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1. Introduction

Last year, new evidence was presented for the semi-leptonic B decay ratio RK(∗) , which vio-
lates µ−e universality in b→ sµµ decays [1]. Together with the semi-leptonic B decay ratio RD(∗) ,
which violates τ universality in b→ cτντ decays, these anomalies motivate new theories of flavour
involving leptoquarks. Indeed, the single vector leptoquark U µ

1 (3,1,2/3) has been shown to ad-
dress all the B physics anomalies [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21].

Such a vector leptoquark is predicted by Pati-Salam theory (PS) [22], but its mass has to be too
heavy to explain the anomalies, in order to not violate certain experimental limits. Notwithstanding
this, such a vector leptoquark could be made sufficiently light (around the TeV scale) consistent
with the experimental limits, 1 in more complicated versions of the PS theory [24, 25, 26, 27, 28,
29, 30, 31]. However, such theories are typically defined as effective theories, and their ultraviolet
completion remains obscure,which motivates further model building. Of particular interest are
those models which might also account for the origin of quark and lepton masses, if such theories
could be constructed. In this case, the B physics anomalies could be the first indication of a new
theory of flavour beyond the Standard Model (BSM).
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Figure 1: The model is based on two copies of the PS gauge group G422 = SU(4)PS× SU(2)L× SU(2)R.
The circles represent the gauge groups with the indicated symmetry breaking as in Eq.1.1, ending with the
Standard Model (SM) gauge group G321 = SU(3)c×SU(2)L×U(1)Y .

In a recent paper [32] we proposed such a theory of flavour, not only capable of explaining
some of the anomalies, for natural values of the parameters, but also providing an explanation of
quark and lepton (including neutrino) mass and mixing hierarchies. The basic premise is that, at
high energies, the theory involves two copies of the PS gauge group, G422 [22]. Having two copies
of the PS groups allows gauge boson masses at different mass scales, as follows.

The twin PS gauge groups are assumed to be broken in stages first to G4321 then to the SM
gauge group G321, as depicted in Fig. 1,

GI
422×GII

422
Mhigh−→ G4321

Mlow−→ G321 (1.1)

The high scale PS symmetry group SU(4)II
PS is broken at Mhigh & 1 PeV, the latter limit being due

to the non-observation of KL→ µe [33], where Mhigh may be as high as the conventional scale of
Grand Unified Theories (GUTs). The low scale PS group SU(4)I

PS is broken at Mlow ∼ 1 TeV in
order to explain the anomalies.

1A low energy PS gauge group has also been considered from a different perspective [23].
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We assume that three chiral fermion families transform under the second PS group, GII
422, while

a fourth vector-like (VL) fermion family, transforms under the other the first PS group, GI
422. The

mixing of the VL fermions with the chiral quarks and leptons will play a role in controlling the
couplings of ordinary quarks and leptons to the PS gauge bosons, which will emerge as mixed
states. In the absence of such mixing, ordinary quarks and leptons would not couple at all to the
low scale vector leptoquarks, and would be massless due to the absence of SM Higgs doublets.

The explanation of the anomalies involves the low scale vector leptoquark U µ

1 (3,1,2/3) from
the SU(4)I

PS, broken at Mlow ∼ 1 TeV, which couples to only the VL fermions initially, but which
will also couple to ordinary quarks and leptons via their mixing with the VL fermions. The con-
trolled nature of these couplings will ensure that the experimental limits are respected. Similarly,
the origin of quark and lepton masses also depends on the mixing with the VL fermions, and will
involve also new “personal” Higgs doublets for the second and third family fermion masses, where
the origin and nature of these fields is very different from the “private” Higgs doublets envisaged
in [34, 35, 36, 37].

Since the explanation of the anomalies and the origin of quark and lepton masses both arise
from mixing with the VL fermions, this provides a link between the flavour anomalies and the
theory of flavour. More details about the simplified model are given in the next section.

