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Machine finds tantalising hints of
new physics
By Pallab Ghosh
Science correspondent

23 March

Physicists have uncovered a potential flaw in a theory that explains how the
building blocks of the Universe behave.

The Standard Model (SM) is the best theory we have to explain the fine-scale
workings of the world around us.

But we've known for some time that the SM is a stepping stone to a more
complete understanding of the cosmos.

Hints of unexpected behaviour by a sub-atomic particle called the beauty
quark could expose cracks in the foundations of this decades-old theory.

The findings emerged from data collected by researchers working at the Large
Hadron Collider (LHC). It's a giant machine built in a 27km-long circular tunnel
underneath the French-Swiss border. It smashes together beams of proton
particles to probe the limits of physics as we know it.

The mystery behaviour by the beauty quark may be the result of an as-yet
undiscovered sub-atomic particle that is exerting a force.

But the physicists stress that more analysis and data is needed to confirm the
results.

Biggest cosmic mystery 'step closer' to solution

Higgs factory a 'must for big physics'

Has the LHC discovered a new particle?

Dr Mitesh Patel, of Imperial College London, told BBC News: "We were
actually shaking when we first looked at the results, we were that excited. Our
hearts did beat a bit faster.

"It's too early to say if this genuinely is a deviation from the Standard Model
but the potential implications are such that these results are the most exciting
thing I've done in 20 years in the field. It has been a long journey to get here."

The LHC is built in a 27km-long circular tunnel under the French-Swiss border

There are building blocks of our world that are even smaller than the atom.
Some of these sub-atomic particles are made up of even smaller constituents,
while others can't be broken down into anything else. The latter are known as
fundamental particles.

The Standard Model describes all the known fundamental particles that make
up the Universe as well as the forces they interact with.

But it cannot explain some of the biggest mysteries in modern physics, such as
dark matter or the nature of gravity. Physicists know that it must eventually be
replaced by a more advanced framework.

The Large Hadron Collider was built to discover physics beyond the Standard
Model. So if the results from LHCb are confirmed they would represent an
important discovery.

The LHCb produces sub-atomic particles called "beauty quarks", which are not
usually found in nature but are produced at the LHC. Sub-atomic particles
undergo a process known as decay, where one particle transforms into several,
less massive ones.

According to the Standard Model, beauty quarks should decay into equal
numbers of electron and muon particles. Instead, the process yields more
electrons than muons.

One possible explanation is that an as-yet undiscovered particle known as a
leptoquark was involved in the decay process and made it easier to produce
electrons.

Dr Paula Alvarez Cartelle, of the University of Cambridge, was one of the
scientific leaders behind the finding. She commented: "This new result offers
tantalising hints of the presence of a new fundamental particle or force that
interacts differently with these... particles.

"The more data we have, the stronger this result has become. This
measurement is the most significant in a series of LHCb results from the past
decade that all seem to line up - and could all point towards a common
explanation.

"The results have not changed, but their uncertainties have shrunk, increasing
our ability to see possible differences with the Standard Model."

In particle physics, the gold standard for a discovery is a level called five-
sigma, in which there is a one in 3.5 million chance of the result being a fluke.

The measurement from LHCb is three-sigma - meaning there is roughly a one
in 1,000 chance that the measurement is a statistical coincidence. So people
should not get carried away by these findings, according to team leader Prof
Chris Parkes, from the University of Manchester.

"We may be on the road to a new era of physics, but if we are, then we are still
relatively early on that road at this point. We have seen results of this
significance come and go before, so we should be cautious as well as excited,"
he said.

But if confirmed by further analysis and data when the LHCb restarts next
year, it could be one of the biggest recent discoveries in physics, according to
Dr Konstantinos Petridis, from the University of Bristol.

"The discovery of a new force in nature is the holy grail of particle physics. Our
current understanding of the constituents of the Universe fall remarkably
short - we do not know what 95% of the Universe is made of or why there is
such a large imbalance between matter and anti-matter."

The results have been presented for publication in Nature Physics.

Follow Pallab on Twitter
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• b→sl+l- transitions are rare in the SM (no tree level 
contributions: GIM, CKM, in some cases helicity suppressed)

• ideally suited for indirect New Physics searches 
(indirectly sensitive to energy scales O(100TeV))

RK with full Run1 and Run2 dataset

RK = 0.846 +0.042
�0.039 (stat) +0.013

�0.012 (syst)

⌘ p-value under SM hypothesis: 0.0010
! Evidence of LFU violation at 3.1�

⌘ Using RK and previous measurement of
B(B+

! K+µ+µ�) [JHEP06(2014)133]

determine B(B+
! K+e+e�).

⌘ Suggests electrons are more SM-like than
muons.
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Lepton Flavour Universality tests (I)

⌘ In the SM couplings of gauge bosons to leptons are independent of lepton
flavour
! Branching fractions differ only by phase space and helicity-suppressed
contributions

⌘ Ratios of the form:

RK (⇤) :=
B(B ! K (⇤)µ+µ�)

B(B ! K (⇤)e+e�)

SM
⇠= 1

⌘ In SM free from QCD uncertainties affecting other observables
! O(10�4) uncertainty [JHEP07(2007)040]

⌘ Up to O(1%) QED corrections [EPJC76(2016)8,440]

! Any significant deviation is a smoking gun for New Physics.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 4 / 20

Today: RK with the full LHCb dataset

RK =

R 6.0 GeV2

1.1 GeV2
dB(B+

!K+µ+µ�)
dq2 dq2

R 6.0 GeV2

1.1GeV2
dB(B+!K+e+e�)

dq2 dq2

Measurement performed in 1.1 < q2 < 6.0 GeV2/c4

⌘ Previous measurement [PRL122(2019)191801] used 5 fb�1 of data.
3 fb�1 of Run1
2 fb�1 of Run2 in 2015 and 2016

⌘ This update:
! Add remaining 4 fb�1 of Run2 in 2017 and 2018 .
! 9 fb�1 in total.
! Doubling the number of B ’s as previous analysis.

⌘ Follow the same analysis strategy as our previous measurement.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 7 / 20

R.Aaij et al. [LHCb], [arXiv:2103.11769]

Conclusions
Using the full LHCb dataset to date, presented:

1. Single most precise measurement of B(B0
s ! µ+µ�), improved precision on

⌧µ+µ� and first every limit on B0
s ! µ+µ��

2. Updated RK measurement ! 3.1� departure from LFU!
! Reframing discussion on flavour anomalies
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Complementarity between RK and B(B0
s ! µ+µ+) measurements crucial moving

forward.
“...perhaps the end of the beginning.”
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Actually use double ratio - see Monica talk



Possible operators for   RK, RK*

3

A typical example where  > 0 is that of a purely LH
vector-current operator, which arises from the exchange
of a single mediator featuring real couplings, cf. Sec-
tion IIIA.2 In such a case, the short-distance contribution
to Bs-mixing is described by the e↵ective Lagrangian
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i
,
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is a Wilson coe�cient to be matched with

ultraviolet (UV) models, and which enters Eq. (11) as
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R
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p
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2
W
⌘̂BS0(xt)

16⇡2
= 1.3397⇥ 10�3

. (16)

In the following, we will show how the updated bound
from �Ms impacts the parameter space of simplified
models (with  > 0) put forth for the explanation of
the recent discrepancies in semi-leptonic B-physics data
(Section IIIA) and then discuss some model-building di-
rections in order to achieve  < 0 (Section III B).

