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ABSTRACT: We attempt to explain recent anomalies in semileptonic B decays at LHCb
via a composite Higgs model, in which both the Higgs and an SU(2)p-triplet leptoquark
arise as pseudo-Goldstone bosons of the strong dynamics. Fermion masses are assumed
to be generated via the mechanism of partial compositeness, which largely determines the
leptoquark couplings and implies non-universal lepton interactions. The latter are needed
to accommodate tensions in the b — sup dataset and to be consistent with a discrepancy
measured at LHCD in the ratio of BY — KTu*u~ to BT — K'eTe™ branching ratios.
The data imply that the leptoquark should have a mass of around a TeV. We find that the
model is not in conflict with current flavour or direct production bounds, but we identify
a few observables for which the new physics contributions are close to current limits and
where the leptoquark is likely to show up in future measurements. The leptoquark will
be pair-produced at the LHC and decay predominantly to third-generation quarks and
leptons, and LHC13 searches will provide further strong bounds.
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1 Introduction

The first run of the LHC brought us the long-awaited discovery of the Higgs boson, but
no firm evidence for the physics beyond the Standard Model (SM) needed to avoid fine-
tuning of the weak scale. This was perhaps not unexpected, given the plethora of indirect
constraints on new physics coming from, e.g., flavour physics and electroweak precision
tests. Typically these point at scales of new physics way beyond a TeV; even when we
invoke all the dynamical dirty tricks that we know of, the best we can do is to lower the
possible scale of new physics to perhaps a few TeV. Therefore, there seems to be, nolens
volens, at least a small tuning in the weak scale.

An unfortunate consequence of this is that, even if the electroweak scale is mostly
natural, we may struggle to probe the associated dynamics at the LHC. At best, we might
hope that one or two new states are anomalously light, such that we can either produce
them on-shell, or see their effects indirectly in rare processes.! It is clear that discovery

1Such light states might be present for a variety of reasons. For example, they might be desirable because
they reduce fine-tuning (such as a light top squark and gluino in SUSY), or they might arise because of
symmetries (such as additional pseudo-Goldstone boson states in composite Higgs models [1-3]).



of such states will require painstaking work, including careful scrutiny of all discrepancies
between the data and SM predictions.

In this work, we ask, in this vein, whether anomalies recently observed in semileptonic
decays of B-mesons at LHCb [4-6] can be explained by a model in which a scale of a
few TeV arises naturally via strong dynamics. The necessary residual fine tuning required
to generate the electroweak scale can be achieved by making the Higgs boson a pseudo-
Goldstone boson (PGB) of global symmetries of the strong dynamics sector [7-10]. The
Higgs potential (and thus the electroweak scale) arises due to the breaking of the global
symmetries by the SM gauging and by couplings to fermions, and one can hope that
there is an accidental cancellation in the various contributions, whence a somewhat lower
electroweak scale emerges. The Yukawa couplings of the SM are assumed to arise via
the mechanism of partial compositeness [11], which not only provides a rationale for the
structure of masses and mixings observed in the quark sector, but also provides a paradigm
for suppressing large flavour-violating effects in processes involving the light fermions, where
the experimental constraints are strongest.

The general framework of partial compositeness is an obvious choice for explaining the
anomalies, which appear in processes involving second and third generation quarks, and
which appear to require new physics in muonic, but not electronic processes. To fit the
detailed structure of the anomalies, we hypothesize that they are due to the presence in such
amodel of an anomalously light (c. TeV, as it turns out) leptoquark. As pointed out in [12],2
partial compositeness models necessarily feature a plethora of composite coloured fermion
states, namely the composite quarks, and so it would be something of a surprise if they
did not also feature composite coloured scalar states, which could couple as leptoquarks or
diquarks [13]. Moreover, one can easily arrange for a leptoquark state to be rather lighter
than the other resonances of the strong sector, by making it a PGB of the same symmetry
breaking that gives rise to the Higgs boson.?

A disadvantage of such models is that, being strongly coupled, we cannot calculate
ad libitum. But we can use naive dimensional analysis (NDA) to compute and make
predictions modulo O(1) corrections. Using this framework, we find that the anomalies
single out one among the possible SM irreps that allow leptoquark couplings, viz. a triplet
under both SU(3). and SU(2)r. This leptoquark is one of those identified in a recent
analysis [14] of LHCb B meson anomalies, in which just two, non-vanishing leptoquark
couplings (to b quarks, s quarks and muons) were invoked in an ad hoc fashion to fit the
anomalies. In contrast, the model considered here is underpinned by a complete (albeit
presently uncalculable) framework for flavour physics, and all leptoquark couplings are
non-vanishing, with magnitude fixed by the degrees of compositeness of each of the SM
fermion multiplets, giving 15 mixing parameters. In the quark sector, all but one of these
parameters is fixed by measurements of quark masses and the CKM matrix; there is more

?In fact, ref. [12], argued that evidence for such leptoquarks should first appear in b — suu processes,
precisely where the anomalies are now observed.

3The leptoquark is nevertheless expected to be somewhat heavier than the Higgs [12], both because it
receives contributions to its potential from the QCD coupling and because we expect that the Higgs mass
has been slightly tuned.



ambiguity in the lepton sector, but we find that everything can be fixed by assuming
that the mixings of the left and right-handed lepton multiplets are comparable. This
assumption is a plausible one, from the point of view of the UV flavour dynamics, and has
the additional benefit that new physics (NP) corrections to the most severely constrained
flavour-violating observable, ;i — ey, are minimized. As a result, we are left with just 3
free parameters in the model: the mass, M, of the leptoquark, the coupling strength, g,, of
the strong sector resonances, and the degree of compositeness, €1, of the third generation
quark doublet. Furthermore, all processes to which the leptoquark contributes (with the
exception of meson mixing) result in constraints on the single combination =z = @eg /M.
Thus the model is extremely predictive. We find that the preferred range of x corresponds
to plausible values of the 3 underlying parameters of the strongly coupled theory (in which
the weak scale is slightly tuned), namely g, ~ 47, M ~TeV, and €} ~ 1. Thus, g, and €}
lie close to their maximal values, meaning that one cannot evade future direct searches at
the LHC by scaling up M and g,.

As for the existing bounds, we find that there is no obvious conflict, but that there is
potential to see effects in p — ey, K™ — wtvv, and BT — 7t uTu~, in the near future.
Moreover, the required mass range for the leptoquark is not far above that already excluded
by LHCS, and so there is plenty of scope for discovery in direct production at LHC13.

The outline is as follows. In the next section, we describe the data anomalies and
review fits thereto using higher-dimensional SM operators. We also show that they can
be described by a leptoquark carrying the representation (3, 3, %) of the SU(3) x SU(2) x
U(1) gauge group. In section 3 we review the partial compositeness and strong dynamics
paradigms. We show how the leptoquark can accompany the Higgs as a PGB of strong
dynamics and exhibit symmetries that prevent proton decay, &c. In section 4, we discuss
important constraints on the model and describe the prospects for direct searches for the
leptoquark at LHC13 and indirect searches using flavour physics.