2. A Simplified Twin Pati-Salam Theory of Flavour

In this section, we shall consider a simplified version of the full twin PS model [32] in which
we address the question of the second and third family quark and lepton masses only. In this
simplified version, the first family is assumed to be massless, along with the neutrino masses, both
of which are not directly related to the anomalies. In this simplified version of the model, presented
in the Corfu talk, only a single vector-like family is required, and the model is easier to formulate.
For details of the full model, see [32].

2.1 The High Energy Model

It is well known that quarks and leptons may be unified into the traditional Pati-Salam (PS)
gauge group [22],

G422 = SU(4)PS×SU(2)L×SU(2)R (2.1)

In the traditional PS theory, the left-handed (LH) chiral quarks and leptons are unified into SU(4)PS

multiplets with leptons as the fourth colour (red, blue, green, lepton),

ψi(4,2,1) =

(
ur ub ug ν

dr db dg e−

)

i

≡ (Qi,Li) (2.2)

ψ
c
j (4̄,1, 2̄) =

(
uc

r uc
b uc

g νc

dc
r dc

b dc
g ec

)

j

≡ (uc
j,d

c
j ,ν

c
j ,e

c
j) (2.3)

where ψc
j are the CP conjugated RH quarks and leptons (so that they become LH) forming SU(2)R

doublets and i, j = 1 . . .3 are family indices. Three right-handed neutrinos (actually their CP con-
jugates νc

j ) are predicted as part of the gauge multiplets.
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Field SU(4)I
PS SU(2)I

L SU(2)I
R SU(4)II

PS SU(2)II
L SU(2)II

R

ψ1,2,3 1 1 1 4 2 1
ψc

1,2,3 1 1 1 4 1 2
ψ4 4 2 1 1 1 1
ψ4 4 2 1 1 1 1
ψc

4 4 1 2 1 1 1
ψc

4 4 1 2 1 1 1
φ 4 2 1 4 2 1
φ 4 1 2 4 1 2
H 4 2 1 4 1 2
H 4 1 2 4 2 1

Table 1: The twin PS theory based on GI
422×GII

422. The model consists of three left-handed chiral fermion
families ψ1,2,3,ψ

c
1,2,3 under the second PS group, plus a VL fourth fermion family ψ4,ψ

c
4 and their conjugates

under the first PS group. Personal Higgs doublets are contained in H,H, one for each fermion. The Higgs
singlets in φ ,φ are called Yukons. In addition to the fields shown here, we require further high energy Higgs
fields (not shown) whose VEVs will break the second PS group at a high scale, leaving the first unbroken.
We also need further Higgs fields, which break the two left-right gauge groups into their diagonal subgroup.

In the twin PS model in Table 1, the usual three chiral fermion families originate from the
second PS group GII

422, broken at the high scale. There are no standard scalar Higgs doublet fields
which transform as (1,2,2) under GII

422, hence no standard Yukawa couplings involving the chiral
fermions. These will be generated effectively via mixing with the vector-like (VL) fermions which
only have quantum numbers under the first PS group, GI

422. This mixing is facilitated by the non-
standard Higgs scalar doublets contained in φ ,φ ,H,H in Table 1, via the couplings,

L ren
4 =yψ

i4Hψiψ
c
4 + yψ

43Hψ4ψ
c
3 + xψ

i4φψiψ4 + xψc

4 j ψc
4φψ

c
j +Mψ

4 ψ4ψ4 +Mψc

4 ψ
c
4ψc

4 (2.4)

where i, j = 2,3, and x,y are dimensionless coupling constants and M4 are the VL masses. These
couplings mix the chiral fermions with the VL fermions, and will be responsible for generating
effective Yukawa couplings of the second and third families.

We shall refer to the Higgs doublets contained in H,H as personal Higgs doublets, since under
the Standard Model decomposition, there will be a separate Higgs for each fermion mass as we
shall see shortly. The Higgs singlet fields in φ ,φ are called Yukons, since they are necessary to
generate the effective Yukawa couplings.

