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Most seriously, leptoquarks can mediate decay of the proton. One way to overcome this is

to promote an accidental symmetry that prevents proton decay in the SM to a global sym-

metry of the strongly-interacting sector. Since the proton is the lightest observed baryon,

baryon number symmetry is the obvious choice [13, 14], but lepton number symmetry,

or some combination of the two, may also suffice. In the example of section 4, I choose

3B +L (or equivalently, fermion number), which is enough to suppress the most dangerous

processes, like p → e+π0. Even then, we need to make sure that the couplings to the

elementary sector (and within the elementary sector itself), which need not respect the

global symmetry, do not cause further problems.

More difficult to overcome in the usual scenarios are the myriad constraints com-

ing from leptoquark contributions to rare processes, such as those violating lepton family

number. But in models of the type discussed here, where fermion masses arise via (2.1),

leptoquark-mediated processes exhibit a natural suppression via the very same mechanism

that suppresses other flavour-changing processes. Namely, the light fermions (for which the

constraints are strongest) are those least mixed with the strong sector. In the absence of

a calculable model, I will simply give a rough argument that this mechanism conceivably

allows the existing constraints to be overcome, with two exceptions. The latter are the

decays µ → eγ and τ → µγ, mediated by a loop containing a leptoquark and a top quark.

Consistency with these requires either that leptoquarks couple exclusively to quarks of one

chirality, or that they do not couple to the top quark at all.

Lastly, searches at the Tevatron have already ruled out leptoquarks with masses of

up to two hundred GeV or so (the precise limits depending on whether leptoquarks are

vectors or scalars, and their branching ratios for decay to different SM fermions). For

generic resonances at the TeV scale, we need not worry, but if leptoquarks arise as light

PNGBs, we should ask why they have not yet been observed. Even more worrisome is

the concern that PNGB leptoquarks could end up with negative mass-squareds (like a

Higgs boson) and condense in vacuo, breaking colour. Happily, we shall see below that

PNGB leptoquark mass squareds are positive-definite and that the masses are of the order

of several hundreds of GeV. In a nutshell, the reason for the difference with the usual

story where the Higgs arises as a PNGB [15–24] (and gets a vev) is that the dominant

contributions to the PNGB leptoquark effective potential (and hence its mass) come from

the QCD gauge coupling, rather than from couplings to the top quark, which dominate in

the PNGB Higgs case.

The phenomenology is dominated by processes involving third generation quarks and

leptons, to which these leptoquarks couple most strongly. Depending on their mass and

electric charge, the leptoquarks will decay to either a top or a bottom quark, together with

either a tau or a tau neutrino. There are also interesting possibilities for the observation

of leptoquark-mediated rare processes, including B → Kµµ , µ → eγ, τ → µγ, and

µ − e conversion in nuclei, where my estimates for the leptoquark couplings, which may

be considered as rough theoretical lower bounds, lie close to experimental upper bounds,

either actual or envisaged.

The outline is as follows. In the next section, I estimate the leptoquark contribution

to various rare processes in this scenario and argue that the constraints can be evaded in
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5 motivations . . .



1. ∃ a light scale/scalar, H . . .



1. ∃ a light scale/scalar, H . . .

. . . suggesting compositeness c.f. H0,π±,0

(but EWPT, LHC, and FCNC all suggest some tuning;
we’ll take mρ ∼ 10TeV )



2. the composite sector yields fermion masses . . .



2. the composite sector yields fermion masses . . .

. . . a bilinear coupling to SM fermions, Hqu, is at best marginal:

L ∼ Hqu
Λd−1 + qqqq

Λ2

mt + FCNC =⇒ d . 1.2−1.3

d → 1 =⇒ d [H†H]→ 2 (cf. TC: d ∼ 2−3)
Strassler, 0309122

Luty & Okui, 0409274

Rattazzi, Rychkov & Vichi, 0807.0004

Rychkov & Vichi, 0905.2211



2. the composite sector yields fermion masses . . .

. . . a linear coupling to SM fermions, Qq, can be relevant and
flavour problems can be decoupled!

L ∼ gρHQU + mρ (QQ + UU) + εqgρQq + εugρUu

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

fa
SM = cos ✓a fa + sin ✓a Oa, (3.2)

with sin ✓a = O (✏a). Thus, the parameters ✏ai have a physical meaning: they measure the

degree of compositeness of the SM fields. If ✏ai . 1, we have that (at leading order in

✏) fSM ⇡ f and the projections of the composite operators onto the SM fields are given

by (Oa)SM ⇠ ✏afSM . In this way, projecting operators such as g⇢Oq
HOu along the SM

components, we can read o↵ the strength of the Yukawa interactions. In particular, for the

the up and down quarks, we have

(Yu)ij ⇠ g⇢✏
q
i ✏

u
j , (Yd)ij ⇠ g⇢✏

q
i ✏

d
j . (3.3)