2 Status of b — sf/f fits and leptoquark quantum numbers

The anomalies that we wish to explain were observed at LHCDb in semileptonic B meson
decays involving a b — s quark transition. These may be described via the low-energy,
effective hamiltonian

_4GF
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where Of are a basis of SU(3)¢ x U(1)q-invariant dimension-six operators giving rise to
the flavour-changing transition. The superscript ¢ denotes the lepton flavour in the final
state (£ € {e, ;1,7}), and the operators Of are given in a standard basis by
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We neglect possible (pseudo-)scalar and tensor operators, since these have been shown [14,
15] to be constrained to be too small (in the absence of fine-tuning in the electron sector)
to explain LHCb anomalies. In the SM, the operator coefficients are lepton universal and
the operators that have non-negligible coefficients are O, Og, and O{O, with

CSM = —0.319,
OSM = 4.23, (2.3)
O = —4.41.

at the scale my, [16].

The first tension with the SM was observed last year in angular observables in the
semileptonic decay B — K*utpu~ [4, 5]. The role of theoretical hadronic uncertainties in
the discrepancy is not yet clear [16-23]. Nevertheless, several model-independent analy-
ses [19, 24-27] have been performed on the B — K*utu~ decay data, as well as on other,
relevant, semileptonic and leptonic processes, allowing for the possibility of new physics
contributions to the effective operators in eq. (2.2). There seems to be a consensus that,
if only a single Wilson coefficient is allowed to be non-vanishing, then NP contributions to
the effective operator Of are preferred, with the NP coefficient Cév P of this operator being
negative. A number of models of NP were proposed to explain this effect [28-33].

Earlier this year LHCb measured another discrepancy in B decays. To wit, it was
found that a certain ratio, Rg, of branching ratios of B — Kutpu~ to B — Kete™ lay
2.60 below the SM prediction [6]. Specifically, the observable is defined as

f g I (Bt 5K+ utu)
1 dg?
f dq 2dF(B+~>K+e+e )’

Rk = (2.4)

where ¢? is the invariant mass of the di-lepton pair and the integral is performed over
the interval ¢% € [1,6] GeV?. Like the B — K*u*pu~ decay, these processes proceed via
a b — sll transition. The observable Ry has the advantage of being theoretically well-
understood, predicted to be almost exactly 1 in the SM [34] (specifically, 1.0003 £ 0.0001
when mass effects are taken into account [35]). A discrepancy in Rx cannot be explained by
lepton-flavour-universal NP, nor by any of the sources of theoretical uncertainty that might
underlie the B — K*u"p~ anomalies. Analyses and fits including the R data and other
recent measurements were performed in [14, 22, 36, 37]. Due to the lepton non-universality
required by the Ry data, these analyses allowed the electronic and muonic Wilson coef-
ficients to differ. They found that a negative contribution to C§ remains favoured, while
contributions to electronic Wilson coefficients Cf were found to be consistent with zero, but
could have large deviations therefrom, due to larger experimental uncertainties in electronic
measurements.

One could argue that the ‘axial-vector’ basis, whilst convenient for studying physics
below the weak scale, is not the most natural choice in the context of models of NP
above the weak scale, which must respect the chiral gauge symmetries of the SM. In the
absence of multiple couplings or particles that have been somehow tuned (perhaps by



additional symmetries), NP is likely to generate operators that are coupled to a specific
lepton chirality, and thus aligned with a ‘chiral basis’ in which Cy = —Cyg, Cy = Chp,
Cy = —C1y, Cy = C1y. Given this, the recent analyses have also made use of this basis [14,
22,36, 37] . They find that, when looking at NP contributions in a single Wilson coefficient
at a time, the best fit in this basis is achieved by a negative contribution to C§ = —C';,.

Therefore, of the possible scalar leptoquarks,® which always generate contributions
to one Wilson coefficient in the chiral basis, the obvious choice to explain the anomalies
appears to be that with quantum numbers (3,3, 1/3), which contributes to the combination
Cl = —C1, at tree level.> This leptoquark was already considered to explain Ry in [14],
in a scenario in which its only non-zero couplings were to by and to s.

3 Details of the composite model

3.1 Flavour structure and leptoquark couplings

With the required quantum numbers of the leptoquark in hand, we now embed the lepto-
quark in a composite Higgs model.” We assume, then, the presence of a new strong sector
and of an elementary sector. The strong sector is characterised by a mass scale m, and by a
single coupling among the resonances, which is denoted by g,. We expect the strong sector
in isolation to have a global symmetry G which is spontaneously broken by the strong dy-
namics to a subgroup H. The SM gauge interactions are introduced in the strong sector by
gauging a subgroup of H. We identify the Goldstone bosons coming from the breaking G/H
with the Higgs boson H and the leptoquark state II. So as to avoid large contributions to
other flavour observables, we seek a model in which the coset space contains only H and II.

We postulate that the SM fermion Yukawa couplings are generated via the paradigm
of partial compositeness [11]. The basic assumption is that elementary states f{ (where
a € {q,u,d,?,e} and i is the family index) couple linearly to fermionic operators 5? of the
strong sector. For example, the relevant lagrangian required to generate the masses of the
up quarks is, schematically,

LD gpelOq + g0 u +m, (0'07 + 0" 0O") + g,01HO". (3.1)

After electroweak symmetry breaking (EWSB), the resulting light mass eigenstates corre-
spond to the SM fields and are given by linear combinations of the form

féu = cos 0% f* +sin6* O°, (3.2)

with sin* = O (¢*). Thus, the parameters €/ have a physical meaning: they measure the
degree of compositeness of the SM fields. If € < 1, we have that (at leading order in
€) fsm =~ f and the projections of the composite operators onto the SM fields are given

1For a review see [38].

*Vector leptoquarks with charges (3, 1,2/3) or (3, 3,2/3) also generate the required structure, but cannot
be directly realized as Goldstone bosons.

6 Another interpretation of both the Rx anomaly and a deviation seen at CMS, in the context of R-parity
violating supersymmetry, was given in [39].

"For a recent review see [40].



by (O%)gy ~ €*fsm. In this way, projecting operators such as gpﬁqHO“ along the SM
components, we can read off the strength of the Yukawa interactions. In particular, for the
the up and down quarks, we have

(Yu)ij ~ gpege? ) (Yd)i]‘ ~ gp6§6?- (3.3)

Throughout this section, we use the symbol ~ to mean a relation that holds up to an

unknown O(1) coefficient whose value is fixed by the uncalculable strong sector dynamics.