Since the VL fermions will mix with the second and third chiral families, they lead to effective
couplings to TeV scale SU(4)I gauge bosons which violate lepton universality between the second
and third families.

2.2 Effective Yukawa operators

We have already remarked that the usual Yukawa couplings involving purely chiral fermions
are absent. In this subsection we show how they may be generated effectively once the vector-like
fermions are integrated out.

3
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With a fourth VL family, we may write the masses and couplings in Eq.2.4 as a 5×5 matrix
in flavour space

Mψ =




ψc
1 ψc

2 ψc
3 ψ4 ψc

4

ψ1| 0 0 0 0 0
ψ2| 0 0 0 0 yψ

24H
ψ3| 0 0 0 xψ

34φ yψ

34H
ψ4| 0 0 yψ

43H Mψ

4 0
ψc

4 | 0 xψc

42 φ xψc

43 φ 0 Mψc

4




. (2.5)

where the extra zeroes are achieved by (ψ2,ψ3) rotations, where such rotations leave the upper
3×3 block of zeroes unchanged, so the form of Eq.2.5 is just a convenient choice of basis.

There are several distinct mass scales in this matrix: the personal Higgs VEVs 〈H〉, 〈H〉, the
Yukon VEVs 〈φ〉, 〈φ〉 and the VL fourth family masses Mψ

4 , Mψc

4 . Assuming the latter are heavier
than all the Higgs VEVs, we may integrate out the fourth family, to generate effective Yukawa
couplings of the quarks and leptons which originate from the diagrams in Fig. 2.

The two diagrams in Fig.2 lead to effective Yukawa operators (up to an irrelevant minus sign),
after integrating out VL fermions,

L Yuk
4e f f =

xψ

34φyψ

43H
Mψ

4
ψ3ψ

c
3 +

yψ

i4Hxψc

4 j φ

Mψc

4

ψiψ
c
j +H.c. (2.6)

where i, j = 2,3. After Pati-Salam breaking, these terms will lead to Yukawa matrices for quarks
and leptons as we now discuss.

 i  c
j

 c
4  c

4

H �

M c

4

--
H�

 3  c
3

 4  4

 i  c
j

 c
4  c

4

H �

M c

4

--
H �

Figure 2: Diagrams which lead to the effective Yukawa couplings of the third family (left panel) and second
family (right panel) where i, j = 2,3 are the only non-zero values.

The reason we have gone to the basis in Eq.2.5, with more zeros in the ψ4,ψ4 entries, is that
the effective Yukawa operators in Eq.2.6 have the suggestive matrix form,

L Yuk
4e f f =




ψc
1 ψc

2 ψc
3

ψ1| 0 0 0
ψ2| 0 0 0
ψ3| 0 0 xψ

34yψ

43




φ

Mψ

4
H +




ψc
1 ψc

2 ψc
3

ψ1| 0 0 0
ψ2| 0 yψ

24xψc

42 yψ

24xψc

43

ψ3| 0 yψ

34xψc

42 yψ

34xψc

43




φ

Mψc

4

H (2.7)

where the dimensionless couplings x,y in the matrices are expected to be of order unity. If we
assume that φ ,φ fields develop vacuum expectation values (VEVs) with a hierarchy of scales,

〈φ〉
Mψc

4

� 〈φ〉
Mψ

4
. 1 (2.8)
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then the first matrix in Eq.2.7 generates larger effective third family Yukawa couplings, while the
second matrix generates suppressed second family Yukawa couplings and mixings. Since the sum
of the two matrices has rank 1, the first family will be massless. When decomposed under the SM
gauge group, the operators in Eq.2.7 lead to the second and third family quark and charged lepton
mass matrices as shown in Fig. 3.Under 4321 have a personal Higgs for each mass   

The broken SU(4)II
PS generators are associated with gauge bosons which will mediate

various processes at acceptable rates. The non-observance of KL ! µe is responsible for
the limit in Eq. 37, which is why we refer to this as high scale symmetry breaking.

