after cuts and in the presence of backgrounds and finite experimental resolution.
Without entering into a detailed discussion of the experimental analysis, which depends on
the specific diquark interaction, we shall simply take the sizable coupling to be unfixed, but
of order unity. This will enable readers to keep track in a simple way of the interdependent
scaling of the various indirect bounds and direct production cross-sections.

For states mediating tree-level FCNCs, the least dangerous possibility would be to start
with the extreme case where all of the diquark couplings vanish in the gauge basis [38],
except for a single sizable coupling, A§;. The rotation that is required to go to the mass
basis will then generate a diquark coupling between the first and second quark generations.
The smallest this can be is in the case of Chiral Hierarchy (2.6), for diquark V,® in which
case we estimate the 1 — 2 coupling to be ~ 8\% x 107°. Adapting the bounds of [40] for
D-meson mixing, we find that such a diquark would need a mass of at least 200\§; GeV.
Whereas this is certainly within the reach of the LHC, any other possibility would be
marginal. For example, if we moved the large coupling to the 23 entry, the bound on the
mass would increase to 2A\%; TeV. A bound of 1.5 Aj; TeV is obtained if we keep A\j; as
the large coupling, but switch to CKM-like mixing. We stress that these are only lower
bounds, because one could imagine that the original sub-dominant couplings in the gauge
basis were larger than the contributions generated unavoidably by the rotation.

In summary, the most plausible possibility arising from states I, V, and VII occurs
when state V has a sizable coupling to trtg, in the case of Chiral Hierarchy.

8This state was discussed previously in [39)].
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Figure 2. Loop-level exchange of diquarks contributing to neutral meson mixing via chiral
operators.

! %
dRj ik URk ik dR;

|
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dri Y ULh  Ajp dr;

Figure 3. Loop-level exchange of diquarks contributing to neutral meson mixing via non-chiral
operators.

4 Loop-level flavour-changing processes

4.1 Diquarks II, III, and IV

Even if AF = 2 mixing is forbidden at tree level, it will arise at loop level, albeit with
a suppression factor, as illustrated (at one-loop) in figure 2. Firstly, we note that states
IIT and IV are such that their gauge quantum numbers allow them to couple to quarks
of both chiralities. Unless one of these couplings is somehow suppressed, the (47)2 sup-
pression of the amplitude relevant for Ampg, that comes from the loop factor, will be
overwhelmed by the large (factor 400) enhancement coming from the fact that one can
now have contributions to non-chiral, AF = 2 operators (see, for example, figure 3), for
which the experimental bounds are stronger, due to hadronic and RG effects. (There is,
moreover, an enhancement of 1-loop AF = 1 processes, such as b — s, since the required
helicity flip can be placed on an internal top quark.) A suppression of one coupling is not
unimaginable, however, in the context of our flavour philosophy: the two couplings involve
distinct pairs of SM fermion multiplets (¢rqr, and urdg), which may have quite different
hierarchies. Moreover, whilst vanishing of one coupling cannot be stable under radiative
corrections, a suppression of one coupling relative to the other may be.

So we shall not discard these states just yet, but rather consider the possibility that
they couple sizably only to either grqr or to drur. We thus need to consider diagrams
of the form in figure 2, together with diagrams involving exchange of a diquark and a
W-boson, as illustrated in figure 4. In all cases, we compute contributions to Kaon mixing,

where the bound [40] is strongest.
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dr; ooury  VE dr;

Figure 4. One-loop diagram contributing to neutral meson mixing with an internal diquark and
W-boson.

Again, we derive lower bounds by making the extreme assumption [38] that all cou-
plings but one vanish in the gauge basis; all other couplings will then be generated by the
rotation required to go to the mass basis. If, on the one hand, the dominant coupling is to
qrqr (states II, III, or IV), then the relevant rotations are expected to be CKM-like. The
only safe possibility in this case is to have the large coupling in the 33 entry, for which
the strongest bound comes from the diagram in figure 2 and yields M > 800()\%3)2 GeV.
We note, however, that this is only possible for state IV, since states II and III couple
antisymmetrically to grqr in the gauge basis, such that )\g3 = 0. In contrast, if the large
coupling involves only one heavy quark, the same diagram (with a heavy quark in the
loop) gives a bound of M > 300()‘?’,1‘)2 TeV, where i € {1,2}. If the large coupling involves
two light quarks, then the same diagram (but with a light quark in the loop) also gives a
bound of 300()\%)2 TeV, but for two exceptions. The exceptions are states II and III, which
couple antisymmetrically in the large diquark mass limit? such that a light quark cannot
be exchanged in the loop. In these cases, the strongest bound comes from the diagram in
figure 4, which yields M > 100)\% TeV.