U

With an appropriate choice of the values of eg, €;', and €?. it is possible to reproduce the

1

hierarchy of the quark masses and the mixing angles of the CKM matrix. We find

q u u d d
gpVE € ~ My, gpvel el ~m; (3.4)
q q q
€ 6 €
=~ A ~ A2, -~ A,
€9 63 €3

where v is the Higgs VEV, A = 0.23 is the Cabibbo angle and m}' and mgl are the masses of
the up- and down-type quarks, respectively. In our framework, then, the Yukawa sector is
described by 10 parameters (g, €7, €/, ¢4). The phenomenological relations (3.4) can be used
to reduce the number of free parameters that we can use to fit the anomalies. Indeed, there
are 8 independent relations in (3.4) and we choose to parametrize everything in terms of g,
and €. In the lepton sector, there is more arbitrariness in the values of ef and €f. This is due
to the fact that there are several mechanisms that can be envisaged for introducing mass
terms in the neutrino sector. In order to make progress we shall assume the left and right
mixing parameters to be of the same order, € ~ 6 . This assumption about the unknown
flavour dynamics at high scales is a plausible one, but it also has the phenomenological
advantage that it mitigates constraints on NP coming from lepton flavour violating (LFV)
observables, such as p — e7y, which are the most problematic flavour-violating observables

for partial compositeness models [41, 42]. Indeed, physics at the scale m,, generates a contri-

. . 2
bution to the radiative LF'V decays of the form I'(¢* — ¢ fy) efej- f f Considering
. ¢ ms Y 2 . e
the mass constraints €;€f = T L0, | ] + ‘ej €| is minimized when
€ € m;
e " e (3:5)
% Y j

Evidently, this condition is implied by (but does not imply) our assumption that the left
and right leptonic mixings are equal.

In this way, we are able to fix all parameters in the lepton sector in terms of g,, and so all
the NP effects of the model are parameterized by M, g,, and 62. The phenomenological in-
puts and the expressions of the various mixing parameters are summarised in tables 1 and 2.

We may now determine the leptoquark couplings, as follows. Similarly to [44], below
the scale of the strongly-coupled resonances we can describe the low energy physics by an
effective field theory (EFT) of the form

r— pE(O) gpei fi D" goH g,lI (3.6)
gp 3/2 My Mp My




Fermion Mass
e 0.487 MeV
W 103 MeV
T 1.78 GeV
d 2.507 103 MeV
s 47f}§ MeV
b 2.43 £0.08 GeV
u 1.1070 33 MeV
c 0.53 £ 0.07 GeV
t 150.7 + 3.4 GeV

Table 1. Values of running fermion masses at the scale = 1TeV [43].

Mixing Parameter Value
¢l = M3¢l 1.15 x 1072 ]
¢l = A2l 5.11 x 1072 €}
=Zugds 548 x107/(g€)
e = Mesks  5.96x 107%/(g,€)
g=ml 0.866/(gpe3)
e = mide 124X 107%/(g,€)
f=2agds  520x107%/(g€)
g=ml 1.40 x 1072(g,ed)
d-ci=(gm) om0
€ = e = (%)1/2 243 % 10°2/g,”
¢ =5 = (=) 0.101/g,/>

Table 2. Partial compositeness mixing parameters and values.

In the strongly-coupled, UV theory we expect the presence of an operator of the form
ng@LOQ, where O9 (or OL) is a composite operator with the same quantum numbers as
a SM quark (or lepton). Below the scale m,,, this operator generates a contribution to £
of the form ~ gpef(—:?ﬂ&qj. At low energies, the renormalizable lagrangian of the model is

L = Lay + (DMLY D,IT— M2TITL+ Ny G5 jimoralr; T+ hec., (3.7)

with A\;; = gpcijefe?, where we have omitted quartic terms involving H and II that are not
relevant to our discussion. Note that we have explicitly re-introduced the ¢;; parameters
that are expected to be of O(1), but are otherwise unknown. We summarise the values of

the leptoquark couplings in table 3.



Ni/(cig)2ed) =1 j=2 j=3
i=1 1.92x107° 853 x107° 1.67 x 1073
i=2 2.80 x 107% 1.24 x 1073 2.43 x 1072
i=3 1.16 x 1073 5.16 x 1073 0.101

Table 3. Values of leptoquark couplings, A;;, where ¢ denotes the lepton generation label and j
the quark generation label.

3.2 Coset structure

Here we supply a coset space construction that gives rise to the required SM quantum
numbers for the Higgs and leptoquark fields. First we describe the pattern of spontaneous
breaking of the symmetry of the strong sector G/H, and the embedding of the SM gauge
group SU(3)c x SU(2) x U(1)y therein. We then discuss additional symmetry structure
required to avoid constraints from nucleon decay and neutron-antineutron oscillations.

To build a coset, we start from the minimal composite Higgs model [10], in which a
single SM Higgs doublet arises from the spontaneous breaking of SO(5) to SU(2) g xSU(2) g,
with H transforming as a (2, 2) of the unbroken subgroup. We must now enlarge the coset
space somehow to include the leptoquark IT and its conjugate IIf. To see how this may
be achieved, consider first a model with just the leptoquark and no Higgs boson. This
can be achieved using SO(9) broken to SU(4) x SU(2)1. The 6 Goldstone bosons, (I, TIT),
transform as (6, 3).

Now form the direct product of SO(5) and SO(9) and consider the coset space

SO(9) x SO(5)

SU(4) x SU(2)n x SU(2)ir x SU(2)r’ (3.8)

The
trick is to somehow embed the SM gauge group in H so as to get the right charges for
H and II. To do so we embed SU(3)¢ into SU(4). Explicitly, SU(4) contains a maximal
subgroup SU(3)¢ x U(1)y, and the decomposition of the 6-d irrep of SU(4) under this group
gives 6 = 35,3 + 3_2/3. We then embed SU(2); as the diagonal subgroup of SU(2)y X
SU(2)r, while the hypercharge gauge group U(1)y is embedded as Ty = —1T, + Tsp +
Tx, where T, generates U(1)y, T3r belongs to the SU(2)r algebra, and U(1)x is an

This has, of course, the same Goldstone boson content as the two models above.

additional symmetry (under which the Higgs and the leptoquark are uncharged) which may
be required to reproduce the correct SM hypercharge assignments. It is now straightforward
to show that the SM quantum numbers of H and IT+IIT are respectively (1,2,1/2) and
(3,3,1/3)+(3,3,—1/3), as required.

We next need to show that the necessary Yukawa and leptoquark couplings can be
generated by linear mixing of the elementary fermions of the SM with resonances of the
strong sector carrying suitable representations of the group H. In fact, a number of repre-
sentations are available. One suitable assignment is

Oq ~ (4717272)+1/27
OL ~ (47372a 1)—1/27

Ou ~ (47 17 17 1)+1/27
Oe ~ (473737 1)—1/2

Od ~ (4717173)+1/27 (39)



where the subscript denotes the charge under the U(1)x symmetry. It is straightforward
to check that this assignment permits tri-linear couplings between the fermionic resonances
and H and II that yield the desired Yukawa and leptoquark couplings after mixing with
the elementary fermions.