The combined symmetry breakings (i) and (ii) in Eqs. 33 and 38 are equivalent to that
in Eq.2, with the fields transforming under G4321 as shown in Table 3. In particular, the
Higgs scalars H, H decompose under G4422 ! G4321 as,

H(4̄, 4, 2̄, 2) ! Ht(4̄, 3, 2̄, 2/3), Hb(4̄, 3, 2̄,�1/3), H⌧ (4̄, 1, 2̄,�1), H⌫⌧ (4̄, 1, 2̄, 0) (40)

H(4, 4̄, 2̄, 2) ! Hc(4, 3̄, 2̄, 1/3), Hs(4, 3̄, 2̄,�2/3), Hµ(4, 1, 2̄, 0), H⌫µ(4, 1, 2̄, 1) (41)

where the notation anticipates that a separate personal Higgs field contributes to each of
the second and third family quark and lepton masses as shown below.

 i  c
j

 c
4  c

4

H �

M c

4

--

 4  4

M 
4

�3 Ht

Q3 uc
3  i  c

j
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4  c

4

H �
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 c
4u⌫  
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4u⌫

M c

4
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 c
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Figure 4: Diagrams which yield the mass matrices for all quarks and leptons in the low en-
ergy G4321 theory, arising from the decomposition of Figs. 2,3. The couplings respect G4321

according to the assignments in Table 3. Each row of diagrams represents a particular charged
fermion, u, d, e, ⌫, generating the e↵ective mass matrices in Eqs.42,43,44,45, respectively, The
columns of diagrams generate the entries in the mass matrix proportional to A, B, C, D, re-
spectively. Note the 8 independent personal Higgs fields Ht, . . . , H⌫µ in the first two columns
of diagrams, associated with the 3rd and 2nd familes.

The e↵ective operator matrix in Eqs.26 decomposes under the gauge group G4321 into
separate quark and lepton operator matrices (which yield mass matrices after the scalars

11

mt

where we have expressed the personal Higgs fields in terms of the light Higgs doublets
using Eqs.84-93, with VEVs in Eq.83, and taken the fifth family lepton masses to be
three times larger than the fifth family quark masses, according to Eq.50. Since we have
assumed the hierarchy in Eq.29, it is natural to assume that each term in Eqs.102,103,104
roughly corresponds to a particular charged fermion mass of the second and third family,
as the notation suggests (the neutrinos will be discussed separately), with each fermion
mass controlled by its own personal Higgs as discussed below Eqs.42-45. However, unlike
private Higgs models [51–54], the fermion mass hierarchies are controlled by the heavy
fourth and fifth family messenger masses, rather than requiring a hierarchy of Higgs
VEVs, which do not need to be very small, as discussed below. Eq.105 refers to the Dirac
neutrino masses, where the Dirac neutrino mass matrix in Eq.99 enters the type I seesaw
mechanism and will be discussed in the following subsection.

By comparing Eqs.102,103,104 to Eqs.1,2,3, a number of requirements emerge to achieve
a correct description of the charged fermion masses of the second and third families:

• The dominant VEV is hHti = ↵uvu ⇠ v = 175 GeV for the correct top mass

• Also the large top mass requires h�3i ⇠ M 
4

• mb/mt ⇠ hHbi/hHti ⇠ �2.5 implies hHbi = ↵dvd ⇠ �2.5v ⇠ 5 GeV

• ms/mc ⇠ hHsi/hHci = (�dvd)/(�uvu) ⇠ �1.7 ⇠ 1/13

• ms/mµ ⇠ h�3ihHsi
h�1ihHµi ⇠ 1

We conclude that all second and third family masses can be accommodated with the
above conditions satisfied. As claimed, the personal Higgs VEVs here are not very small
and could be around 1-10 GeV, apart from that associated with the top quark whose
VEV is approximately that of the SM Higgs doublet, recalling that we have absorbed the
factor of

p
2 into the VEVs according to v = vSM/

p
2 and vSM = 246 GeV.