Throughout this Section, we use the symbol ⇠ to mean a relation that holds up to an

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

With an appropriate choice of the values of ✏qi , ✏
u
i , and ✏di , it is possible to reproduce the

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

g⇢v✏
q
i ✏

u
i ⇠ mu

i , g⇢v✏
q
i ✏

d
i ⇠ md

i (3.4)

✏q1
✏q2

⇠ �,
✏q2
✏q3

⇠ �2,
✏q1
✏q3

⇠ �3,

where v is the Higgs VEV, � = 0.23 is the Cabibbo angle and mu
i and md

i are the masses of

the up- and down-type quarks, respectively. In our framework, then, the Yukawa sector is

described by 10 parameters (g⇢, ✏
q
i , ✏

u
i , ✏di ). 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 ✏q3. In the lepton sector, there is more arbitrariness in the values of ✏`i and ✏ei . 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, ✏ei ⇡ ✏`i . 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 µ ! e�, which are the most problematic flavour-violating observables

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

contribution to the radiative LFV decays of the form �(`i ! `j�) ⇠
���✏`i✏ej

���
2

+
���✏`j✏ei

���
2
.

Considering the mass constraints ✏`i✏
e
i =

me
i

g⇢v �ij , it is easy to show that
���✏`i✏ej

���
2

+
���✏`j✏ei

���
2

is

minimized when
✏`i
✏`j

⇠ ✏ei
✏ej

⇠
s

me
i

me
j

. (3.5)

Evidently, this condition is implied by (but does not imply) our assumption that the left

and right leptonic mixings are equal.
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a.k.a partial compositeness
Kaplan, 91



3. partial compositeness =⇒ composite coloured fermions

cf. L ⊂ εqgρQq



4. composite coloured fermions suggests composite coloured
scalars

SU(3)xSU(2)xU(1) : (3,2,1/6)⊗ (3,2,1/6)⊂ (3,3,1/3)

a. k. a. leptoquarks/diquarks
BMG, 0910.1789

Giudice, BMG, & Sundrum, 1105.3161



5. if light (e.g. PNGBs), LQs give peculiar effects (in e.g.
B→ K µµ)



Predictions . . .



Can we fit the B→ K µµ (and all other FCNC) data?
BMG, Marco Nardecchia & Sophie Renner, 1412.1791

Need the right light LQ state
Need the right LQ couplings



Make the LQ a PNGB, e.g.

�ij/(cijg
1/2
⇢ ✏q3) j = 1 j = 2 j = 3

i = 1 1.92 ⇥ 10�5 8.53 ⇥ 10�5 1.67 ⇥ 10�3

i = 2 2.80 ⇥ 10�4 1.24 ⇥ 10�3 2.43 ⇥ 10�2

i = 3 1.16 ⇥ 10�3 5.16 ⇥ 10�3 0.101

Figure 3. Values of leptoquark couplings, �ij , where i denotes the lepton generation label and j

the quark generation label.

In the strongly-coupled, UV theory we expect the presence of an operator of the form

g⇢⇧OLOQ, where OQ (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 L
of the form ⇠ g⇢✏

`
i✏

q
j⇧`iqj . At low energies, the renormalizable lagrangian of the model is

L = LSM + (Dµ⇧)† Dµ⇧� M2⇧†⇧ + �ij qc
Lji⌧2⌧a`Li ⇧ + h.c., (3.7)

with �ij = g⇢cij✏
`
i✏

q
j , where we have omitted quartic terms involving H and ⇧ that are not

relevant to our discussion. Note that we have explicitly re-introduced the cij parameters

that are expected to be of O(1), but are otherwise unknown. We summarise the values of

the leptoquark couplings in Fig. 3.

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 ⇥ SU(2)L ⇥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)H ⇥
SU(2)R, with H transforming as a (2,2) of the unbroken subgroup. We must now enlarge

the coset space somehow to include the leptoquark ⇧ and its conjugate ⇧†. 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) ⇥ SU(2)⇧. The 6 Goldstone bosons,

(⇧,⇧†), transform as (6,3).

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

SO(9) ⇥ SO(5)

SU(4) ⇥ SU(2)⇧ ⇥ SU(2)H ⇥ SU(2)R
. (3.8)

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

trick is to somehow embed the SM gauge group in H so as to get the right charges for

H and ⇧. To do so we embed SU(3)C into SU(4). Explicitly, SU(4) contains a maximal

subgroup SU(3)C⇥U(1) , and the decomposition of the 6-d irrep of SU(4) under this group

gives 6 = 32/3 + 3�2/3. We then embed SU(2)L as the diagonal subgroup of SU(2)H ⇥
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NGBs: 36 + 10 - 15 - 3 - 3 -3 = 2x2 + 2x3x3
take the LQ mass M to be a free parameter (∼ TeV).