An advantage of this assignment is that we can use it to protect I'(Z — bb). This is
desirable since, with g, ~ 47, there would otherwise be sizable corrections to I'(Z — bb),
even with m, ~ 10TeV. The protection cannot be achieved in exactly the same way as
in [45], because the semi-direct product (SU(2)z x SU(2) g) X Z2 used there is not a subgroup
of G. But we can instead use the symmetry (SU(2)g x SU(2)gr) X Zgz, with much the same
result. In a nutshell (for more details, see [46]), the group® SO(5) C G contains not just
SU(2)g x SU(2) g, but also the larger subgroup K = (SU(2)g x SU(2)g) % Zz. We require:
(i) that this larger group be contained in H; (ii) that by, couple to a resonance of the strong
sector transforming as a (2,2) under SU(2)y x SU(2)r C K and as either the trivial irrep
or the sign irrep under Zy C K; and (iii) that the coupling of by, to the strong sector respect
the subgroup (U(1)g x U(1)r) X Zy C K. With these three requirements, a straightforward
modification of the arguments given in [45, 46] shows that there can be no corrections to
['(Z — bb).

There is, however, a disadvantage with this assignment, in that the linear mixing
between O, and g breaks the SU(2), x SU(2)g custodial symmetry, which is often invoked
to protect % Since eg = 1, these corrections are unsuppressed. Happily, we find thanks
to m, ~ 10 TeV and to the presence of light custodians [47, 48], we are consistent with the
bounds coming from EWPT observables.”

The global symmetry G is broken explicitly by the gauging of the SM group, as well as
by the linear couplings between the elementary and composite sector. As a result of these
breakings, the PGBs get a mass term. NDA suggests that the main contribution to the
effective potential of the Higgs comes from from the top Yukawa coupling. This implies a
negative contribution to the Higgs mass parameter [10], which can trigger EWSB, and the
resulting Higgs mass is expected to be of order m%l ~ 1%’;; m?)
boson, the composite leptoquark gets its dominant mass term contribution from QCD. The

9;
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. In contrast to the Higgs

resulting leptoquark mass is of order m%[ ~ Zm% and is positive-definite, avoiding the
danger of colour- and charge-breaking vacua.

We now move on to discuss constraints from nucleon decay, &c. In models with TeV
scale strong dynamics, we cannot expect the accidentally symmetries of the SM that lead
to conservation of baryon and lepton number to be preserved. This problem is exacerbated
in our model with a light leptoquark state, since the SM gauge symmetry allows a (3, 3, %)
leptoquark to couple to both ¢g and ¢f, and thus mediate proton decay.

We now assess whether additional global symmetries can be imposed to prevent such

decays. Our objective is to allow the coupling to ¢, but not that to qq. Evidently, then,

80r rather, strictly speaking, its universal cover Sp(2).

“Note that with the alternative assignment O, ~ (4,2,1,1), O, ~ (4,2,2,2), Oq ~ (4,2,2,2), Op ~
(4,2,1,1), Oc ~ (4,2,2,2), (for which an additional U(1)x is not necessary), the linear mixing between Oq
and ¢ is SU(2) x SU(2)r invariant, and corrections to % are suppressed by powers of (e4)* < 1. But

m

then one must relinquish custodial protection of T'(Z — bb).



g and £ must carry different charges, e, and ey, say, under such a symmetry.l9 We must
now decide whether the leptoquark itself should carry charge or not.

The easiest option to realise is for the leptoquark not to carry a charge. Then the
corresponding symmetry can lie outside of the SO(9) group of which the IT is a Goldstone
boson. Then the leptoquark coupling is allowed if e; + e, = 0. A problem with any such
symmetry is that it cannot forbid decays of 3 quarks to 3 anti-leptons. So, while the usual

0 are forbidden, decays such as p — e*27 and n — 37 are not.

suspects, like p — etr
In our framework the most stringent bound comes from searches for pp — u™2vU decays,
where I' < 1.0 x 1075 GeV [49]. The leading contribution to this processes is generated

by the dimension-9 operator (qqd®")(£¢et), with 7 neutrinos. A NDA estimate gives

11 d(,aN\2 00 0\2\ 2
_ m €1 (€1)%e5(e5) . -
+ _ My 41€1(€61) 6a(€3 _ 53 1
I(p— pw v:v7)NDA = g <gp e =4.7x%x 10 GeV ™. (3.10)
It is then clear that the searches for such decays suffice to rule out a model with compos-
iteness at multi-TeV scales. In comparing with the bound, we have used the values

M =1TeV, g, =4n, and €} =1, (3.11)

and we shall continue to do so henceforth.

We need, therefore, to explore the alternative option, which is to look for a symmetry
that lies (at least partly) within SO(9), such that the leptoquark is charged. A simple
expedient is to use the Zs C SO(9) symmetry whose non-trivial element in the defining
—Is 0

0 I3
element commutes with SO(6) x SO(3) (and therefore is unbroken by the gauging of the SM
subgroup) but anti-commutes with the broken generators in SO(9)/SO(6) x SO(3), meaning

representation of SO(9) is the matrix ( ) , where I, is the n x n identity matrix. This

that the leptoquarks transform under Zo as II — —II. Now, by insisting that the Zs be
unbroken by the strong dynamics and the couplings to elementary fermions, the diquark
coupling Ilqq is forbidden. Provided, moreover, that the elementary ¢ and ¢ are assigned
opposite charges, the leptoquark coupling I1/q is allowed. Yukawa couplings can be retained
by assigning the elementary (u¢, d°) and e to have the same charges as ¢ and ¢, respectively.

Such a symmetry (which may be thought of as either a baryon or lepton parity)
stabilizes nucleons completely, and so also solves potential problems from generic operators
generated by the heavier resonances of the strong dynamics. Its drawback is that it cannot
forbid neutron-antineutron oscillations,!! for which there are again strong experimental
constraints. There are two dimension 9 operators in the EFT that could give a contribution
to this process, namely qqqq(dcdc)T and ud“d“u®d®d®. The low-energy effects of these
operators are subject to large hadronic uncertainties; we estimate a rough bound on the
necessary scale as A 2 100 TeV.

10We assume that all particles come in 1-d representations of the symmetry, so as not to have to introduce
additional states.
HFor a review see [50].
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In our leptoquark model, we expect to generate the operator

40, 9\4( d\2
9 (€1)* () oo
e 345 qqqq(d°d°)’. (3.12)

Using the nominal values in (3.11) and matching with the previous expression, we find
A = 188TeV. Given the high dimension of the operator, this scale comes with a large
uncertainty, but it would seem that we are safe.