Approximate forms of Eqs.96,97,98,99 can also be useful for analytic estimates as follows,
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@
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d ms mb
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A (106)

MD
⌫ ⇠

0
@

0 m̄D
⌫e

m̄D
⌫e

mD
⌫e

mD
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⌫e
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mD
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A , Me ⇠

0
@

0 m̄0
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e

m0
e mµ mµ

m0
e mµ m⌧

1
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f ⇠ mf for the second and and third family charged fermions and dropping the

dimensionless coe�cients. If M 
5 ⇠ M c

5 , then the matrices are approximately symmetric,
up to order unity dimensionless coe�cients x, y which we have dropped here, hence,

m0
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By comparing Eqs.102,103,104 to Eqs.1,2,3, a number of requirements emerge to achieve
a correct description of the charged fermion masses of the second and third families:

• The dominant VEV is hHti = ↵uvu ⇠ v = 175 GeV for the correct top mass

• Also the large top mass requires h�3i ⇠ M 
4

• mb/mt ⇠ hHbi/hHti ⇠ �2.5 implies hHbi = ↵dvd ⇠ �2.5v ⇠ 5 GeV

• ms/mc ⇠ hHsi/hHci = (�dvd)/(�uvu) ⇠ �1.7 ⇠ 1/13

• ms/mµ ⇠ h�3ihHsi
h�1ihHµi ⇠ 1

We conclude that all second and third family masses can be accommodated with the
above conditions satisfied. As claimed, the personal Higgs VEVs here are not very small
and could be around 1-10 GeV, apart from that associated with the top quark whose
VEV is approximately that of the SM Higgs doublet, recalling that we have absorbed the
factor of

p
2 into the VEVs according to v = vSM/

p
2 and vSM = 246 GeV.

Approximate forms of Eqs.96,97,98,99 can also be useful for analytic estimates as follows,
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1
A (106)
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@
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⌫e
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⌫µ

mD
⌫e
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⌫µ

mD
⌫⌧

1
A , Me ⇠

0
@
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e m̄0

e

m0
e mµ mµ

m0
e mµ m⌧

1
A (107)

assuming m0
f ⇠ mf for the second and and third family charged fermions and dropping the

dimensionless coe�cients. If M 
5 ⇠ M c

5 , then the matrices are approximately symmetric,
up to order unity dimensionless coe�cients x, y which we have dropped here, hence,

m0
u ⇠ m̄0

u ⇠ p
mumc, m0

d ⇠ m̄0
d ⇠ p

mdms, m0
e ⇠ m̄0

e ⇠
p

memµ (108)

23

mt

mcmc
mc

mb

mb

ms

msms

ms

m⌧

m⌧

mµ

mµ
mµ

mµ

Figure 3: Diagrams which lead to the second and third family quark and charged lepton mass matrices of the
SM. These diagrams originate from those shown in Fig. 2, when decomposed under the SM gauge group. As
indicated by the colour coding, there is a separate personal Higgs doublet responsible for each of the second
and third family quark and lepton masses, which originates from the decomposition of the scalars H,H in
Table 1 under the SM gauge group. The Higgs singlet fields from the decomposition of the scalars φ ,φ are
called Yukons, since they are necessary to generate the effective Yukawa couplings as shown in the diagram.

3. Phenomenology of G4321

In this section we shall discuss the phenomenology resulting from the low scale symmetry
breaking

G4321
Mlow−→ G321 (3.1)

which is achieved from the low scale VEVs,

〈φ3〉=




v3√
2

0 0

0 v3√
2

0

0 0 v3√
2

0 0 0




, 〈φ1〉=




0
0
0
v1√

2


 , (3.2)
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where
v1 ∼ v3 . 1 TeV. (3.3)

The low scale mass gauge bosons resulting from the symmetry breaking in Eq. 3.1 include the
following TeV scale gauge bosons: a massive vector leptoquark U µ

1 = (3,1,2/3), a massive gluon
g′µ = (8,1,0) and a massive Z′µ = (1,1,0).