If, on the other hand, the dominant coupling is to urdp (states III and IV), we need
to consider separately the cases of CKM-like mixing or Chiral Hierarchy. With CKM-like
mixing, we derive bounds as above, except that the special cases due to antisymmetric
couplings do not arise. The one safe case, then, is to put the large coupling in the 33 entry.
In the case of Chiral Hierarchy, the necessary rotations always involve the dr sector, since
we start with a single coupling and we wish to change flavour in the dr sector. Now, the
mixings in the dg sector in the asymmetric case are always comparable to, or greater than,
the CKM mixings, as shown in (2.6). As a result, the bounds always get tighter. So much
so, that even the possibility of putting the large coupling in the 33 entry becomes unlikely,
with a bound of M > 60(\44)2 TeV.

In summary, the only viable possibilities arising from states 11, I1I, and IV, is to couple
state IV sizably to q%q%, or to couple states I1I or IV to tgrbg, in the CKM-like mixing case.

As previously mentioned, the rotation to the mass basis maintains the (anti)symmetry in couplings
to urur and drdr, but not to urdr. Nevertheless, an analogue of the GIM mechanism operates in the
diagram in figure 2 containing a loop of diquarks: only the contribution of the antisymmetric parts of the
couplings survives in the limit of large diquark mass.
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5 Bounds on antisymmetrically coupled diquarks

In what follows we concentrate on the remaining states VI and VIII, which are truly
antisymmetrically coupled. We do so for the following reasons. Firstly, they are the only
states that automatically neither mediate tree-level FCNCs, nor contribute to non-chiral
operators, nor generate dangerous contributions via one-loop diagrams involving the W-
boson. Secondly, as we shall see, their antisymmetry allows any one of the three couplings
to be the sizable one. Indeed, as we remarked in the introduction, antisymmetry implies
that flavour-changing diagrams must involve all three generations and ergo at least two
couplings, one of which is suppressed by our assumption of a hierarchy. Moreover, the size
of the suppression is bounded below by the mixings that arise from the rotation to the mass
basis, but the relevant rotations are those of the right-handed quarks and we have seen that
these may be much smaller than the mixings of the CKM in the case of Chiral Hierarchy.
Thirdly, since they have only three coupling constants, it is relatively simply to quote
exact, general bounds, which may then be compared with any particular flavour model.
Fourthly, as we shall later see, they give suppressed contributions to flavour-diagonal but
CP violating processes, such as the EDM of the neutron.

We denote the diquarks VI, VIII by ¢“®. There are just four independent parameters
for each diquark at the renormalizable level: the mass, and the three couplings, which we
re-write as

)\;Lj’d = Eijk)\;:’d. (5.1)

To obtain the most transparent bounds, we translate the bounds on dimension six operators
(given, for example, in [34] and [40]) into bounds on the diquark couplings and masses, for
each of the three diquarks. In the text, we give the general formulae, valid for any diquark
mass. We then collate the bounds in table 2, with the simplifying assumption that the
mass of the diquark is somewhat greater than the mass of the top quark.

5.1 Tree-level, flavour-changing decays

The special property of the diquarks VI and VIII, of coupling only antisymmetrically
in flavour space, automatically forbids any tree-level contribution to AF = 2 processes.
However, the tree-level exchange of these diquarks can mediate flavour-violating effective
interactions involving simultaneously all three generations of quarks. In particular, the
exchange of the diquark VIII leads to

AN —
Leg = 21]\/[23 (brY"sr SrYudR — brRY"dR SRVLSR)
deyd _ _ _
* 22]\423 (bR’Y“dR drYuSr — brY"sR dR'YudR) + hee.. (5.2)

These operators have similarities with the contribution from SM penguin diagrams,
but involve purely right-handed currents. Although their coefficients are complex, they
cannot interfere with SM amplitudes, which involve left-handed currents, and do not lead
to new C'P violating effects. Nonetheless, they can lead to interesting effects in two-body,
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charmless, hadronic decays of B mesons. In particular the operators in the first line of (5.2)
contribute to final states with zero charm and strangeness, which arise in the SM only from
highly suppressed penguin diagrams. Interesting processes of this kind are B — ¢, whose
branching ratio is estimated to be 1-6x107% in the SM, B — ¢p, or the OZI-suppressed
process B — ¢¢, whose SM branching ratio is estimated to be 1-30x10~?. The decay
B — ¢m is considered a good probe of new-physics contributions, since long-distance
effects from B — K K™ rescattering into ¢ are expected to be small.

The contribution of the operators in (5.2) to two-body hadronic B decays can be
evaluated using QCD factorization [41, 42]. Following the parametrization used in ref. [43],
we find

2 /T 4

BR(B* — ¢nF) =2 x 1073 | AP \d ( LV> : (5.3)
2 /T 4

BR(B® — ¢n®) =1 x 1073 [ A{*\d ( E/> : (5.4)
2 (TeV\*

BR(B® — ¢¢) =2 x 107° |X{*d ( ;4 ) : (5.5)

The 90% CL experimental limits are BR(B* — ¢nt) < 2.4 x 1077, BR(B? — ¢7Y) <
2.8 x 1077, and BR(B? — ¢¢) < 2 x 1077 [44]. In this way, we obtain the constraint listed
in table 2.