Finally, we remark that we could, of course, invoke both symmetries discussed above,
in order to forbid both nucleon decay and oscillations absolutely.

4 Phenomenological analysis

At tree level, the effects of the leptoquark on flavour physics observables can be studied
using the effective lagrangian

A O . - _
£y = 30 2808 (00 by ) Er Pute) + 3 Pra) B Puto)] . (4)
ijtk

where i, j, k, £ € {1,2,3} are generation indices. We work in a basis where the CKM matrix

4 T
acts on the up sector such that g; is the quark doublet, ¢; = (VCJVIQC Mu’z, di) , and ¢; is

the lepton doublet, ¢; = (l/i, ei)T. We assume that the mass differences between the
components of the leptoquark triplet are small compared to the masses themselves, so that
the components can be assumed to have a common mass, M. Therefore we may write

o Aij(Aek)™ - _ _ _
'CL% = Z M [2 (dL’Y'udL)kj (eL'YueL)el‘ +2 (UIL'YMUIL)JW‘ (VL'VMVL)ZZ'

+(deydr)y; Frywvn) + @)y (Eoyuen);  (4:2)
+ (@ ydr)y; ELvave) g + (deyul); (Prauer)y |

where u/L] = VCTVJI]; Mu,’%. All unprimed fields are mass eigenstates.'?
We now comment briefly on the qualitative consequences of the various operators that

appear above.

(i) Flavour changing neutral currents (FCNC) in the down quark sector

These are  generated by the operators (EL’y"d L) ki (éryuer),  and
(EL’y“d L) Iy (Trvuvr)y-  They can mediate meson decays via the transitions
b— sll,b— svv, s — dll, s — dvv, b — dlf and b — dvv.

The b — sff transition is the main motivation for this work and will be discussed in
more detail below. The decays involving neutrinos can have large NP contributions,
because couplings to tau neutrinos are large in the partial compositeness framework
considered here. We provide a quantitative analysis of the decays B — K®vv and

12WWe neglect neutrino masses.
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(iii)

K — mvv below. Constraints on leptoquark couplings from measurements of (lepton-
flavour-conserving) K and B decays are summarized in table 4 below, excluding b —
stl and b — svv processes, which will be discussed in more detail in the text. Lepton-
flavour-violating (LFV) processes, recently investigated in [51], are also possible in
our set-up, but current bounds on these are weak. We will comment more on LFV
processes in section 4.2.5.

FCNC in the up quark sector

These are generated by the operators (@) y"u}) kj (Uryuvr),  and
(@ yHuh) ki (érvuer)y- They can mediate decays of charmed mesons via ¢ — uf/
and ¢ — wvv transitions. Bounds on these processes are weak, and we know of no
bounds for decays with 7 leptons or neutrinos in the final state, which would receive
the largest NP contributions. These operators can also generate top decays into u or
¢ quarks plus a pair of charged leptons or of neutrinos. The rates of these decays
will be very small relative to current limits on FCNC top quark decays [49] (which in
any case search specifically for ¢t — Zq, meaning they cannot be directly applied to
leptoquarks). Since current measurements of FCNC in the up sector do not provide
strong constraints on our model, we will not discuss them further.

Charged currents

leese are  generated by the operators (@ y"d L)kj (éryuve),  and
(dL’y“u’L) kj (Uryuer),;- Processes generated by these operators are also present at
tree level in the SM, so NP contributions are not expected to be large relative to the
SM predictions. The largest NP rates will occur in processes with 7 or v; in the final
state.

With these considerations in mind, in the remainder of this section we discuss the

values of the model parameters that are needed to fit recent B-decay anomalies and then

list important constraints on the model and predictions for its effects in other processes.

4.1

Anomalies in B decays

4.1.1 Fit to muonic AB = AS = 1 processes

We consider recent results of [22], in which a fit to all available data on muonic (or lepton-

universal) AB = AS = 1 processes is described. A part of that work involved allowing

one Wilson Coefficient (or chiral combination thereof) to vary while assuming all other
coefficients are set to their SM values (for details of the fit please see [22]). The best fit

value found in this way for the chiral combination relevant to our leptoquark is Cév Pr —
—C%Pu = —0.55, with 1o and 20 ranges
ey = —oflP" e [-0.74,-0.36]  (at 10), (4.3)

cYPr — _oftPr € [-0.95,-0.19]  (at 20).
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It can be seen, by comparing the effective leptoquark lagrangian in (4.2) with the effective
hamiltonian in (2.1), that, for our model,

AGEe2(ViVi) 1" AsA M\ 72
uNP _ MNP _ F ts Vib 22723 4t q\2 @
C 4 [ 16v/272 e 0-24 epzca3(e3)” | iy <4TF>

and the requirements on the parameters are

Re(chycas) = 2.30 (‘;:) < 3>2< M )2 (Best fit), (4.6)

Re(clycas) € [1.50,3.08] (‘Z) (%)2 (%)2 (at 10), (@7)

Re(chyeas) € [0.79,3.96) (j:) (%) (TGMV)Q (at 20). (4.8)

Thus, if this anomaly is to be explained, there are 3 immediate implications for the

Saf =

c@
<

parameters of our model:

1. the mass of the leptoquark states should be low enough, M < 1TeV, to be within
the reach of the second run of the LHC;

2. the left-handed doublet of the third quark family should be largely composite, €3 ~ 1;
3. the composite sector must be genuinely strongly interacting, g, ~ 4.

Indeed, if any one of these does not hold then we are forced to set Re(chyc23) > 1, implying
an inconsistency with the EFT paradigm described in the previous section.

4.1.2 Rg
Ry, as defined in eq. (2.4), has been recently measured by LHCb to be Rx = 0. 745+8 8?2 +
0.036 [6]. Roughly, adding errors in quadrature, we therefore take the measured value at

the 1o level to be within the range [0.66,0.84]. The model prediction, including the effect
of the leptoquark, is given approximately by

712 12
’015 +CONP O{‘O) +‘C§M+C§‘NP+C§“
|CR + CF)

(4.9)

which can be found from the full expression by neglecting the coefficient of the dipole
operator, C7. (In the SM C7 has a magnitude less than 10% that of Cy or Cyg, and NP
contributions to it are constrained small by the measured branching ratio of B — Xv).
The NP values of the Wilson coefficients are

M\ 2
NP NP * 2 g
Cg —Clu == —0.24022023(63) <M) <ﬁ) s (410)
M\ 2%/g
eNP _ eNP —3 x q\2 14
— _12x1 (7) . 411
Cy —CTp x 107 ¢y ca3(€3) <Te\/> ppe (4.11)
The values of CSM and C’m are given in eq. (2.3).
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We see that, due to the structure of partial compositeness, NP contributions in the
decay BT — K*teTe™ are negligible. Neglecting these and the quadratic terms in C§ %P,

we obtain
A7 1 M

2 2

Re(c5qco3) € [1.42,2.98] <gp> <eg> <TeV> (at 1o). (4.12)
The allowed region thus has reasonable overlap with the 1o region found above using
a fit to muonic AB = AS = 1 observables. Therefore our model is able to fit the muonic
data and Rg with no tension between the two. Of course, this is hardly surprising as
several works [15, 22, 36] have pointed out the compatibility of the b — suu data with
Ry if the NP is predominantly in the muon sector, rather than the electron sector. This

feature is automatic in models with partial compositeness.