A. Impact of Bs-mixing on NP models for
B-anomalies

A useful application of the refined SM prediction in
Eq. (10) is in the context of the recent hints of LFU vio-
lation in semi-leptonic B-meson decays, both in neutral
and charged currents. Focussing first on neutral current
anomalies, the main observables are the LFU violating
ratios RK(⇤) ⌘ B(B ! K

(⇤)
µ
+
µ
�)/B(B ! K

(⇤)
e
+
e
�)

[33, 34], together with the angular distributions of B !
K

(⇤)
µ
+
µ
� [2–11] and the branching ratios of hadronic

b ! sµ
+
µ
� decays [1–3]. As hinted by various recent

global fits [18–23], and in order to simplify a bit the dis-
cussion, we assume NP contributions only in purely LH
vector currents involving muons. The generalisation to
di↵erent type of operators is straightforward. The e↵ec-
tive Lagrangian for semi-leptonic b ! sµ

+
µ
� transitions

contains the terms

LNP
b!sµµ
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2
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ts
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9 + �C
µ

10O
µ

10) + h.c. , (17)
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µ
µ) , (18)
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↵
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(s̄L�µbL)(µ̄�

µ
�5µ) . (19)

2
Similar scenarios leading to  > 0 were considered in 2016 by

Blanke and Buras [73] in the context of CMFV models.

Assuming purely LH currents and real Wilson co-
e�cients the best-fit of RK and RK⇤ yields (from
e.g. [21]): Re (�Cµ

9 ) = �Re (�Cµ

10) 2 [�0.81,�0.48]
([�1.00,�0.32]) at 1� (2�). Adding also the data on
B ! K

(⇤)
µ
+
µ
� angular distributions and other b !

sµ
+
µ
� observables3 improves the statistical significance

of the fit, but does not necessarily imply larger deviations
of Re (�Cµ

9 ) from zero (see e.g. [20]). In the following we
will stick only to the RK and RK⇤ observables and denote
this benchmark as “RK(⇤)”.

1. Z’

A paradigmatic NP model for explaining theB-anomalies
in neutral currents is that of a Z

0 dominantly coupled
via LH currents. Here, we focus only on the part of the
Lagrangian relevant for b ! sµ

+
µ
� transitions and Bs-

mixing, namely
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(20)
where d

i and `
↵ denote down-quark and charged-lepton

mass eigenstates, and �
Q,L are hermitian matrices in

flavour space. Of course, any full-fledged (i.e. SU(2)L ⇥
U(1)Y gauge invariant and anomaly free) Z

0 model at-
tempting an explanation of RK(⇤) via LH currents can
be mapped into Eq. (20). After integrating out the Z 0 at
tree level, we obtain the e↵ective Lagrangian

Le↵
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Matching with Eq. (17) and (14) we get
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where ⌘
LL(MZ0) encodes the running down to the bot-

tom mass scale using NLO anomalous dimensions [80,
81]. E.g. for MZ0 2 [1, 10] TeV we find ⌘

LL(MZ0) 2
[0.79, 0.75].

3
These include for instance B(Bs ! µ+µ�

) which is particularly

constraining in the case of pseudo-scalar mediated quark transi-

tions (see e.g. [79]).
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LH muons

L.S.Geng, B.Grinstein, S.Jager, S.Y.Li, 
J.M.Camalich and R.X.Shi, 2103.12738
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Eq. (10) is in the context of the recent hints of LFU vio-
lation in semi-leptonic B-meson decays, both in neutral
and charged currents. Focussing first on neutral current
anomalies, the main observables are the LFU violating
ratios RK(⇤) ⌘ B(B ! K

(⇤)
µ
+
µ
�)/B(B ! K

(⇤)
e
+
e
�)

[33, 34], together with the angular distributions of B !
K

(⇤)
µ
+
µ
� [2–11] and the branching ratios of hadronic

b ! sµ
+
µ
� decays [1–3]. As hinted by various recent

global fits [18–23], and in order to simplify a bit the dis-
cussion, we assume NP contributions only in purely LH
vector currents involving muons. The generalisation to
di↵erent type of operators is straightforward. The e↵ec-
tive Lagrangian for semi-leptonic b ! sµ

+
µ
� transitions

contains the terms

LNP
b!sµµ

� 4GFp
2
VtbV

⇤
ts
(�Cµ

9O
µ

9 + �C
µ

10O
µ

10) + h.c. , (17)

with

O
µ

9 =
↵

4⇡
(s̄L�µbL)(µ̄�

µ
µ) , (18)

O
µ

10 =
↵

4⇡
(s̄L�µbL)(µ̄�

µ
�5µ) . (19)

2
Similar scenarios leading to  > 0 were considered in 2016 by

Blanke and Buras [73] in the context of CMFV models.

Assuming purely LH currents and real Wilson co-
e�cients the best-fit of RK and RK⇤ yields (from
e.g. [21]): Re (�Cµ

9 ) = �Re (�Cµ

10) 2 [�0.81,�0.48]
([�1.00,�0.32]) at 1� (2�). Adding also the data on
B ! K

(⇤)
µ
+
µ
� angular distributions and other b !

sµ
+
µ
� observables3 improves the statistical significance

of the fit, but does not necessarily imply larger deviations
of Re (�Cµ

9 ) from zero (see e.g. [20]). In the following we
will stick only to the RK and RK⇤ observables and denote
this benchmark as “RK(⇤)”.

1. Z’

A paradigmatic NP model for explaining theB-anomalies
in neutral currents is that of a Z

0 dominantly coupled
via LH currents. Here, we focus only on the part of the
Lagrangian relevant for b ! sµ

+
µ
� transitions and Bs-

mixing, namely

LZ0 =
1

2
M

2
Z0(Z 0

µ
)2 +

⇣
�
Q

ij
d̄
i

L
�
µ
d
j

L
+ �

L

↵�
¯̀↵
L
�
µ
`
�

L

⌘
Z

0
µ
,

(20)
where d

i and `
↵ denote down-quark and charged-lepton

mass eigenstates, and �
Q,L are hermitian matrices in

flavour space. Of course, any full-fledged (i.e. SU(2)L ⇥
U(1)Y gauge invariant and anomaly free) Z

0 model at-
tempting an explanation of RK(⇤) via LH currents can
be mapped into Eq. (20). After integrating out the Z 0 at
tree level, we obtain the e↵ective Lagrangian

Le↵
Z0 = � 1

2M2
Z0

⇣
�
Q

ij
d̄
i

L
�µd

j

L
+ �

L

↵�
¯̀↵
L
�µ`

�

L

⌘2
(21)

� � 1

2M2
Z0

h
(�Q

23)
2 (s̄L�µbL)

2

+2�Q

23�
L

22(s̄L�µbL)(µ̄L�
µ
µL) + h.c.

i
.

Matching with Eq. (17) and (14) we get

�C
µ

9 = ��C
µ

10 = � ⇡p
2GFM

2
Z0↵

 
�
Q

23�
L

22

VtbV
⇤
ts

!
, (22)

and

C
LL

bs
=

⌘
LL(MZ0)

4
p
2GFM

2
Z0

 
�
Q

23

VtbV
⇤
ts

!2

, (23)

where ⌘
LL(MZ0) encodes the running down to the bot-

tom mass scale using NLO anomalous dimensions [80,
81]. E.g. for MZ0 2 [1, 10] TeV we find ⌘

LL(MZ0) 2
[0.79, 0.75].