5.2 Flavour bounds on the diquark coupled to [ugupg]

For the ¢*, the only bound (except from the forward-backward asymmetry of the top quark
pair production at the Tevatron, see below) comes from mixing of neutral D-mesons. The
basic box diagram generates a four-fermion effective operator in the weak scale Lagrangian
of the form

Arr(urY"cr)(URYLCR): (5.6)

where the colour indices are contracted within the parentheses and the coefficient is given by

1 (X (m?
ARR = =302 ( M > G <M2 ’ (57)
where
1—2%+2zlogx
G(x) = (1— ) (5.8)

Note that, since the diquark coupling to quarks is antisymmetric and the external states are
c and u, only the t quark can propagate in the loop. The imaginary part of the operator
coefficient is bounded above by (2.9 x 10 TeV)~2 (obtained by insisting that the new
physics amplitude be no larger than 0.6 of the SM amplitude [40]); the resulting bounds
on the real and imaginary parts of the combinations of masses and couplings appearing in
the coefficient are given, in the large diquark mass limit, in table 2.
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Now let us ask which of our various flavour structures are compatible with the bounds.
In table 3, we estimate the bound on the largest coupling, for each of the three hierarchies
and for both CKM-like mixing (2.7) and Chiral Hierarchy (2.6). The bounds assume
order-one phases in all diquark couplings. The suppressed mixings in the latter case mean
that any one of the three hierarchical structures, normal, inverted, or perverted, could be
compatible with an order-one diquark coupling for a diquark mass around a TeV. The
bound on the inverted hierarchy with the mixing corresponding to Chiral Hierarchy is
particularly weak, allowing a coupling of strength ~ 47 in tandem with a mass of a few
hundred GeV.

5.3 Flavour bounds on the diquark coupled to [drdR]

Bounds for the ¢ diquark from mixing in K and B, s systems can be derived in an
analogous way and are reported in table 2.

For AF = 1 processes, there are bounds from b — dv,sy and from €/e in neutral
Kaon decays, from one-loop contributions to the sd chromomagnetic operator.

The operator corresponding to photon emission is given by

eH AV pdbio" ¢l Fy, (5.9)
where
y DD\l m2
Azg _ 177 JF 1
LR 2mM? v T \M?2)’ (5.10)
4 — 9z + 523 + 6x(1 — 22) log x
F = 5.11

and m denotes the mass of the quark in the loop. The factor of m; arises because the
necessary helicity flip is on the incoming quark. We note that the new physics contribution
has no interference with the SM amplitude, which has the opposite polarization.

The sd chromomagnetic operator is

gs HY AY pdinic™ G q), (5.12)
where
y DD Ve m2
AY, = v TH 5.13
LR 19272 M2 <M2> (5.13)
and

1+ 92 — 922 — 23 + 62(1 + ) log x

H(z) = (1— )

(5.14)

Now for the bounds. For Kaons, 5(66/) < 1073, implying a bound on the operator
coefficients of [34]

12 21
ALR o ALR

Ys

Im <1074 TeV~2, (5.15)
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where y, is the strange Yukawa coupling to the Higgs. The bound for large diquark mass
is given in table 2.

For b — sv, the operator bound is |433,] < 6x 1075 TeV~2 (obtained by insisting that
the new physics amplitude not exceed 15 per cent of that of the SM [34]); for b — d~y, we
derive a bound of ]AB%\ < 3 x 107° TeV~2, by insisting that the new physics amplitude
not exceed that of the SM. In both cases, the bound for large diquark mass may be found
in table 2. Again, the bounds on the largest coupling for each of the three hierarchies may
be found in table 3. One can see that only the inverted hierarchy can be compatible with
the bounds and only then in the case of CKM-like mixing. For state VIII, which couples to
down quarks, the strongest bound (at M = 1TeV) sometimes comes from B — ¢m. Since
this bound relies on the assumption of QCD factorization, we have also quoted the next
most stringent bound.

It is worth noting that, in the cases of both ¢* and ¢¢, the weakest flavour bounds
occur for the inverted hierarchy, in which the large diquark coupling involves the first two
generations. This is a seemingly counterintuitive result, as the light quarks are subjected
to the strongest experimental flavour constraints. The reason for this result lies in the
antisymmetry of the diquark coupling. Since a third-generation quark must be necessarily
exchanged inside the loop, the largest price in mixing angles must be paid in the case of

an inverted hierarchy.

5.4 Multiple diquarks

One question we have not yet addressed is whether one can have multiple diquark states
(either coupled to up or down quarks or both) without a contradiction with experimen-
tal constraints. Could we have, for example, one diquark that couples predominantly to
the first and second generations and another that couples predominantly to the first and
third? At least for contributions of the type we have discussed, this would appear to
pose no problem, provided the diquark mass eigenstates are not strongly mixed. If they
are strongly mixed, then a single diquark mass eigenstate will have two sizable couplings,
which immediately poses a problem for flavour physics. If they are not strongly mixed,
then, for example, one-loop contributions to AF = 2 processes containing one each of the
two diquarks in the loop will still be suppressed, since to get a flavour-changing diagram
each diquark propagator must begin and end on different vertices. Explicitly, a one-loop
contribution to Kaon mixing, for example, requires both the 1 — 3 and 2 — 3 coupling for
each diquark.