4.2 Important constraints and predictions

The largest couplings of the composite leptoquark are to third generation quarks and
leptons. Therefore, generically, the most important constraints and predictions will be in
processes involving third generation quarks and fermions in initial or final states and also
processes with third-generation fermions in a loop.!® This section will look at some of
these processes, discussing implications of current measurements on our model, as well as
highlighting promising channels for probing our scenario with future measurements.

4.2.1 b — svv

Due to the SU(2); structure of the leptoquark, it will couple to neutrinos as well as
charged leptons and thus induce b — svv transitions. The importance of this channel in
general for pinning down NP has been recently emphasised in [52]. These B — K*vv and
B — Kvv decays are good channels to look for large effects from the composite leptoquark
we consider. Indeed, since the identity of the neutrino cannot be determined in these
experiments, large contributions from the processes involving tau neutrinos are expected
in our model. Thus our model predicts a much larger rate than that expected in models
where NP couples only to the second generation lepton doublet.

Current NP bounds from these decays can be found in [52], which are quoted in terms
of ratios to Standard Model predictions. With a slight alteration of the notation of [52],
so as not to cause confusion with the notation used here, the relevant quantities, and the
limits thereon, are

B(B — K*vp)
R = 3.7 4.13
K ZBB— Ky (4.13)
and B(B - Kvp
ryp= BB K) (4.14)

B(B — Kvv)gy

The leptoquark can in principle induce transitions involving any combination of neutrino
flavours, since it couples to all generations and also has flavour-violating couplings. There

1BOf course, this is only true generically, since the sensitivity depends not only on the size of the NP
contribution, but also on the experimental feasibility and also the size and nature of the competing SM
contributions.
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will be interference between NP and SM processes only in flavour-conserving transitions.
The NP contributions to the 7;v; and v,v,, processes will induce a shift from unity in R%”

and Rg)w given by
) 5 M\ g M\ ?g
$)VUNTT * * 2 2

A(RK ) =10.220 Re(C32C33)+00363 ’032633| (Eg) (M) (4:{_)] (Eg) <m) (ﬁ) 5

-2
(¥)ov e —9 * q\2 % Ie
AR 1.27 x 10~ Re(c3ac33) (€3) (TeV) (47r> '

(The expression for A(RE;))W is approximate, because we have kept only the interference

term with the Standard Model, which is large compared to the term from purely NP
contributions.) The next biggest contribution comes from 7,v; and 7,v, final states. In
these cases, there is no interference with the SM and the contribution is

TeV 4
(4.15)

As is clear from these equations, the most important contribution comes from the v, v,

vy * v _ " « M —4 2
ACR ™+ AR = 210 % 107 (el + eiaenl?) () () (£2)

process. It is possible to pass the bound A(R(;)W)TT < 2.7 in a large fraction of the param-
eter space. Furthermore, large deviations in R and R3¥” (~ 25% of the SM contribution)
represent an interesting prediction of our composite leptoquarks scenario, which will be
testable at the upcoming Belle II experiment [52, 53]. Our prediction can be compared
with the case in which the leptoquark has only muonic couplings, in which the contributions
to A(Rgz)w) are S 5% (see section 4.5 of [52]).

4.2.2 K+t > ntov

Given that measurements involving neutrinos have the ability to probe some of the largest
couplings in our model — those involving third generation leptons — it is necessary to
check other rare meson decays with final state neutrinos.

Following [54], (but rescaling the bound given there to match the slightly more recent
measurement in [49]), the measurement of B(K* — mwvv) produces a bound (at 95%
confidence level) on the real NP coefficient dC,; (defined in [54]) of

dCy; € [—6.3,2.3]. (4.16)
The branching ratio is given in terms of §C\5 by
B(KT — nTvv) = 8.6(9) x 10711 +0.965C,; + 0.24(5C,5)?]. (4.17)
Our leptoquark contributes to §C\5 as

. M\
5C,5 = 0.62 Re(cz1cly) (%) (ed)? (Tev> , (4.18)

via the dominant process involving a pair of tau neutrinos. So with ¢3; ~ ¢33 ~ O(1), and
M ~TeV, our scenario passes current bounds.
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However the NA62 experiment, due to begin data-taking in 2015, will measure B(K+ —
7Tvv) to an accuracy of 10% of the SM prediction [55]. This means it will be able to shrink
the bounds on 6C,; to

dCyp € [—0.2,0.2] (4.19)

at 95%. Thus, if c31 ~ c32 ~ O(1) and M ~ TeV, measurements at NA62 will be sensitive
to our leptoquark.

4.2.3 Meson mixing

The leptoquark we consider can mediate mixing between neutral mesons via box diagrams.
This effect will be largest in Bs; mesons. From [38], the bound produced on the leptoquark
couplings when both leptons exchanged in the box are taus (the dominant contribution in
our scenario) is

AL 19672 M2 AmAL (4.20)
Az3 A < s 4.20
. fz%gmBS
From [56], fpo = 0.231 GeV, and
Ampy = (17.3 +2.6) x 10%hs™" = (1.14 £ 0.17) x 10"*MeV, (4.21)
while from [49], the measured value of the mass splitting is
Ampo =17.69 x 10"hs™" = 1.2 x 10"*MeV. (4.22)

Taking the uncertainty in the prediction to be roughly the size of the NP contribution,
|AmNE /AmSN| < 0.15 (as in [14]), then

M 2
A3shi |2 < 0.017 [ — ) . 4.23
Pakil? < 0017 () (4.23)

In terms of the parameters of our model this becomes

4r\? / M \? /1\*
<422 T i 4.24
leaachs| < <9p> <T6V> (63) (4.24)

We are able to pass this bound taking O (1) values for ¢33 and co3 and taking the other
parameters at values necessary to fit the anomalies as discussed above. The leptoquark will
also contribute to mixing of other neutral mesons. However bounds from the measurement
of mixing observables are generally weaker than bounds from meson decays (see eg. [57]).