3
These include for instance B(Bs ! µ+µ�

) which is particularly

constraining in the case of pseudo-scalar mediated quark transi-

tions (see e.g. [79]).

4

TABLE II. Best fit values, �2
min, p-value, PullSM and confidence intervals of the Wilson coe�cients in the fits of the RK , RK⇤ , Bs ! µµ data

only using Gaussian form �2
th. For the cases of single Wilson-coe�cient fits, we show the 1� and 3� confidence intervals. In the (�Cµ9 , �C

µ
10)

case, the 1� interval of each Wilson coe�cient is obtained by profiling over the other one to take into account their correlation.

Coe↵. best fit �2
min p-value SM exclusion [�] 1� range 3� range

�Cµ9 �0.82 14.70 [6 dof] 0.02 4.08 [�1.06,�0.60] [�1.60, � 0.20]
�Cµ10 0.65 6.52 [6 dof] 0.37 4.98 [0.52, 0.80] [0.25, 1.11]
�CµL �0.40 7.36 [6 dof] 0.29 4.89 [�0.48,�0.31] [�0.66,�0.15]

(�Cµ9 , �C
µ
10) (�0.11, 0.59) 6.38 [5 dof] 0.27 4.62 �Cµ9 2 [�0.41, 0.17] �Cµ10 2 [0.38, 0.81]

★★
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Gaussian in 2021
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FIG. 2. Contour plots at the 1�, 3� and 5� confidence levels in the
(�Cµ9 , �C

µ
10) plane for the Gaussian form of �2

th (regions in light red
and orange). We also show the 1� and 3� contours for the individual
constraints (RK⇤ and Bs ! µµ) and, for the same fit from 2017 [2]
(dashed lines in red).

this p-value, we treat our BR(Bs ! µ+µ�) average as a sin-
gle measurement, following common practice and in line with
Ref. [2]. If we were to treat the 6 Bq ! µ+µ� measurements
as separate inputs, we would instead obtain �2

min,SM = 35.05
and pSM = 3.5� (12 dof); the reduction in significance is un-
surprising given that we now include (non-anomalous) data on
b! d`` transitions.

We next fit one-and two-parameter BSM scenarios. As ex-
plained in detail in Ref. [2] (see Fig. 1 in that reference) only
�Cµ9 and �Cµ10 can describe a deficit in both RK and RK⇤ . There-
fore we will analyse the data in the clean observables by fit-
ting only these two Wilson coe�cients. In Fig. 2, we show
the constraints imposed in the (�Cµ9 , �C

µ
10) plane and using

both models for �2
th. In Table III we also show the numeri-

cal results for this fit, as well as fits involving a single Wilson
coe�cient, for the Gaussian approach. We observe that one-
parameter scenarios with purely left-handed coupling �CµL or

purely axial coupling �Cµ10 describe the data well (p > 10%).
Compared to either scenario, the SM (identified as the �Ci = 0
point) is excluded at a confidence level of close to 5�. On the
other hand, and in contrast with our previous analysis from
2017 [2], the pure-C9 scenario is in tension with the data at
2.3� although it still compares favourably with the data com-
pared to the SM. Finally, let us point out that using the R-fit
version of �2

th in the fit produces only small changes in the
results.

FIG. 3. Contour plots at the 1� and 3� confidence level for the
(�Cµ9 , �C

µ
10) scenario. For the sake of comparison, we show the global

fits with all observables for Gaussian (regions in lightred and orange)
and the corresponding clean fits of Fig. 2 (dashed lines in blue).

THE GLOBAL FIT

For the sake of completeness we also perform a global fit in-
cluding all the measurements of angular observables reported
by the LHCb, ATLAS, and CMS experiments in the low-q2 re-
gion. As mentioned above, these observables are a✏icted by
larger theoretical uncertainties compared to LUV ratios and

�C µ
9 =

�
�C µ

10

Figure 2 – These Z
0
exchange diagrams contribute to R

K(⇤) (left), to Bs mixing (centre) and to ⌧ ! µµµ (right).

The couplings are defined as gbsZ
0
µb

†
L
�
µ
sL, gµµZ

0
µµ

†
L
�
µ
µL and g⌧µZ

0
µ⌧

†
L
�
µ
µL.

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

gµµgbs

M
2
Z0

⇡ y
2
⌧ (✓

e
23)

2
Vts

M
2
Z0

⇡ 1.1

(35 TeV)2
! y

2
⌧ (✓

e
23)

2 ⇡ 2.2 ⇥ 10�2
✓

MZ0

1 TeV

◆2

, (12)

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

M
2
Z0

⇡ V
2
ts

M
2
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,

g⌧µgµµ

M
2
Z0

⇡ (✓e23)
3
y
4
⌧

M
2
Z0

 1

(16 TeV)2
! y

4
⌧ (✓

e
23)

3  4.0 ⇥ 10�3
✓

MZ0

1 TeV

◆2

. (14)

Writing g⌧µ = gµµ/✓
e
23, the bounds on Bs mixing and ⌧ ! µµµ may be written as:

gbs

MZ0
 1

(140 TeV)
,

gµµ

MZ0
 (✓e23)

1/2

(16 TeV)
(15)

which may be combined, leading to a bound d on the contribution to RK(⇤) ,

gµµ

MZ0

gbs

MZ0
 (✓e23)

1/2

(140 TeV)(16 TeV)
=

(✓e23)
1/2

(47 TeV)2
(16)

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
(✓e23)

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.

d
I am grateful to E.Perdomo for pointing out this bound.
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FIG. 1. Generation of the new Weinberg operator in the type Ib seesaw mechanism.

the observed hints for anomalous semi-leptonic B decays [24, 25] which imply universality
violation in the ratio RK(�) and the origin of the Yukawa couplings [26–28]. However we shall
not pursue such a connection here. We are more interested in the possibilities for large vio-
lations of unitarity of the leptonic mixing matrix due to the new type Ib seesaw mechanism
we introduce, due to the fact that two independent Higgs Yukawa couplings are required
to account for neutrino mass, which allows the couplings to Hu to be quite large, providing
those to Hd are very small. The non-unitarity of the leptonic mixing matrix induced by the
presence of heavy neutrinos has been studied in several works (see for instance [7, 29–50]).
We shall apply such an analysis to the type Ib seesaw model considered here.

This paper is organised as follows. In Section II the particle content of model studied
in this paper is introduced and the type Ib generation of neutrino masses in the minimal
model is discussed. In Section III we present the full model involving a fourth vector-like
family and the previous results are generalised to include a single right-handed neutrino N c

added in the particle content of the model. Finally, we discuss and conclude the results in
Section IV.

II. THE MINIMAL TYPE IB SEESAW MODEL

In the minimal scenario (MS) we do not consider any N c field, and therefore the SM
particle content is extended only by the vector-like neutrinos. The model is summarised in
Table I.