Quark sector:

10 parameters: gρ ,ε
q,u,d
i

9 quark masses and mixings fix all but gρ and ε
q
3 :

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

fa
SM = cos ✓a fa + sin ✓a Oa, (3.2)

with sin ✓a = O (✏a). Thus, the parameters ✏ai have a physical meaning: they measure the

degree of compositeness of the SM fields. If ✏ai . 1, we have that (at leading order in

✏) fSM ⇡ f and the projections of the composite operators onto the SM fields are given

by (Oa)SM ⇠ ✏afSM . In this way, projecting operators such as g⇢Oq
HOu along the SM

components, we can read o↵ the strength of the Yukawa interactions. In particular, for the

the up and down quarks, we have

(Yu)ij ⇠ g⇢✏
q
i ✏

u
j , (Yd)ij ⇠ g⇢✏

q
i ✏

d
j . (3.3)

Throughout this Section, we use the symbol ⇠ to mean a relation that holds up to an

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

With an appropriate choice of the values of ✏qi , ✏
u
i , and ✏di , it is possible to reproduce the

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

g⇢v✏
q
i ✏

u
i ⇠ mu

i , g⇢v✏
q
i ✏

d
i ⇠ md

i (3.4)

✏q1
✏q2

⇠ �,
✏q2
✏q3

⇠ �2,
✏q1
✏q3

⇠ �3,

where v is the Higgs VEV, � = 0.23 is the Cabibbo angle and mu
i and md

i are the masses of

the up- and down-type quarks, respectively. In our framework, then, the Yukawa sector is

described by 10 parameters (g⇢, ✏
q
i , ✏

u
i , ✏di ). 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 ✏q3. In the lepton sector, there is more arbitrariness in the values of ✏`i and ✏ei . 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, ✏ei ⇡ ✏`i . 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 µ ! e�, which are the most problematic flavour-violating observables

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

contribution to the radiative LFV decays of the form �(`i ! `j�) ⇠
���✏`i✏ej

���
2

+
���✏`j✏ei

���
2
.

Considering the mass constraints ✏`i✏
e
i =

me
i

g⇢v �ij , it is easy to show that
���✏`i✏ej

���
2

+
���✏`j✏ei

���
2

is

minimized when
✏`i
✏`j

⇠ ✏ei
✏ej

⇠
s

me
i

me
j

. (3.5)

Evidently, this condition is implied by (but does not imply) our assumption that the left

and right leptonic mixings are equal.
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Lepton sector:

6 parameters: ε
l ,e
i

Assume ε l
i ∼ εe

i to minimise µ → eγ

3 charged lepton masses fix all 6



Leptoquark couplings:

Let cij ∼O(1) parameterise our ignorance of strong dynamics

�ij/(cijg
1/2
⇢ ✏q3) j = 1 j = 2 j = 3

i = 1 1.92 ⇥ 10�5 8.53 ⇥ 10�5 1.67 ⇥ 10�3

i = 2 2.80 ⇥ 10�4 1.24 ⇥ 10�3 2.43 ⇥ 10�2

i = 3 1.16 ⇥ 10�3 5.16 ⇥ 10�3 0.101

Figure 3. Values of leptoquark couplings, �ij , where i denotes the lepton generation label and j

the quark generation label.

In the strongly-coupled, UV theory we expect the presence of an operator of the form

g⇢⇧OLOQ, where OQ (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 L
of the form ⇠ g⇢✏

`
i✏

q
j⇧`iqj . At low energies, the renormalizable lagrangian of the model is

L = LSM + (Dµ⇧)† Dµ⇧� M2⇧†⇧ + �ij qc
Lji⌧2⌧a`Li ⇧ + h.c., (3.7)

with �ij = g⇢cij✏
`
i✏

q
j , where we have omitted quartic terms involving H and ⇧ that are not

relevant to our discussion. Note that we have explicitly re-introduced the cij parameters

that are expected to be of O(1), but are otherwise unknown. We summarise the values of

the leptoquark couplings in Fig. 3.

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 ⇥ SU(2)L ⇥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)H ⇥
SU(2)R, with H transforming as a (2,2) of the unbroken subgroup. We must now enlarge

the coset space somehow to include the leptoquark ⇧ and its conjugate ⇧†. 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) ⇥ SU(2)⇧. The 6 Goldstone bosons,

(⇧,⇧†), transform as (6,3).

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

SO(9) ⇥ SO(5)

SU(4) ⇥ SU(2)⇧ ⇥ SU(2)H ⇥ SU(2)R
. (3.8)

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

trick is to somehow embed the SM gauge group in H so as to get the right charges for

H and ⇧. To do so we embed SU(3)C into SU(4). Explicitly, SU(4) contains a maximal

subgroup SU(3)C⇥U(1) , and the decomposition of the 6-d irrep of SU(4) under this group

gives 6 = 32/3 + 3�2/3. We then embed SU(2)L as the diagonal subgroup of SU(2)H ⇥
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LQ effects fixed by gρ . 4π,εq
3 < 1, and M.