5.5 Two-loop processes

For the diquarks coupled to urugr or drdp, there are no one-loop contributions involving
a diquark and a W-boson. Nevertheless, we might worry that there might be strong
bounds from two-loop contributions of this type. Such a process need not involve all
three generations and so there may be an enhancement that can overcome the extra loop
factor. In figure 5, we show two-loop contributions to Kaon mixing that do not require
one to go through a small diquark coupling, in the case where the coupling to the first and
second generation quarks is of order one. It is easy to see that these diagrams give small
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Process Bound /(M /TeV)

€K \/|Im

)\d)\d*)
Amg \/[Re(MAF)2| < 4.6 x 102
D mixing  /|Im(A¥A¥*)2| < 6.1 x 1073
)
)?|

| <2.8x1073

2| <1.5x 1072
By mixing \/ IIm(A4AG)2| < 2.0 x 1072

(

(

(
D mixing  /|Re(A¥AY*

( d)\d*
By mixing /[Re(A{A%")?| < 3.6 x 102

(

B, mixing /|Im(MA4)2| < 1.6 x 107!

e /e \/ [TmAAS*| < 0.37
b— s+ VM| < 18
b—dt VM| < 0.9

Ry, Aol <24

A, Y| < 24
Bt — ¢n* VM, <01

Table 2. Bounds in units of M/TeV on antisymmetrically-coupled diquarks, valid at large diquark
mass (see the text for generally-valid bounds). The couplings are defined in eq’ns (3.1), (5.1).

Hierarchy CKM-like Chiral hierarchy
Inverted (A%)2 <10 (D) (A%)2 <90 (D)
Normal (A2 <0.03 (D) (A2 <0.7 (D)
Perverted (A%)2 <0.03 (D) (A2 <0.7 (D)
L P2 O9?S006 ()

(A2 001 (K)  (M,)? $0.01 (K)

~ ~

Ag{z <1 (B — ¢n) AiQ <0.3 (B — ¢n)

Normal, Perverted

Table 3. Bounds (with the process in parentheses) on the largest diquark coupling in units of
M /TeV, for each of the three hierarchies, for CKM-like mixing and Chiral Hierarchy. The couplings
are defined in eq’ns (3.1), (5.1).
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di qi

q; 4qj

qi qi

Figure 5. Two-loop diagrams contributing to neutral meson mixing with an internal diquark and
W-bosons.

contributions: the first is a dressing of a GIM-suppressed SM FCNC, together with an
insertion of mg and my; in the second, the GIM mechanism does not operate, but instead
one has four mass insertions, giving a suppression of (m2m?2).

6 Other indirect searches

6.1 Neutron electric dipole moment

The diquark couplings may contain new sources of C'P violation and, ergo, give new con-
tributions to the electric dipole moment of the neutron. For example, for diquarks coupled
antisymmetrically to three generations of quarks, as in the SM, there are potentially three
new complex phases in the diquark couplings, with only one new complex degree of freedom
(the diquark) that can be re-phased, leading to two CP-violating phases. Nevertheless,
there are trivially no one-loop contributions, since such diagrams involve the modulus-
squared of a single coupling. At higher-loop level, it is easy to see that, at least for three
generations of quarks or fewer, all relevant loop diagrams containing only quarks and anti-
symmetrically coupled diquarks can be made real.'’ Indeed, consider the Lagrangian with
three generations of massive quarks and gauge interactions switched off. In the mass basis,
there are four possible U(1) phase rotations (one for the diquark and each of the three
generations of quarks) that leave all terms in the Lagrangian except the diquark coupling
invariant. One linear combination of these corresponds to the conserved baryon number,
which also leaves the diquark coupling invariant, but three orthogonal combinations can
be used to remove the phases of the three antisymmetric couplings.'’ With this choice
of phases, then, all relevant diagrams are real. Note that, in this basis, the CKM matrix

OWe thank R. Rattazzi for discussions on this point.

"This argument breaks down for n > 3 generations of quarks, (since then the number of antisymmetric

n(n—1)
2

couplings, , exceeds the number, n, of quark generations) or at any n > 1 for couplings that are
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Figure 6. Two-loop contribution to the neutron EDM.

does not take its canonical form and indeed possesses three unremovable phases. Hence,
there may be extra sources of C'P violation (beyond the SM) once gauge interactions are
re-instated. One may show that, even in this basis, there is no dangerous loop contribution
from W-boson exchange. Potentially, contributions could arise at two-loop level, from di-
agrams where both a diquark and a W are exchanged, as shown in figure 6. However, the
contribution of the sum of these diagrams is real. The EDM thus requires three or more
loops, along with several quark mass insertions to flip the dg interacting with the diquark
into the dy, interacting with the W and several CKM angle suppressions, and is negligible.