When the masses of the new vector-like neutrinos are above the electroweak scale, the
heavy fields can be integrated out, and the resulting e�ective field theory, built from a set
of e�ective operators, can be used to study the low energy phenomenology. Each of these
e�ective operators is suppressed by a power of the mass scale � up to which the e�ective
Lagrangian Le� is valid. The first of these e�ective operators is the dim-5 Weinberg operator

�Ld=5 = cd=5
ij

��
L�
i Hu

� �
H̃�

d Lj

�
+
�
L�
i H̃d

� �
H�

u Lj

��
, (1)

where H̃d = �i�2H�
d . Notice that the standard Weinberg operator with two Hu or two Hd is

forbidden by the U(1)� symmetry, and that only the new Weinberg-type operator that mixes
the two Higgs doublets is allowed in the model. When the Higgs doublets develops VEVs,
the new Weinberg-type operator induces Majorana masses �m̂�i�j for the light neutrinos.

At dimension 6, the only e�ective operator that is generated at tree level is [51]

�Ld=6 = cd=6
ij

��
L†
iHu

�
i/�

�
H†

uLj

�
+
�
L†
iH̃d

�
i/�

�
H̃†

dLj

��
. (2)

3

4 4

Figure 1 – The fourth family vector-like neutrinos allows a new contribution to neutrino mass via a diagram

involving two di↵erent Higgs doublets Hu, H̃d (left), which we refer to as the type Ib seesaw mechanism. The

leptoquark S3 contributes to R
K(⇤) at tree-level (centre), and to Bs mixing at one loop (right).

To leading order the dominant third family Yukawa couplings are given by the upper right
diagrams in Table 2,
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e
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, yb ⇡ y
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d
43

 
x
Q
3 h�i
M

Q
4

!

(2)

where the e↵ective Yukawa couplings are defined for the two Higgs doublet model as y
e
33HdL3e

c
3,

y
u
33HuQ3u

c
3 and y

d
33HdQ3d

c
3. In this basis, only the third family Yukawa couplings originate from

such diagrams 2.
Interestingly, the fourth family vector-like neutrinos provide a new contribution to neutrino

mass via the type Ib seesawb diagram in Fig. 1 (left) 8. Below the mass scale of the fourth family
of vector-like neutrinos, this leads to a new Weinberg operator for neutrino mass of the form
1

M⌫c

4
HuH̃dLiLj involving the two di↵erent Higgs doublets Hu, H̃d, where the charge conjugated

doublet H̃d = �i�2H
⇤
d , and H

⇤
d is the complex conjugate of Hd. For more details including a

phenomenological analysis see 8.

2.2 The leptoquark couplings

We now consider the couplings involving the scalar leptoquark triplet S3 as discussed in 7. The
assigned U(1)0 charges allow the renormalisable leptoquark coupling, �4S3Q4L4, involving the
fourth family, but not the first three families. The middle diagram in Table 2 generates a single
e↵ective leptoquark coupling, which involves the third family (only) in the same basis as Eq.1 7:

�4
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L
3 h�i
M

L
4

! 
x
Q
3 h�i
M

Q
4

!

S3Q3L3 ⇡ �4

✓
y
e
33

y
e
43

◆✓
y
u
33

y
u
43

◆
S3Q3L3 ⇡ y⌧ytS3Q3L3 (3)

where the first equality in Eq.3 has used Eq.2, and the second equality sets y4i ⇡ �4 ⇡ 1.
E↵ective leptoquark couplings to first and second family quarks and leptons are generated

when the Yukawa matrices in Eq.1 are diagonalised and so are suppressed by "ij/y33. Since
down quark mixing is larger than up quark mixing (due to the milder mass hierarchy), we
assume ✓

d
23 ⇡ Vts, while the analogous charged lepton mixing angle ✓

e
23 is similarly small. Hence

in the diagonal Yukawa basis we have leptoquark couplings involving the left-handed lepton
doublets L3 = (⌫⌧ , ⌧)TL, L2 = (⌫µ, µ)TL, and quark doublets Q3 = (t, b)TL, Q2 = (c, s)TL, from Eq.3,
assuming yt ⇡ 1,

y⌧S3Q3L3, y⌧VtsS3Q2L3, y⌧✓
e
23S3Q3L2, y⌧✓

e
23VtsS3Q2L2, . . . (4)

Thus, after a number of reasonable dynamical assumptions, we have obtained the leptoquark
couplings in Eq.4 in terms of Yukawa couplings and mixing angles.

b
We refer to the seesaw mechanism involving two di↵erent Higgs doublets Hu, H̃d as type Ib to distinguish it

from the usual seesaw mechanism involving two identical Higgs doublets Hu which we refer to as type Ia.

µ

µ

LeptoquarkZ’
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Possible (tree-level) NP scenarios:

charged Higgs contributions ‚ C
L,R
S 6= 0 Kalinowski (1990); Hou (1993)

Crivellin, Kokulu, Greub (2013). . .

charged vector boson W
0 ‚ C

L
V 6= 0 He, Valencia (2012); Greljo, Isidori, Marzocca (2015). . .

(scalar or vector) leptoquark ‚ various Cj 6= 0 (depending on model)
see e. g. Tanaka, Watanabe (2012); Deshpande, Menon (2012); Kosnik (2012); Freytsis et al (2015)

Alonso et al (2015); Calibbi et al (2015); Fajfer, Kosnik (2015); Becirevic et al (2016),(2018)
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Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2

 2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ

1 ⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents

LU = �
1

2
U †
1,µ⌫U

1,µ⌫ +M2
UU

†
1,µU

µ

1 + gU (J
µ

U
U1,µ + h.c.) , (7)

Jµ

U
⌘ �i↵ Q̄i�

µL↵ . (8)

Here �(0)
i↵

= �3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour
structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is

Le↵ � �
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v2
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⇤
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L�µ�
aQj

L
)(L̄�

L
�µ�aL↵

L) + (Q̄i

L�µQ
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L
)(L̄�

L
�µL↵

L)
i
, (9)

where CU = v2|gU |2/(2M2
U
) > 0. Note that in this case the singlet and triplet operators have

the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

not least, this LQ representation does not allow baryon number violating operators of dimension
four. These features, and the absence of a tree-level contribution to Bs(d) meson-antimeson
mixing, makes this UV realisation, originally proposed in [17], particularly appealing: the best
fit points of the general fit in Section 2.2 can be recovered essentially without tuning of the
model parameters.

In Figure 4 we show the results of the flavour fit in this parametrisation (using the �i↵
rather than the �q(`)

ij(↵�) as free parameters). When marginalising we let �s⌧ and �sµ vary between

±5|Vcb| and impose |�bµ| < 0.5. We find very similar conclusions to the previous fit, in particular
a reduced value of CU thanks to the extra contribution to R⌧`

D(⇤) proportional to �s⌧ , with both
this parameter and �sµ of O(|Vcb|).

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to

�L(�B=2) = C(U)
0

(V ⇤
tb
Vti)2

32⇡2v2
�
b̄L�µd

i

L

�2
, C(U)

0 = C2
U

✓
�q

bs

Vts

◆2
⇤2

2v2
. (10)

As already pointed out in Section 2.3, the value of C(U)
0 should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)
0 = (4⇡↵/s2

W
)S0(xt) ⇡ 1.0, see Ap-

pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs
does not increase
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the tension (contrary to the colour-less vector case discussed in Section 3.3) due to the quadratic
dependence on CU in Eq. (10).