RK :

which can be found from the full expression by neglecting the coe�cient of the dipole

operator, C7. (In the SM C7 has a magnitude less than 10% that of C9 or C10, and NP

contributions to it are constrained small by the measured branching ratio of B ! Xs�).

The NP values of the Wilson coe�cients are

CµNP
9 = �CµNP

10 = �0.24 c⇤22c23(✏
q
3)

2

✓
M

TeV

◆�2 ⇣ g⇢
4⇡

⌘
, (4.10)

CeNP
9 = �CeNP

10 = �1.2 ⇥ 10�3c⇤11c23(✏
q
3)

2

✓
M

TeV

◆�2 ⇣ g⇢
4⇡

⌘
. (4.11)

The values of CSM
9 and CSM

10 are given in eq. (2.3).

We see that, due to the structure of partial compositeness, NP contributions in the

decay B+ ! K+e+e� are negligible. Neglecting these and the quadratic terms in CµNP
9,10 ,

we obtain

Re(c⇤22c23) 2 [1.42, 2.98]

✓
4⇡

g⇢

◆✓
1

✏q3

◆2✓ M

TeV

◆2

(at 1�). (4.12)

The allowed region thus has reasonable overlap with the 1� region found above using

a fit to muonic �B = �S = 1 observables. Therefore our model is able to fit the muonic

data and RK 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 ! sµµ data with

RK 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.13 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 ! s⌫⌫

Due to the SU(2)L structure of the leptoquark, it will couple to neutrinos as well as

charged leptons and thus induce b ! s⌫⌫ transitions. The importance of this channel in

general for pinning down NP has been recently emphasised in [52]. These B ! K⇤⌫⌫ and

B ! K⌫⌫ decays are good channels to look for large e↵ects 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.

13Of 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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Decay (ij)(kl)⇤ |�ij�
⇤
kl|/

�
M

TeV

�2 |cijc
⇤
kl|
� g⇢

4⇡

�
(✏q3)

2
/
�

M
TeV

�2

KS ! e+e� (12)(11)⇤ < 1.0 < 4.9 ⇥ 107

KL ! e+e� (12)(11)⇤ < 2.7 ⇥ 10�3 < 1.3 ⇥ 105

† KS ! µ+µ� (22)(21)⇤ < 5.1 ⇥ 10�3 < 1.2 ⇥ 103

KL ! µ+µ� (22)(21)⇤ < 3.6 ⇥ 10�5 < 8.3

K+ ! ⇡+e+e� (11)(12)⇤ < 6.7 ⇥ 10�4 < 3.3 ⇥ 104

KL ! ⇡0e+e� (11)(12)⇤ < 1.6 ⇥ 10�4 < 7.8 ⇥ 103

K+ ! ⇡+µ+µ� (21)(22)⇤ < 5.3 ⇥ 10�3 < 1.2 ⇥ 103

KL ! ⇡0⌫⌫̄ (31)(32)⇤ < 3.2 ⇥ 10�3 < 42.5

† Bd ! µ+µ� (21)(23)⇤ < 3.9 ⇥ 10�3 < 46.0

Bd ! ⌧+⌧� (31)(33)⇤ < 0.67 < 4.6 ⇥ 102

† B+ ! ⇡+e+e� (11)(13)⇤ < 2.8 ⇥ 10�4 < 6.9 ⇥ 102

† B+ ! ⇡+µ+µ� (21)(23)⇤ < 2.3 ⇥ 10�4 < 2.7

Figure 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 = 1 TeV. 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).

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 cij coe�cients 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 ⇧�2/3 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 ⇧1/3. A recent CMS search [66] ruled out leptoquarks decaying wholly to

⌧ and b up to a mass of 740 GeV. This bound roughly applies to the leptoquark ⇧4/3.

This leptoquark’s branching ratio to ⌧ 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 ⇧1/3 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 ⇧1/3, 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, ⇧�2/3. 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 ⇧�2/3 leptoquark is

identical to that for the stop, which is assumed in the search to be directly pair produced.
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Opportunities in B→ K νν (Belle II), K → πνν (NA62), µ → eγ

(MEG), B→ πµµ, ∆mBs , . . .



Summary:

Leptoquarks a generic prediction in partial compositeness

If light, predict large effects in B→ K µµ

Data can be fit with M ∼ TeV, gρ ∼ 4π, ε3
q ∼ 1

Look at LHC, B→ K νν (Belle II), K → πνν (NA62), µ → eγ

(MEG), B→ πµµ, ∆mBs , . . .