The massive gauge bosons U1,g′,Z′ couple to the chiral fermions and VL fourth family fermions
with left-handed interactions [24],

g4√
2

(
Q̄L4γ

µLL4 +H.c.
)

U1µ

+
g4gs

g3

(
Q̄L4γ

µT aQL4−
g2

3

g2
4

Q̄Liγ
µT aQLi

)
g′aµ (3.4)

+

√
3g4gY√

2g1

(
1
6

Q̄L4γ
µQL4−

1
2

L̄L4γ
µLL4−

g2
1

9g2
4

Q̄Liγ
µQLi +

g2
1

3g2
4

L̄Liγ
µLLi

)
Z′µ

A typical benchmark point is [24]: g4 ≈ 3, g3 ≈ gs ≈ 1, g1 ≈ gY ≈ 0.36, MZ′ ≈ 1.4 TeV, MU1 ≈
1.6 TeV, and Mg′ ≈ 2.0 TeV. This set of parameters has the typical feature that g4� g3,g1 so that
the heavy gauge bosons g′,Z′ have suppressed couplings to light quarks and leptons, according to
Eq.3.4, which will inhibit the direct production of these states at the LHC. The vector leptoquark
with mass MU1 ≈ 1.6 TeV is below the sensitivity of LHC searches, for couplings consistent with
the global fit to the B physics anomalies [6].

The key feature of the gauge boson couplings in Eq.3.4 is that, while the massive gluon g′µ and
the Z′µ couple to all chiral and VL quarks and leptons, the vector leptoquark U µ

1 only couples to the
fourth family VL fermions. The reason is that U µ

1 originates entirely from SU(4)I , which remains
unbroken to low scales, and under which the chiral quarks and leptons are singlets.

However, effective U µ

1 vector leptoquark couplings to third family quarks and leptons are
generated from the first line of Eq.3.4, after mixing of the third family chiral fermions with the
fourth family VL fermions, leading to the effective operator,

g4√
2

xψ

34〈φ1〉
Mψ

4

xψ

34〈φ3〉
Mψ

4
Q̄L3γ

µLL3U1µ +H.c. (3.5)

as shown in Fig. 4.
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Q3

�3
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4

U1

M 
4

�1

L3

Q4 L4L4Q4

Figure 4: Diagram in the model which leads to the effective U1 vector leptoquark couplings to third family
quarks to leptons in the mass insertion approximation.
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The operator in Eq.3.5 has the right structure of vector leptoquark U µ

1 couplings to account
for the B-physics anomalies in RK(∗) and RD(∗) as discussed in many papers mentioned in the In-
troduction. For example, according to the analysis in [6], a single operator as in Eq.3.5, involving
only the third family doublets, can account for both the anomalies simultaneously, once the further
transformations required to diagonalise the quark and lepton mass matrices are taken into account,
leading to, in the notation of [6],

g4√
2

sQ
34sL

34Q̄L3γ
µLL3U1µ ≡ gU Q̄L3γ

µLL3U1µ → gU βiαQ̄Liγ
µLLα U1µ (3.6)

The couplings in Eq.3.6 give rise to the diagrams in Fig.5 in which the exchange of the vector
leptoquark U1 leads to contributions to lepton flavour non-universality in RD(∗) and RK(∗) . In the

Figure 2 – These Z0 exchange diagrams contribute to RK(⇤) (left), to Bs mixing (centre) and to ⌧ ! µµµ (right).

The couplings are defined as gbsZ
0
µb†
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µµL and g⌧µZ0
µ⌧

†
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µµL.