High-energy constraints and strategies for direct searches

Vector leptoquarks are copiously produced in pairs at the LHC due to QCD interactions. Unlike
scalar LQ pair production, the theory prediction for the production cross-section in the vector
case is less robust and depends on the size of non-minimal couplings to gluons. Nevertheless, the
minimal coupling scenario gives rather conservative estimates of the production cross-section,
which is roughly a factor of 10 larger than for the scalar LQ of the same mass [47]. Due to
the flavour structure specified above, the Uµ

1 leptoquark is expected to decay to t⌫̄⌧ and b⌧̄
final states democratically. The CMS collaboration has searched for scalar LQ produced in
pairs and decaying to these final states with 19.7 fb�1 at 8 TeV [48]. The results are reported
in Figure 5 of [48], showing the comparable sensitivity in the two channels for our scenario
with B(Uµ

1 ! t⌫̄⌧ ) = B(Uµ

1 ! b⌧̄) = 0.5. Similar limits in the tt̄⌫⌫̄ channel are reported by
the ATLAS collaboration using the 8 TeV dataset [49]. Assuming the same e�ciencies and
correcting for the production cross-section and branching ratio, the lower limit on the vector LQ
mass is set to MU > 770 GeV [17]. Similarly, recent search by CMS at 13 TeV with 12.9 fb�1 [50]
implies MU > 1.0 TeV [45]. Naively rescaling these limits with the luminosity and cross-section
at 13 TeV, the LHC reach with 300 fb�1 is about 1.3 TeV.

Another relevant collider signature is the production of tau lepton pairs at high energies
(pp ! ⌧ ⌧̄ +X) due to the t�channel (tree-level) leptoquark exchange. A recast of the ATLAS
search [51] already sets relevant bounds for the vector leptoquark explanation of the R(D⇤)
anomaly in the limit �s⌧ ! 0 [33] (in this limit, the radiative constraints in the Z and lepton
sector are to be addressed by some other mechanism, for example by a mild tuning with other
contributions). Instead, we find that with the value of �s⌧ = (few) ⇥Vcb, naturally emerging
from the fit after the inclusion of radiative constraints, these bounds are easily satisfied. The
preferred value of the fit requires CU to be about 7 times smaller than what is obtained in
the �s⌧ ! 0 limit, implying that the bb̄ ! ⌧ ⌧̄ production signal drops by almost a factor of
50. The sb̄(s̄b) ! ⌧ ⌧̄ and ss̄ ! ⌧ ⌧̄ production cross-sections are instead sub-leading since the
enhancement due to the strange quark parton distribution function does not compensate for the
|�s⌧ |2 (|�s⌧ |4) suppression.

The compilation of the leading collider bounds, as well as the corresponding projections for
300 fb�1, is shown in Figure 5. The preferred range of CU from the fit in Figure 4 is translated
to the green (1�) and yellow (2�) bands in Figure 5. This is a striking example of a scenario
that could require HL-LHC (or significantly optimised search strategies) in order to obtain a
high-pT signature of the mediator responsible to the B-physics anomalies.

As a final remark, collider signatures involving muons in the final state [52] can be relevant
in the future for large values of the �bµ parameter corresponding to the corners of the preferred
region shown in Figure 4. In this respect, LQ pair production decaying into the b⌧bµ final
state (or even bµbµ [53]), as well as single LQ production in association with a muon [54], are
potentially interesting search modes for this framework.
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purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ

1 ⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents
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⌘ �i↵ Q̄i�

µL↵ . (8)

Here �(0)
i↵

= �3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour
structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is
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where CU = v2|gU |2/(2M2
U
) > 0. Note that in this case the singlet and triplet operators have

the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ

1 ⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents
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Here �(0)
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= �3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour
structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is
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where CU = v2|gU |2/(2M2
U
) > 0. Note that in this case the singlet and triplet operators have

the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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where  c
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are the CP conjugated RH quarks and leptons (so that they become LH) and i = 1 . . . 3 is

a family index. Clearly the three RHNs (or rather strictly speaking their CP conjugates ⌫c

i
) are now

predicted as part of the gauge multiplets. This is welcome since it means that neutrino masses, which
arise via the seesaw mechanism, will be related to quark and charged lepton masses as desired.
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The Higgs fields are assumed to develop VEVs,

h⌫Hi ⇠ MGUT , h⌫̄Hi ⇠ MGUT (102)

leading to the symmetry breaking of the PS gauge group at MGUT down to that of the SM,

SU(4) ⌦ SU(2)
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⌦ SU(2)
R
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⌦ SU(2)
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in the usual notation. Under the symmetry breaking in Eq.103, the Higgs field H in Eq.99 splits into
two Higgs doublets Hd, Hu whose neutral components subsequently develop weak scale VEVs,

hH0
d
i = vd, hH0

u
i = vu (104)
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Vector Leptoquark U1 from Pati-Salam   
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Figure 16: The Pati-Salam multiplets for one family of quarks and leptons where the leptons are the fourth colour and
the assigment is left-right symmetric, so the ⌫R is predicted.
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where  c

i
are the CP conjugated RH quarks and leptons (so that they become LH) and i = 1 . . . 3 is

a family index. Clearly the three RHNs (or rather strictly speaking their CP conjugates ⌫c

i
) are now

predicted as part of the gauge multiplets. This is welcome since it means that neutrino masses, which
arise via the seesaw mechanism, will be related to quark and charged lepton masses as desired.

The Higgs fields are contained in the following representations,
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where Hd and Hu are two low energy Higgs doublets.
The two heavy Higgs representations are
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The Higgs fields are assumed to develop VEVs,

h⌫Hi ⇠ MGUT , h⌫̄Hi ⇠ MGUT (102)

leading to the symmetry breaking of the PS gauge group at MGUT down to that of the SM,

SU(4) ⌦ SU(2)
L

⌦ SU(2)
R

�! SU(3)
C

⌦ SU(2)
L

⌦ U(1)
Y

(103)

in the usual notation. Under the symmetry breaking in Eq.103, the Higgs field H in Eq.99 splits into
two Higgs doublets Hd, Hu whose neutral components subsequently develop weak scale VEVs,

hH0
d
i = vd, hH0

u
i = vu (104)
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Possible UV completions

• SU(4)×SU(3)’×SU(2)L×U(1)Y + Vector-like fermions
L. Di Luzio, A. Greljo, M. Nardecchia, arXiv:1708.08450 

• SU(4)×U(2)L×SU(2)R + Vector-like fermions
L. Calibbi, AC, T. Li, arXiv:1709.00692

• SU(4)×SU(4)×SU(4)
M. Bordone, C. Cornella, J. Fuentes-Martin, G. Isidori, arXiv:1712.01368

• SU(4)×SU(2)L×SU(2)R including scalar LQs and
light right-handed neutrinos

J. Heeck, D. Teresi, arXiv:1808.07492 

• SU(8) might even explain ɛ’/ɛ
S. Matsuzaki, K. Nishiwaki and K. Yamamoto, arXiv:1806.02312

• SU(4)×SU(2)L×SU(2)R in RS background
M. Blanke, AC, arXiv:1801.07256

Good solution, but challenging UV completion
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Twin Pati-Salam   

Recently new evidence for the experimental anomaly in the semi-leptonic B decay ratio
R

K(⇤) , which violates µ � e universality in b ! s decays, has been presented [17]. Also
the semi-leptonic B decay ratio R

D(⇤) violates ⌧ universality in b ! c decays. These
anomalies motivate new theories of flavour involving leptoquarks, for example the single
vector leptoquark Uµ

1 (3, 1, 2/3) has been shown to address all the B physics anomalies
[18–37] with contributions to the muon aµ = (g� 2)µ/2 [38], while the scalar leptoquarks
S2(3, 2, 7/6), S̃2(3, 2, 1/6), and S3(3, 3, 1/3) could also play a role for R

K(⇤) [39].