Similar considerations apply to the contribution to the Weinberg operator [45] involving
a quark loop, for which one cannot obtain a phase by dressing with diquarks alone. Again,
one needs W-bosons and Higgs insertions.

6.2 Electroweak precision tests

Bounds on diquarks coupled antisymmetrically to ugugr or drdr also arise from one-loop
corrections to the coupling of the Z boson to charmed or bottom quarks, respectively.
The relevant diagrams for the latter have previously been computed in the context of
supersymmetric theories with violation of R-parity in [46]. At large diquark mass, M >
my, with light quarks in the loop, and assuming a single coupling dominates, we find shifts

in the tree-level couplings to the Z-boson, hy, = —2sin’ 6y, hg, = & sin® 6y, given at
R 3 R 3
leading order by
AZ o, my m
Ohgy, = 7972 sin” Oy < log %,
Ohy, = —2 Ohy,,. 6.1
R R

These shifts in the couplings result in shifts in the measured R;, . and A . parameters [44,
47], compared to the SM values, given by

R 0A

b b
5, =083 Sha,, 4 =T Sha,,
SR, 5A,
=2 Py 4 =53 Py - (6.2)

not antisymmetric in flavour indices; in both cases one may show that there exist two-loop diagrams with
phases that can contribute to the neutron EDM.
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CM Energy =14 TeV CM Energy = 7TeV

Mass/GeV 200 400 600 800 1000 200 400 600 800 1000
99,99 — ¢¢* 4.6x101 1.3x10°1.2x10712.0x10724.4x10737.0x10° 1.1x 1071 6.2x 1073 5.6 x 10~4 6.4 x 10—°
cg — ud*  3.5x10%22.6x10" 4.5x10° 1.1x10° 3.4x10716.9%x 10" 3.4x10° 4.0x10"17.0x1072 1.6 x 102
cg —up  3.5x1022.6x10" 4.5x100 1.1x10° 3.4x10716.8x 101 3.4x10° 4.0x10717.0x10721.6x102
ug — cd*  3.6x10%4.0x10% 9.2x10' 2.9x10' 1.1x10! 1.1x10% 9.5x10' 1.7x10' 4.3x10° 1.3x10°
ug — cp  6.6x10%5.3x101 9.8x100 2.6x10° 8.5x10~1 1.5x10% 8.1x10° 1.1x10° 2.1x10~15.0x10~2
uc — ¢* — ucl.5x10* 1.7x10% 4.2x10% 1.4x10% 5.8x10! 6.3x10% 5.6x10%2 1.1x10® 3.0x10' 1.0x 10"
uc — ¢ — uc 3.8x10%3.1x10% 5.9x101 1.6x10' 5.7x10° 1.1x10% 6.4x10% 9.2x10° 2.0x10° 5.5%x10~1
sg — d¢*  5.0x10%24.0x101 7.1x109 1.9%x10° 5.9x10711.1x10% 5.8x109 7.4x10~ 1 1.4x10-13.2x10~2
sg —do  5.0x10%4.0x10" 7.1x10° 1.9x10° 5.9%1071 1.0x10% 5.8x10° 7.4x10711.4x10~13.2x10~2
dg — s¢*  2.0x10%2.0x10%2 4.4x101 1.4x10' 5.0x10° 5.7x10% 4.4x10* 7.3x10° 1.7x10° 4.9x10~1
dg — s¢  7.8x10%26.6x10' 1.2x10' 3.3x10° 1.1x10° 1.8x10% 1.1x10' 1.4x10° 2.8x10~16.5x10~2
ds — ¢* — ds 1.1x10* 1.2x10% 2.8x10% 9.7x10' 4.0x10' 4.5x10% 3.9x10% 7.7x10' 2.1x10' 7.2x10°
ds — ¢ —ds 5.6x1035.0x10% 1.0x10%2 3.1x10' 1.1x10' 1.9x103 1.3x10%2 2.0x10' 4.7x10° 1.4x10°
ug — t¢*  3.0x10%26.0x10' 1.8x10' 6.9%x10° 3.0x10° 7.6x10' 1.2x10' 2.7x10° 7.9x10"12.6x10~1
ug — tp  4.2x101 6.6x10° 1.6x10° 51x10711.9%x1071 6.9%10° 7.5x 1071 1.3x 1071 3.1x 1072 8.4x 1073
dg — bp*  5.0x10%4.2x10% 85x101 2.5x10" 8.9x10° 1.5x10% 9.5x10% 1.4x10' 3.2x10° 8.9x 1071
dg — by 2.1x10%1.4x10% 2.4x107 6.1x10° 2.0x109 5.0x10% 2.4x10' 2.9x10° 5.3x10-11.2x10~1
cg — td*  2.0x1013.0x1097.0x10712.1x1071 7.3x10722.8x10°2.8x 1071 4.6 x 1072 9.7x 1073 2.4x 1073
cg —tp  2.0x10'3.0x10°7.0x1071 2.1x 1071 7.3x 1072 2.8x10° 2.8 x 1071 4.6 x 1072 9.7x 1073 2.4x 1073
59 — bp*  1.3x1038.6x10" 1.4x101 3.4x10° 1.1x10° 3.0x10% 1.3x10' 1.5x10° 2.7x1071 6.1x 1072
sg — by 1.3x10%8.6x10 1.4x101 3.4x10° 1.1x10° 3.0x10% 1.3x10* 1.5%x10° 2.7x10716.1x10~2