4.2.4 p — ev and other radiative processes

The leptoquark has only left handed couplings, meaning that we will not get chiral enhance-
ments to the branching ratio of 1 — e7y. Nevertheless, the bound on B(u — e7) is tight
enough to be relevant for the model. The largest contributions come from diagrams with
a loop containing either a top or a bottom quark, together with the leptoquark. The most
recent measurement was performed by the MEG collaboration [58], who found a bound at
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90% confidence level of B(ut — etv) < 5.7 x 10713, Using the formula for the rate given
in [38], and neglecting all but the processes involving 3rd generation quarks in the loop,

M 2
|>\;3)\13’ < 7.3 X 10_4 (M) s (425)

which amounts to a bound on c35¢13 of

A7 M\2/1\?
* 1.4( = —) . 4.26
ol <14 (7) () () 20

This turns out to be a strong constraint for our model. Given that our EFT paradigm

assumes ¢;; ~ O(1), the bound is, roughly, saturated.
Given our flavour structure we expect an even larger contribution to 7 — py than to
p — ey. However the current bound on the branching ratio of this process is B(1 — uy) <
4.4 x 10~% [49], which is several orders of magnitude larger than the model prediction.
The process b — sy can be generated via similar diagrams. Current bounds on this
process, which leave room for NP contributions up to about 30% of the SM prediction,

2
lead to a bound on the combination |c5scs2| of roughly |c5scs2| < 100 (‘:T:) (Tjgv)2 (%> .

4.2.5 Comments on other constraints and predictions

Despite the fact that contributions from leptoquark diagrams will be largest for processes
containing taus (or tau neutrinos) in the final state, we have not yet mentioned any bounds
from meson decays with 7 leptons in the final state. This is because existing bounds are very
weak due to the relative difficulty of tau measurements. The current bound [59] on the de-
cay B — K777~ from BaBar, B(B — K7777) < 3.3x 1073, is several orders of magnitude
larger than the NP prediction. Likewise the recent Belle measurement of B(B*T — 71 v) [60]
has error bars much larger than the NP contribution (as does the SM prediction).

We have discussed b — sl processes and anomalies in previous subsections. Bounds
from meson decays mediated by other FCNC processes in the down sector are summarised
in table 4. The most constraining of these measurements is from the branching ratio of
BT — ntutp, for which the bound is approximately saturated.

Our leptoquark can appear in diagrams which contribute to the muon anomalous
magnetic moment, an observable which currently has a 2.2-2.7¢ discrepancy with SM
calculations [61]. However, as was pointed out in [62, 63], if a leptoquark couples only to
one chirality of muon, as is the case for us, the couplings would need to be very large to
explain the measurement. Our scenario produces a prediction several orders of magnitude
too small (for a mass of O(1TeV)), and so does nothing to alleviate the current tension
between the SM and experiment.

One hallmark of our model is that there should be only very small NP effects in
the electron sector. So decay measurements involving electrons should see no significant
deviations from the Standard Model in our scenario. A recent paper [22] contains a table
with predictions of ratios of observables with muons in the final state versus those with
electrons for b — slf processes. The predictions of our leptoquark model will, to a good
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Decay D" Papl/ (257 leyenl (£2) ()7 / (2%)°

* <28x 1074 < 6.9 x 102
* <23x107? < 2.7

T BT = whete

t BY = ntutys

Ks —ete” (12)(11)* < 1.0 < 4.9 x 107
K —ete” (12)(11)* <2.7x 1073 <1.3x10°
t Kg—ptp~  (22)(21)* <5.1x1073 <1.2x10?
K — ptp~ (22)(21)* < 3.6 x 1075 <83
K+ — ntete”  (11)(12)* <6.7x 1074 < 3.3 x 10%
Kp — mlete”  (11)(12)* < 1.6 x107* < 7.8 x10°
K+ = rtutu=  (21)(22) <53x1073 <1.2x103
K — 7w (31)(32)* <32x1073 <425
T Ba—ptp~  (21)(23)* <3.9x1073 < 46.0
Bg— 771 (31)(33)* < 0.67 < 4.6 x 10?
(11)(13)
(21)(23)

Table 4. 90% confidence level bounds [57] on leptoquark couplings from branching ratios of
(semi-)leptonic meson decays involving b — d and s — d, rescaled to M = 1TeV. A dagger denotes
bounds that have been rescaled to newer measurements [49]. The final column gives bounds on
partial compositeness parameters in units of the nominal values in (3.11).

approximation, coincide with those of the third column of their table, which contains the
uUNP _

predictions for a scenario with NP only in CJf NP — —Clpy = —0.5.

The leptoquark we consider will mediate lepton flavour violating processes. However we
find that all current bounds are well above rates predicted for the leptoquark contribution.
Lepton flavour violation in the context of B decays was recently discussed in detail in [51].
There, the authors consider a model in which, similarly to our case, the NP contributions
to b — slf decays arise in a V — A structure (ie. C§ = —Cf,) and the largest effects
are in the third generation of quarks and leptons. Interestingly, a special case of our
model can be made to fit into their framework, if we take all the O(1) coefficients ¢;; to
be equal (and for simplicity, equal to 1). Then the coupling denoted G in [51] is given
by G = (gp/M?) (})? 2=, and the mixing matrices Ul and Uf,; therein are given by
Ud, = (A3,A2,1) and Ut ,, = \/m;/m,. With these choices, we find that all bounds quoted
in [51] are comfortably satisfied by the composite leptoquark model. More precise bounds
on LFV processes will certainly provide an interesting test of our model and other lepton
non-universal scenarios.

Another recent paper [64] proposes double ratios of branching ratios as clean probes of
NP that is not lepton universal and couples to right-handed quarks. Since the leptoquark
we consider has no couplings to right-handed quarks, measurements of these would be a
useful test of the model if the B anomalies persist.
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4.3 Direct searches at the LHC

If the leptoquark is light enough, as the arguments in section 4.1 suggest it should be, it
will be pair-produced at the LHC with sizable cross-section via QCD interactions. The
leptoquark field comprises 3 charge eigenstates, 113, I1; /3 and I1_5 3, with charges 4 /3,1/3
and —2/3 respectively. Since we expect them to be rather heavier than the top, if we assume
all ¢;; coefficients in the couplings to have a modulus equal to 1, their branching ratio to
third generation quarks and leptons is around 94% or greater. So they predominantly
decay as follows:

H4/3 —>?B,
H1/3 — T tor H1/3 —)77-5,

H_2/3 — U t.

The branching ratios are quite sensitive to the ¢;; coefficients, however, so other decay
modes (e.g. involving second generation leptons) may be important for different values of
cij, even if they are all still O(1). The bounds and branching ratios in this section have
been derived under the assumption that the modulus of all ¢;; coefficients be equal to 1, but
we will comment on the impact of lifting this assumption towards the end of the section.