Although a vector leptoquark is predicted by Pati-Salam theory (PS) [40], its mass is
generally expected to lie above the PeV scale, too heavy to explain the anomalies. Nev-
ertheless, such a vector leptoquark could arise from a low energy PS gauge group 3 as
discussed in several works [42–49]. However, the ultraviolet completion of such theories
remains challenging, and motivates further model building in this direction, in particular
models which can simultaneously explain the origin of quark and lepton masses. In this
way, the recent anomalies can provide additional experimental hints which can help to
shed light on the path towards finding the correct BSM theory of flavour.

4
I
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I
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II
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Figure 1: The model is based on two copies of the PS gauge group SU(4)PS⇥SU(2)L⇥SU(2)R.

The circles represent the gauge groups with the indicated symmetry breaking as in Eq.8.

In this paper we propose a twin PS theory of flavour capable of explaining the anomalies,
as well as providing a theory quark and lepton (including neutrino) masses and mixings.
At high energies, the theory involves two copies of the PS gauge group, G422 [40], with the
usual three chiral fermion families transforming under GII

422. A fourth vector-like (VL)
family, which mediates the second and third family masses, transforms under GI

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

GI

422 ⇥GII

422

Mhigh�! G4321
Mlow�! G321 (8)

The explanation of the anomalies involves the vector leptoquark Uµ

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

PS
, broken at Mlow ⇠ 1 TeV, while the origin of quark and lepton masses depends

on the full theory, including the high scale PS symmetry, broken at Mhigh & 1 PeV,
the latter limit being due to the non-observation of KL ! µe [50], although we later
find it to be near the conventional scale of Grand Unified Theories (GUTs). The first
family fermion masses are mediated by a fifth family of VL fermions which transform
under SU(4)II

PS
, and neutrino masses are further suppressed by the type I [11–14] seesaw

mechanism. In order to achieve the texture zero in the first element of the mass matrices
3
A low energy PS gauge group has also been considered from a di↵erent perspective [41].

2

Twin PS 4321 SM 321

Each circle represents a gauge group

1 TeV>1 PeV

S.F.King, [arXiv:2106.03876]
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An attempt to explain the origin of fermion masses 
as well as RK and RD simultaneously

(N.B. Due to time limitations we ignore first family and 
neutrino masses in this talk - see paper for full model)  
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Table 1: The twin PS theory based on G
I
422 ⇥ G

II
422. The model consists of three left-handed

chiral fermion families  1,2,3, 
c
1,2,3 under the second PS group, plus a VL fourth and fifth

fermion family  4,5, 
c
4,5 and their conjugates. The symmetry is broken by the scalars H

0
, �,

etc. Two Higgs doublets are contained in h. Additional personal Higgs doublets are contained

in H, H. A Z6 family symmetry is broken by the Majoron scalar ⇠.

where i = 2, 3 (i = 1 being forbidden by Z6), x, y are dimensionless coupling constants
and M5 are the VL masses. These VL fermions do not couple to the TeV scale SU(4)I

gauge bosons, however they are responsible for e↵ective first family Yukawa couplings.
There are no renormalisable couplings involving a mixture of fourth and fifth VL fermions
to any Higgs fields.

2.2 E↵ective 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 e↵ectively
once the vector-like fermions are integrated out.

It is instructive to first consider only the fourth VL family, then later consider the fifth
one, assuming it to be much heavier than the fourth. In this case we may write the

5
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• Higgs transform under both  
groups and generate the mixing 


• No Higgs h(1,2,2) under second 
group so no Yukawa coupling yij

h(1,2,2)
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Figure 2: Diagrams which lead to the e↵ective Yukawa couplings of the third family (left
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that the e↵ective Yukawa operators in Eq.19 have the suggestive matrix form,
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where the dimensionless couplings x, y in the matrices are expected to be of order unity,
and we have dropped the distinction between � and �0 for simplicity. If we assume that
�,� fields develop vacuum expectation values (VEVs) with a hierarchy of scales,

h�i
M c

4

⌧ h�i
M 

4

. 1 (22)

then the first matrix in Eq.21 generates larger e↵ective third family Yukawa couplings,
while the second matrix generates suppressed second family Yukawa couplings and mix-
ings. Since the sum of the two matrices has rank 1, the first family will be massless,
assuming only the fourth VL family. Indeed the first family masses are protected by an
approximate U(1) family symmetry which emerges accidentally as a result of the special
rank 1 nature of the e↵ective Yukawa matrices and the fact that so far only a fourth VL
family has been considered. The second mild inequality in Eq.22 means that the mass
insertion approximation breaks down for the third family Yukawa couplings, so strictly
speaking we should use a large angle mixing formalism as discussed in Appendix A. How-
ever in the interests of clarity, we shall continue to use the mass insertion approximation
even for the third family.

The first family masses depend on the fifth VL family and related fields in Table 1.
Including both fourth and fifth VL families, the masses and couplings in Eqs.16 and 17
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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 u
c
3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--

 
c
4u⌫  c

4u⌫

M
 c

4

�3Hc

Q2,3 u
c
2,3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--
hu�

u
c
1M

 
5

Q5Q5

Q2,3  i  
c
j

 
c
4  

c
4

H �

M
 c

4

--
hu �

M
 c

5

u
c
5 u

c
5

Q1 u
c
2,3

 i  
c
j

 
c
4  

c
4

H �

M
 c

4

--

 4  4

M
 
4

�3

Q3 d
c
3

Hb

 i  
c
j

 
c
4  

c
4

H �

M
 c

4

--

M
 c

4

�3Hs

 
c
4de  c

4de

d
c
2,3Q2,3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--
�

M
 
5

Q5Q5

hd

d
c
1Q2,3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--
�

M
 c

5Q1

hd

d
c
5 d

c
5

d
c
2,3

 i  
c
j

 
c
4  

c
4

H �

M
 c

4

--

 4  4

M
 
4

�1 H⌧

L3 e
c
3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--

M
 c

4

Hµ �1

 
c
4de  c

4de

L2,3 e
c
2,3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--
�

M
 
5

hd

L5L5

e
c
1L2,3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--
�

M
 c

5

hd

L1

e
c
5 e

c
5

e
c
2,3

 i  
c
j

 
c
4  

c
4

H �

M
 c

4

--

 4  4

M
 
4

�1

L3

H⌫⌧

⌫
c
3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--

M
 c

4

�1
H⌫µ

 
c
4u⌫  c

4u⌫

L2,3 ⌫
c
2,3  i  

c
j

 
c
4  

c
4

H �

M
 c

4

--
�

M
 
5

L5L5

⌫
c
1

hu

L2,3  i  
c
j

 
c
4  

c
4

H �

M
 c

4

--
�

M
 c

5
L1

hu

⌫
c
5 ⌫

c
5

⌫
c
2,3

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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assumingm0
f
⇠ mf for the second and and third family charged fermions and dropping the

dimensionless coe�cients. IfM 

5 ⇠ M 
c
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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
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⇠ 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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The SU(4)I
PS

is broken to SU(3)I
c
⇥U(1)I

B�L
(4 ! 31/6 + 1�1/2), with SU(3)I

c
⇥ SU(3)II

c

broken to the diagonal subgroup SU(3)I+II

c
identified as SM QCD SU(3)c. We identify

SU(2)I+II

L
as the SM EW group SU(2)L. The Abelian generators are broken to SM

hypercharge U(1)Y where

Y = T I

B�L
+ Y 0 = T I

B�L
+ T II

B�L
+ T3R (55)