Table 4. Leading order cross-sections (in pb) at a 14 or 7TeV LHC, for unit diquark coupling,
computed using MADGRAPHv5 [49, 50] and CTEQGL1 pdfs [51]. Top and bottom quark pdfs are
assumed to vanish.

The measured values are

Ry = 0.21629 £ 0.00066, Ap = 0.923 £ 0.020,
R, =0.1721 £ 0.0030, A. = 0.670 £ 0.027. (6.3)

Since the SM fit to these observables is rather good, we derive a rough bound by insisting
that the diquark contribution not exceed twice the quoted error; the strongest bounds on a
TeV mass diquark are listed in table 2. For the diquark coupled to ugrugr with a dominant
coupling to charm and top quarks, the contribution is increased by roughly m;/myz; a

precise bound in that case can be obtained using the formulae given in [46].

7 Direct searches

To begin the discussion of current and future direct searches for antisymmetrically coupled
diquarks, it is useful to consider qualitatively the relative advantages of the different search
channels available at pp or pp colliders for the different coupling hierarchies. For reference,
table 4 lists leading-order cross sections'? for the LHC running at a centre-of-mass energy
of 14 or 7TeV, evaluated for unit diquark coupling, for each of the hierarchies.

12NLO cross-sections may be found in [48].
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7.1 Inverted hierarchy

For the inverted hierarchy, in which there is a sizable coupling involving the first and second
generation quarks, we have the option of searching either for a resonance in the s channel,
or searching for an excess resulting from diquark exchange in the ¢-channel. The former
channel is initiated by a quark from the first and a quark from the second generation (or
a pair of anti-quarks), whereas the latter channel is quark-antiquark initiated, and these
may both belong to the first generation.

Thus, for the Tevatron, we might expect that the strongest bounds come from ¢ channel
exchange searches. Passing to the LHC, the search sensitivity for t-channel exchange will
be enhanced by the energy reach and luminosity, but will be suppressed by the fact that
we need to produce an antiquark out of the sea. CDF, D0, ATLAS and CMS should
all be able to present bounds, since they have searched for evidence of the quark contact
interaction term, £ O Ygavours /2\75 (q L'y“qL)2 in dijet distributions, quoting lower bounds on
A of 1.6 [52], 3.1 [53], 3.4 [54], and 5.6 [55] TeV, respectively.!®> We estimate that the
second of these searches translates to bounds of 600 GeV for the diquark coupled to up
quarks and 300 GeV for the diquark coupled to down quarks, at unit diquark coupling. We
stress however that these estimates are not robust, not least because the assumption of
contact interactions is invalidated at such low masses; we regard them as merely suggestive
of what might be achieved with a dedicated analysis.

7.1.1 Search for dijet resonances

Turning now to dijet resonance searches, these are necessarily quark-quark initiated, but
also necessarily require a quark from each of the first and second generations. As a result,
there is not necessarily any gain in passing from a pp to a pp collider, at least in the limit
that the pdfs of strange and charmed quarks equal those of the corresponding antiquarks.
Moreover, the enhancement for diquarks coupled to an up quark, rather than a down
quark, is mitigated by the fact that one must also couple to a charm quark, which is, of
course, somewhat heavier than the strange quark. As a result, we see from table 4 that
cross sections for production of diquark resonances coupled to up-type quarks are similar
to those for diquarks coupled to down-type quarks.

There is, of course, a gain to be had in passing from the Tevatron to the LHC in
terms of energy reach. CMS has performed a search using 3.1 pb~! of data and presented
an exclusion in terms of signal cross section times acceptance as a function of resonance
mass [56]. Since the search is based on ‘bump-hunting’ techniques, the sensitivity of the
search (and, ergo, the bound), can only be independent of the model in the limit that
the intrinsic resonance width is somewhat less that the experimental resolution, which is
dominated by the jet energy resolution. Moreover, the bound depends on the nature of

the initial and final state partons. One effect accounted for in [56] is that gluon-initiated