There will be electroweak mass splittings between the three leptoquark states, allowing
the heavier ones to decay to the lighter ones, but these decays will be subdominant to those
through the leptoquark couplings, if the mass splittings are small. Of the LHC leptoquark
searches, dedicated searches for third generation leptoquarks will put the strongest limits
on our leptoquarks [65]. The I1_, /3 leptoquark will decay to tops and missing energy, so
stop searches, which look for the same signature, will apply. Likewise sbottom searches
will apply to I1;/3. A recent CMS search [66] ruled out leptoquarks decaying wholly to 7
and b up to a mass of 740 GeV. This bound roughly applies to the leptoquark II,/3. This
leptoquark’s branching ratio to 7 and b is 0.94 (over the mass range of the search, the
variation is only in higher decimal places), so the bound on it from [66] is roughly 720 GeV.
Another CMS search [67] puts bounds on leptoquarks decaying to either top and tau or
bottom and neutrino with a combined branching ratio of 100%. Since the II; /3 state has a
combined branching ratio of 97% to these final states, to a good approximation the results
of this search should apply. This search implies a bound of 570 GeV on the mass of the
II; /3, which at this mass has a branching ratio of 0.40 to top and tau. A bound from
an ATLAS stop search [68] can be applied to the remaining leptoquark state, TI_5/3. In
one scenario considered in the search, the stop is presumed to decay wholly to a top and
the lightest neutralino, and a 640 GeV bound on the mass of the stop is quoted, assuming
that the neutralino is massless. The production mechanism for the II_, 3 leptoquark is
identical to that for the stop, which is assumed in the search to be directly pair produced.
Furthermore at a mass of 640 GeV, the branching ratio of II_,/3 to top and neutrino is
greater than 99.5%. We can hence take the 640 GeV bound to apply directly to the mass
of the leptoquark II_5/3. Since we are assuming small mass splittings between the charge
eigenstates in the leptoquark multiplet, a bound on the mass of one eigenstate roughly
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corresponds to a bound on them all. So we can apply the strongest of the bounds given
above to the mass M; we therefore conclude that M > 720 GeV.

However all these bounds are found by assuming that the O(1) coefficients ¢;; in the
leptoquark couplings all have a modulus equal to 1. The limits can change quite a lot
if this is not the case. In particular, the ratio of A3; to Ag; is (c35y/mr)/(coj /M), ie.
~ 4cszj/caj. So the branching ratio to e.g. top and muon can be larger than that to top and
tau if c33/cos < 0.25. By contrast, the difference between the third and second generations
of quarks is harder to overcome by changes in the ¢;; coefficients, since the hierarchy in
the mixing parameters is larger. A measured bound on leptoquarks decaying to third
generation quarks and second generation leptons would be a useful measurement to cover
a case where c33 were accidentally small.

5 Conclusions

We have argued that current anomalies in semileptonic B decays seen at LHCb are con-
sistent with a composite Higgs model featuring an additional, light leptoquark. This lep-
toquark has quantum numbers (3,3,1/3) under the SM gauge group and couplings to
the SM fermions that are largely fixed by the partial compositeness paradigm. We have
identified a possible coset structure that contains both the SM Higgs and the leptoquark
as pseudo-Goldstone bosons of the strong sector, which allows them to be rather lighter
than the resonances of the strong sector, and with a natural explanation of the sizes and
signs of their squared-mass parameters (bar a small, unavoidable, residual fine-tuning in
the electroweak scale).

The partial compositeness framework automatically implies lepton non-universality in
the leptoquark coupings. In this way, the departure from unity of the value of the ratio of
the branching ratio of B — Ku™u~ to that of B — KeTe™ measured at LHCb this year
can be accommodated, as can earlier anomalies in measurements of angular observables in
B — K*ut = decays. The framework predicts large couplings to third-generation leptons,
hence large deviations in observables involving tau leptons or neutrinos in the final state.
These processes therefore provide a good check for the model, but the predictions are not
in conflict with current bounds. In our scenario, with parameters chosen to fit the LHCb
b — sll anomalies, we predict deviations of ~ 25% from the SM value in B(B — Kvv),
which will be testable at the Belle Il experiment. And the NA62 experiment, starting in
2015, will measure B(K+ — 7tup) to sufficient accuracy that the effects of the model
should be visible there.

We find that the model is consistent with all other flavour constraints, however we
have identified a few processes for which the NP contributions are at or close to the cur-
rent bounds. These are B(u — ev), the mass splitting Amp, in Bs; meson mixing, and
B(BT — ntut ™). More precise measurements of these will also test the model. It should
be remembered, however, that the leptoquark couplings, A;;, within partial compositeness
are each only predicted up to an O(1) factor, ¢;;. Thus predictions can only be made to an
accuracy of order one or so, and even tight constraints could be evaded if, for a particular
process, the combination of ¢;; factors involved is accidentally small. It should be noted
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that, in particular, none of the processes listed in this paragraph get their dominant con-
tributions from the same combination of couplings that are involved in the LHCb B decay
anomalies. Thus, the various O(1) factors are not determined by fitting the anomalies.
However, the fact that the framework can make predictions for a wide range of processes,
due to non-zero couplings to all SM fermions, means that it is, nevertheless, falsifiable.

If the composite leptoquark is the cause of the measured discrepancies in B decays,
there are three implications for the model. Firstly, the composite sector must be strongly
interacting, g, ~ 4m. Secondly, the left handed doublet of the third quark generation must
be highly composite € ~ 1. Thirdly, the leptoquark should have a mass of around a TeV,
meaning that there is scope for its discovery at LHC13. Current LHCS8 bounds, analysed in
section 4.3, exclude the leptoquark up to masses of M > 720 GeV (under an assumption on
the coefficients involved in the couplings). Large third generation couplings ensure that the
three charge eigenstates of the leptoquark triplet decay mostly to third generation quarks
and leptons, so searches for third generation leptoquarks are effective for constraining their
mass.

We finally comment on the physics associated with the strong sector at the scale m,,.
First of all let us estimate the value of that scale. According to the discussion in section 3 we
expect that M? ~ g—;m%. Given that we need M ~ 1TeV to explain the LHCb anomalies,
we obtain m, ~ 10 TeV. With such a scale for the composite sector it has been shown [69]
that the structure of partial compositeness is enough to suppress dangerous contributions
to indirect search observables with the exception of the electron EDM and the radiative
LFV decay y — ey.'* The further suppression required in these channels might be obtained
by departing from the hypothesis of lepton flavour anarchy in the strong sector.'® Very
roughly, the amount of tuning needed to accommodate the right values of the EW scale and
of the Higgs mass [77-81] is expected to be, at best, at or below the per cent level, which
is not much worse than the amount already required in generic supersymmetric extensions
of the SM, given current bounds. We feel that this is a not unreasonable price to pay,
given the additional benefits of a motivated flavour paradigm and the power to explain the
LHCb anomalies.
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Other observables close to the current experimental sensitivity are the neutron EDM, ¢k, ¢’ /¢ and
B — Xs7.

15Various non-anarchic flavour structures have been considered in the context of partial compositeness,
see for example [42, 70-76]. In our framework a possible solution is to invoke an unbroken U(1). symmetry
protecting the electron family number. This will lead to vanishing leptoquark couplings with the electron
field, but our phenomenological analysis is unaffected.
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