The physical massive scalar spectrum includes a real color octet, three SM singlets and
a complex scalar transforming as (3, 1, 2/3). The heavy gauge bosons include a vector
leptoquark Uµ

1 = (3, 1, 2/3) from SU(4)I ! SU(3)I ⇥ U(1)I
B�L

, a heavy gluon g0
µ
=

(8, 1, 0) from SU(3)I ⇥ SU(3)II ! SU(3)I+II and a Z 0
µ

= (1, 1, 0) from U(1)I
B�L

⇥
U(1)Y 0 ! U(1)Y .

The heavy gauge boson masses resulting from the symmetry breaking in Eq.51 are gen-
eralisations of the results in [56],
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Under the breaking in Eq.51 to the SM gauge group, the fourth VL family in Table 3
decomposes into fermions with the usual SM quantum numbers of the chiral quarks and
leptons in Eq.10,11, but including partners in conjugate representations,
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CP! (QR4, LR4), (59)

 c

4u⌫ ! (uc

4, ⌫
c

4)
CP! (uR4, ⌫R4),  c

4u⌫ ! (uc

4, ⌫
c

4) ⌘ (uL4, ⌫L4), (60)

 c

4ed ! (dc4, e
c

4)
CP! (dR4, eR4),  c

4ed ! (dc4, e
c

4) ⌘ (dL4, eL4), (61)

where we have converted to left (L) and right (R) convention in the last step, either by
a simple equivalence, or using a CP transformation where applicable. Similarly we shall
write the three chiral familes of quarks and leptons in L, R convention as,

Qi, Li ⌘ QLi, , LLi, uc

j
, dc

j
, ec

j
, ⌫c

j

CP! uRj, dRj, eRj, ⌫Rj, (i, j = 1, 2, 3) (62)

The heavy gauge bosons U1, g0, Z 0 couple to the chiral fermions and VL fourth family
fermions with left-handed interactions [42],
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Typical Benchmark

rotations used to go to the basis in Eq.23 will not induce any flavour violation. However,
the couplings of the fourth vector-like fermions to g0, Z 0 are non-universal, so any mixing
of the three families with the fourth family will induce non-universality in the light states.
In the twin PS model, there is only significant mixing of the third left-handed chiral family
with the fourth family, and it is a good approximation to only consider the rotation in
Eq.66.

After the rotations in Eq.66, the Lagrangian in Eq.63 will generate non-universal g0, Z 0

couplings to the third family quark and lepton doublets, while the first two families
continue to have universal couplings to good approximation. This is equivalent to an ap-
proximate U(2)5 global symmetry which will protect against the most dangerous FCNCs
involving the first two families. However the non-universal third family doublet cou-
plings will lead to FCNCs once the quark and lepton mass matrices (considered in detail
in the next section) are diagonalised. Fortunately these matrices turn out to have small
o↵-diagonal elements, so FCNCs are suppressed. For example, there will be tree-level
FCNCs arising in Bs mixing suppressed by Vts ⇠ 0.04.

Consider the example of benchmark parameters [42]: v1 ⇡ v̄1 ⇡ v̄01 ⇡ 312 GeV, v3 ⇡ v̄3 ⇡
v̄03 ⇡ 488 GeV, g4 ⇡ 3, g3 ⇡ gs ⇡ 1, g1 ⇡ gY ⇡ 0.36, which leads to MZ0 ⇡ 1.4 TeV,
MU1 ⇡ 1.6 TeV, and Mg0 ⇡ 2.0 TeV. This set of parameters has the typical feature
that g4 � g3, g1 so that the heavy gauge bosons g0, Z 0 have suppressed couplings to light
quarks and leptons, according to Eqs.63,64, which will inhibit the direct production of
these states at the LHC.

As discussed above, the fourth family doublets with large couplings to g0, Z 0 will generate
non-universal third family couplings to these gauge bosons, after the replacements in
Eq.66. These non-universal third family couplings to g0, Z 0 will subsequently lead to tree-
level FCNCs following the transformations required to diagonalise the 3 ⇥ 3 quark and
lepton mass matrices. The typical constraint from Bs mixing [57] has the parametric
form

(sQ34)
2Vts

M
. 1

220 TeV
(69)

where M represents the g0, Z 0 masses, whose benchmark values are M ⇠ 1 TeV. With
Vts ⇠ 0.04, this constraint is satisfied providing that (sQ34)

2 . 0.1, ignoring the other
dimensionless couplings which are of order unity.

In addition to the couplings in Eq.67, the rotations in Eq.66 will generate vector lepto-
quark U1 interactions which couple the third and fourth family doublets,

g4p
2
Q̄L4�

µLL4 !
g4p
2
sQ34Q̄L3�

µLL4 U1µ (70)

Such couplings allow a one loop box diagram contribution to Bs mixing proportional to
the internal vector-like lepton mass squared [58]. The mass of the vector-like lepton mass
can be lowered by including an additional scalar ⌦15 which transforms under SU(4)I

PS
in

the adjoint representation, whose VEV contributes to the fourth family masses [58].
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The SU(4)I
PS

is broken to SU(3)I
c
⇥U(1)I

B�L
(4 ! 31/6 + 1�1/2), with SU(3)I

c
⇥ SU(3)II

c

broken to the diagonal subgroup SU(3)I+II

c
identified as SM QCD SU(3)c. We identify

SU(2)I+II

L
as the SM EW group SU(2)L. The Abelian generators are broken to SM

hypercharge U(1)Y where

Y = T I

B�L
+ Y 0 = T I

B�L
+ T II

B�L
+ T3R (55)

The physical massive scalar spectrum includes a real color octet, three SM singlets and
a complex scalar transforming as (3, 1, 2/3). The heavy gauge bosons include a vector
leptoquark Uµ

1 = (3, 1, 2/3) from SU(4)I ! SU(3)I ⇥ U(1)I
B�L

, a heavy gluon g0
µ
=

(8, 1, 0) from SU(3)I ⇥ SU(3)II ! SU(3)I+II and a Z 0
µ

= (1, 1, 0) from U(1)I
B�L

⇥
U(1)Y 0 ! U(1)Y .