13 ATLAS sets a more model-independent limit on the quantity Fy, which is the ratio of the number of
observed events with x = exp |y1 — y2| < 3.32 (where y1 2 are the jet rapidities) to the number of observed
events at any x, in an event sample with dijet invariant mass exceeding 1.2 TeV. Unfortunately, we expect
no more than 0.1 events with such a large dijet invariant mass, for diquark coupling not exceeding one and
mass exceeding 200 GeV.
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Figure 7. CMS dijet resonance exclusion curve (solid line) [56] together with leading order predic-
tions for diquarks coupled to u and ¢ quarks (dashed) or to d and s quarks (dotted), with squared
coupling of 1, 0.1, and 0.01 (from top to bottom).

jets radiate more than quark-initiated ones, leading to a broader bump for resonances
involving the former. CMS estimates that their dijet invariant mass resolution for a quark-
quark resonance varies between 5 and 8 per cent in the region between 0.5 and 1.5TeV,
whereas our diquark width is given (in the limit of decay to massless quarks) by

A

I'= - M. (7.1)
For couplings below unity, the width lies below 4 per cent, below the experimental resolu-
tion.'* Assuming implicitly that the search sensitivity is independent of the initial state
quark flavours, CMS gives an exclusion curve for a narrow di-quark resonance which we
reproduce (in the region 500 to 1000 GeV) in figure 7. Figure 7 also shows the leading or-
der partonic resonant cross-section!® times acceptance, for the diquark coupled to up-type
or down-type quarks, with a squared-coupling to the first and second generation quarks
varying between 0.01 and 1. We have estimated the signal acceptance by applying all of
the cuts described in [56] directly at the partonic level. Whilst this search, based on a very
small data set, only excludes diquarks with order one couplings in a small mass interval for
now, it seems that there is hope for the future. The lower limit on the search region is set
by the trigger, which becomes fully efficient only above 490 GeV. Unfortunately, this lower
limit is destined to increase in step with the luminosity. Searches at lower masses could,
however, be performed by pre-scaling the trigger. Turning to the Tevatron Run II, CDF
has presented an exclusion based on 1.13 pb™! of data. The search strategy is similar to
the one of CMS, except that CDF uses the quark-gluon resonance profile to set a limit on

Table 3 shows that couplings larger than unity are allowed by the flavour bounds; to probe these would
require a search for broader resonances.
15The t-channel exchange diagrams give a small contribution and have been neglected.
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Figure 8. CDF dijet resonance exclusion curve (solid line) [57] together with leading order predic-
tions for diquarks coupled to u and ¢ quarks (dashed) or to d and s quarks (dotted), with squared
coupling of 1, 0.1, and 0.01 (from top to bottom).

diquark resonances. Since the former are broader than the latter, due to the different radi-
ation properties of quarks versus gluons, this presumably represents a conservative bound.
The CDF exclusion curve, together with the leading order signal cross-section times accep-
tance (with cuts described in [57] applied at the partonic level), is shown in figure 8. One
sees that no mass region is excluded for couplings smaller than unity on the basis of the
leading order signal cross section.

7.2 Perverted and normal hierarchies

7.2.1 Forward-backward asymmetry in top pair production

Several authors [14-20] have explored the possibility of using diquark exchange in the ¢
channel to explain the forward-backward asymmetry observed in pair production of top
quarks at the Tevatron [58]. This requires a rather light diquark (a few hundred GeV),
with a coupling to up and top quarks of order a few.

To be compatible with flavour constraints, the other two diquark couplings must be
suppressed.!® In the context of our flavour paradigm, table 3 shows that in the case of
Chiral Hierarchy, the tension with the bound from D-meson mixing is small. (We stress
again that our bounds should only be considered as order of magnitude estimates.) As a
result, the diquark explanation seems at least plausible. For comparison, if we had taken
a generic new state mediating D-meson mixing at tree level, and coupled non-chirally,
with the coupling between the first and second generation quarks generated by the CKM
rotation, we would have found a bound on the mass of the new state of 800 TeV!

16Some authors [19, 20] have extended MFV to diquarks transforming under flavour symmetries (see
also [21]). This falls outside our flavour paradigm and, as we have seen, does not seem to be required for
consistency with flavour constraints.
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We can also use our estimate of the A\§ and A{ couplings to compare with constraints on
single top production. In [16], a very rough bound on [A§A{ 5| is obtained, by requiring that
the LO cross-section for uu — ct plus uc — tu at the Tevatron not exceed the uncertainty in
the measured cross section for single production of top quarks, o = 2.76J_r82§ pb [59], which
agrees with the SM prediction for m; = 170 GeV. The bound varies between |[A{A5"| < 0.1
for M = 400 GeV and [MN{A3"| < 0.9 for M = 800 GeV. Again, there is some tension at

lower mass values, but the diquark explanation seems not unreasonable.

7.2.2 Single vs. pair production

For the normal and perverted hierarchies, the (associated) single production cross sections
begin to become comparable to the pair production (via QCD) cross sections, such that
the latter dominate for small enough diquark couplings and masses. For example, with a
unit coupling between the charm and top quarks, table 4 shows that (associated) single
production of the diquark dominates for masses above 400 GeV (for both 7 and 14 TeV
LHC CM energies), while for a coupling of 0.1, pair production dominates all the way
up to a TeV. Alternatively, for a diquark coupled to strange and bottom quarks, single
production dominates above 400 GeV at 7TeV (600 GeV at 14 TeV), even for a coupling
as small as 0.1.