The Z 0 contributes to RK(⇤) at tree-level, via the (left) diagram in Fig.2, where the require-
ment to explain the anomaly (ignoring the contribution from the leptoquark) is 5
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using Vts ⇡ 4.0 ⇥ 10�2, which is analogous to the expression we obtained for the leptoquark in
Eq.7. As before, this requires quite a large y⌧ ⇡ 1 (i.e. large tan� = hHui/hHdi) and a large
mixing angle ✓e

23 ⇡ 0.1, together with a low mass MZ0 ⇡ 1 TeV, close to current LHC limits 4.
Now Bs mixing is mediated by tree-level Z 0 exchange as in the (centre) diagram in Fig.2,

leading to the 2015 bound 4,

gbsgbs

M2
Z0

⇡ V 2
ts

M2
Z0

 1

(140 TeV)2
! MZ0 � Vts(140 TeV) = 5.6 TeV (13)

However the stronger 2017 bound with scale of 770 TeV instead of 140 TeV implies a bound of
MZ0 � 31 TeV, which seems incompatible with the RK(⇤) requirement in Eq.12.

Moreover ⌧ ! µµµ is mediated by tree-level Z 0 exchange as in the (right) diagram in Fig.2,
leading to the bound 4,
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Writing g⌧µ = gµµ/✓e
23, the bounds on Bs mixing and ⌧ ! µµµ may be written as:
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 1
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,

gµµ
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 (✓e

23)
1/2
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which may be combined, leading to a bound d on the contribution to RK(⇤) ,
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which is somewhat less than the 1.1
(35 TeV)2

required in Eq.12 to explain the anomaly. Moreover,

the stronger 2017 bound with scale of 770 TeV instead of 140 TeV implies a bound of
(✓e

23)1/2

(111 TeV)2
,

which is significantly less than the 1.1
(35 TeV)2

required to explain the anomaly.

3 Summary and Conclusion

In this talk we have explored the possibility that Higgs Yukawa couplings are related to the
couplings of a new scalar triplet leptoquark or Z 0, providing a predictive theory of flavour,
including flavour changing, and flavour non-universality.

dI am grateful to E.Perdomo for pointing out this bound.
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U1

µ

b µ

s

Figure 5: Exchange of the vector leptoquark leads to contributions to RD(∗) which violates τ universality in
b→ cτντ decays (left), and RK(∗) which which violates µ− e universality in b→ sµµ decays (right).

effective field theory analysis of [6] these further transformations were regarded as relatively free
parameters with good global fits to RD(∗) and RK(∗) obtained for βsτ ≈ 4|Vcb|, with βbµ < 0.5 and
βsµ < 5|Vcb| constrained to lie on narrow contours [6]. However in the present model the quark and
lepton mass matrices are predicted, as in Fig. 3, and the natural expectation is that these mixing
parameters are of order |Vcb|, so it does not seem possible to account for RD(∗) .

4. Conclusion

We have shown that the flavour puzzle, namely the origin of fermion mass and mixing, may be
related to recent B physics anomalies. It is well known that the RK(∗) and RD(∗) anomalies, related
to lepton flavour universality violation, may be simultaneously explained by a TeV scale vector
leptoquark U1 of the kind found in Pati-Salam theories. However the traditional Pati-Salam gauge
group must be broken above the PeV scale to avoid the experimental non-observation of KL→ µe,
which is at odds with the requirement of a TeV scale vector leptoquark. In order to reconcile these
conflicting requirements requires some non-trivial UV completion of the Pati-Salam theory. The
twin PS model discussed here achieves this, while also accounting for quark and lepton masses and
mixing. The quark and lepton mass spectrum, and their couplings to the vector leptoquark, both
arise from mixing with the VL fermions, providing a link between the flavour anomalies and the
theory of flavour. Unfortunately, we have seen that the predicted mass matrices do not yield large
enough couplings to explain RD(∗) , given the current data. However, it may be possible to account
for RD(∗) and RK(∗) , while satisfying all flavour changing and collider constraints, in a variation of
this model, and work is in progress to investigate this, along the lines of the analysis in [38].
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