In the (associated) single production channel, diquarks present an interesting new
signal in the form of a resonance between a heavy-flavour and a light-flavour jet. As
previous authors have discussed, these may be searched for directly [17, 39], or, for example,
as anomalous excesses in the ttj [15, 39] or bbj channels. Since the cross-sections can be
so large, such new physics may also be able to profit from the use of charm-tagging.

7.3 Distinguishing qq from ¢q resonances at the LHC

The presence of heavy flavour in the final state also allows for the possibility of determining
whether a produced resonance coupled to a heavy quark or a heavy anti-quark, for the case
of final states involving b, ¢, and possibly ¢. With it comes the possibility of distinguishing
quark-quark from quark-antiquark resonances. For example, for a diquark coupled to up
quarks with the inverted hierarchy, single production of a diquark resonance at the LHC
arises predominantly via a uc initial state (rather than uc) and hence leads to a uc final
state, with a predominance of ¢ over c¢. But for a neutral quark-antiquark resonance, one
would expect equal numbers of ¢ and ¢ in the final state, while an electrically-charged quark-
antiquark resonance would yield a predominance of ¢ in the final state. The differences
arise because a diquark or a charged gq resonance carries a conserved quantum number
(electric charge or baryon number), whereas a neutral gg resonance does not.

One may use the same trick for a resonance with the perverted hierarchy produced in
association with a heavy quark or antiquark, by focussing on the heavy quark or antiquark
in the final state that pairs up with the light quark to form the resonance.

For the normal hierarchy, even in the case of a diquark coupled to bs one may hope
to distinguish it from a real quark-antiquark resonance in associated production, notwith-
standing the fact that the proton contains comparable fractions of s and s: in the case of
a diquark, the final state will always contain a b and a b, whilst a real quark-antiquark
resonance will lead to equal fractions of same- and opposite-sign bb final states.
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8 Discussion

The origin of flavour structure remains one of the outstanding puzzles of particle physics.
And yet, it seems at first that sub-TeV new physics has limited prospects for giving us
further clues. The barrage of flavour-violating and C' P-violating experimental tests are so
constraining that the safest course for new physics is to be predominantly “flavour-blind”,
with perhaps small flavour-dependent couplings affecting decays. We have argued that
new scalars with substantial diquark couplings represent a striking exception, and a special
opportunity for the Tevatron and LHC to uncover new flavour physics. Our conclusion is
based on a judgement on the most plausible and broadly-defined expectation for the flavour
dependence of the diquark couplings, namely that they are hierarchical in the same gauge
basis as the SM Higgs Yukawa couplings are, but perhaps with a very different hierarchical
pattern. Such a structure fits naturally into the dominant UV flavour paradigms.

We have performed a comprehensive set of estimates based on this structure and
demonstrated that several species of diquark can satisfy all flavour and C' P constraints,
while still having at least one coupling strong enough to play a role in their production.
Some of these cases, diquarks with qrqr, or urdr quantum numbers, can only satisfy the
constraints if they are roughly hierarchical in the same way as SM Yukawa couplings,
namely with the strongest couplings to the third generation and roughly CKM-like sup-
pressions to other generations. Colour-triplet diquarks with upur quantum numbers may
exhibit the greatest variety of behaviours, with the strongest couplings between first and
third, or first and second, or second and third generations, given the rough flavour struc-
ture we denoted as Chiral Hierarchy, a class of compelling flavour structures emerging
from either Froggatt-Nielsen or extra-dimensional mechanisms. Colour-triplet diquarks
with either upupr or drdr quantum numbers can also have their strongest couplings to
first and second generations with roughly CKM-like suppressions to the third. Curiously,
the bounds are weakest when the largest coupling involves the first and second genera-
tions, even though the bounds are strongest for processes involving these same quarks
externally. It is also possible that some of these observations can be extended to some
R-parity violating supersymmetric theories, but this remains for future work.

The life of a hadron machine, such as the Tevatron or LHC, inevitably involves several
tentative signals and anomalies, some of which may emerge as true signals of new physics.
While such anomalies certainly need close experimental scrutiny, it is also invaluable to
consider at early stages what new physics might underlie them, because it typically in-
dicates where else experiments can look for corroboration. This back-and-forth between
experiment and phenomenological modeling has taken place in the course of past anoma-
lies, and should continue going into the LHC era. Some of the tentative signals have in the
past, and will no doubt in the future, suggest new physics coupling directly to quarks. It
is at this point that theorists will need to consider the connections between new physics
and quarks that can plausibly be in accord with low-energy flavour and C'P tests. As we
have argued, it is precisely here that diquark scalars come into their own, and the present

paper can serve as a valuable resource.
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