The heavy gauge boson masses resulting from the symmetry breaking in Eq.51 are gen-
eralisations of the results in [56],

MU1 =
1
2g4

q
v21 + v̄21 + v̄021 + v23 + v̄23 + v̄023 , (56)

Mg0 =
1p
2

q
g24 + g23

q
v23 + v̄23 + v̄023 , (57)

MZ0 = 1
2

q
3
2

q
g24 +

2
3g

2
1

q
v21 + v̄21 + v̄021 +

1
3v

2
3 +

1
3 v̄

2
3 +

1
3 v̄

02
3 . (58)

Under the breaking in Eq.51 to the SM gauge group, the fourth VL family in Table 3
decomposes into fermions with the usual SM quantum numbers of the chiral quarks and
leptons in Eq.10,11, but including partners in conjugate representations,

 4 ! (Q4, L4) ⌘ (QL4, LL4),  4 ! (Q4, L4)
CP! (QR4, LR4), (59)

 c

4u⌫ ! (uc

4, ⌫
c

4)
CP! (uR4, ⌫R4),  c

4u⌫ ! (uc

4, ⌫
c

4) ⌘ (uL4, ⌫L4), (60)

 c

4ed ! (dc4, e
c

4)
CP! (dR4, eR4),  c

4ed ! (dc4, e
c

4) ⌘ (dL4, eL4), (61)

where we have converted to left (L) and right (R) convention in the last step, either by
a simple equivalence, or using a CP transformation where applicable. Similarly we shall
write the three chiral familes of quarks and leptons in L, R convention as,

Qi, Li ⌘ QLi, , LLi, uc

j
, dc

j
, ec

j
, ⌫c

j

CP! uRj, dRj, eRj, ⌫Rj, (i, j = 1, 2, 3) (62)

The heavy gauge bosons U1, g0, Z 0 couple to the chiral fermions and VL fourth family
fermions with left-handed interactions [42],
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(63)
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Figure 5: Diagrams in the model which leads to the e↵ective U1 vector leptoquark couplings

to quarks to leptons in the mass insertion approximation. The left (right) panels show the

left (right) handed couplings. The diagram in the left-panel will dominate since M
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4 ,

leading to the approximate e↵ective operator in Eq.67.

will be suppressed. Since the first family quarks and leptons only couple to fifth family
VL fermions, which do not interact at all with Uµ

1 , similar operators involving the first
family will be absent.

The operator in Eq.67 has the right structure of vector leptoquark Uµ

1 couplings to account
for the B-physics anomalies in RK(⇤) and RD(⇤) as discussed in many papers mentioned
in the Introduction. For example, according to the analysis in [22], a single operator as
in Eq.67, 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 [22],

g4p
2
sQ34s

L

34Q̄L3�
µLL3 U1µ ⌘ gUQ̄L3�

µLL3 U1µ ! gU�i↵Q̄Li�
µLL↵ U1µ (68)

In the e↵ective field theory analysis of [22] these further transformations were regarded as
relatively free parameters with good global fits obtained for �s⌧ ⇡ 4|Vcb|, with �bµ < 0.5
and �sµ < 5|Vcb| constrained to lie on narrow contours [22]. However in the present
model the quark and lepton mass matrices are predicted, and the natural expectation
is that these mixing parameters are of order |Vcb|, as we shall discuss later. The values
of gU and MU1 are also constrained by the global fit to the B physics anomalies [22],
for example gU ⇡ 1.1 and MU1 ⇡ 1.6 TeV provides a good fit consistent with LHC
searches, and corresponds to the benchmark point discussed in the next subsection for
sQ34 ⇡ sL34 ⇡ 1/

p
2.

3.3 Flavour Changing Neutral Currents (FCNCs)

The heavy gauge bosons g0, Z 0 will generate FCNCs from the couplings in Eq.63, after
the rotation in Eq.66 followed by the rotations required to diagonalise the quark and
lepton mass matrices. A detailed analysis of FCNCs in the G4321 model has been recently
performed in [36], but here in this subsection we summarise the key issues which are
relevant for the twin PS model.

The first observation is that in Eqs.63, 64 the first three families of quarks and leptons
all couple equally to g0, Z 0 for the three families of a given charge. This means that the
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and right-handed interactions,
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where the SM gauge couplings of SU(3)c and U(1)Y are given by [42],

gs =
g4g3p
g24 + g23

, gY =
g4g1q
g24 +

2
3g

2
1

, (65)

where g4,3,2,1 are the gauge couplings of G4321. In the above expressions we have ignored
the mixing between the chiral fermions and the VL fermions, and dropped the right-
handed neutrino couplings. We have also dropped the EW singlet VL fourth family
couplings, assuming them to be much heavier that the EW doublets, M 

c

4 � M 

4 .

In the present model, all flavour changing is generated from Eq.63 after making the
rotation as in Eq.127,

✓
QL3

QL4

◆
!

✓
cQ34 sQ34
�sQ34 cQ34

◆✓
QL3

QL4

◆
,

✓
LL3

LL4

◆
!

✓
cL34 sL34
�sL34 cL34

◆✓
LL3

LL4

◆
(66)

where the large mixing angles sQ34, s
L

34 were introduced in Eq.128, beyond the mass in-
sertion approximation, and all other mixing with the fourth VL family is suppressed by
small mixing angles in this model. The transformation in Eq.66 leads to non-universal
third family terms in Eq.63. The further CKM type transformations required to diago-
nalise the quark and lepton mass matrices predicted by the model (see later), then lead
to flavour changing operators originating from the non-universal third family terms.

The key feature of the heavy gauge boson couplings is that, while the heavy gluon g0
µ

and the Z 0
µ
couple to all chiral and VL quarks and leptons, the heavy vector leptoquark

Uµ

1 only couples to the fourth family VL fermions in the original basis of Eqs.63 and 64.
The reason is that Uµ

1 originates entirely from SU(4)I , which remains unbroken to low
scales, and under which the chiral quarks and leptons are singlets. In the present model,
e↵ective Uµ

1 vector leptoquark couplings to chiral quarks and leptons can be generated
from Eq.63, after the rotations in Eq.66, leading to the e↵ective operator,

g4p
2
Q̄L4�

µLL4 !
g4p
2
sQ34s

L

34Q̄L3�
µLL3 U1µ ⇡ g4p

2

x 34h�1i
M 

4

x 34h�3i
M 

4

Q̄L3�
µLL3 U1µ (67)

plus H.c., where we have also shown the result in mass insertion approximation from the
diagrams in Fig. 5, with the left-hand diagram dominating due toM 

4 ⌧ M 
c

4 from Eq.29.
Equivalently, the dominance of this operator follows from the large third family quark and
lepton masses which imply large mixing angles sQ34, s

L

34. Similar operators involving right-
handed couplings to the second family, arising from the right-hand diagram in Fig. 5,
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leading to the approximate e↵ective operator in Eq.67.
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family will be absent.
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leading to the approximate e↵ective operator in Eq.67.

will be suppressed. Since the first family quarks and leptons only couple to fifth family
VL fermions, which do not interact at all with Uµ

1 , similar operators involving the first
family will be absent.

The operator in Eq.67 has the right structure of vector leptoquark Uµ

1 couplings to account
for the B-physics anomalies in RK(⇤) and RD(⇤) as discussed in many papers mentioned
in the Introduction. For example, according to the analysis in [22], a single operator as
in Eq.67, 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 [22],

g4p
2
sQ34s

L

34Q̄L3�
µLL3 U1µ ⌘ gUQ̄L3�

µLL3 U1µ ! gU�i↵Q̄Li�
µLL↵ U1µ (68)

In the e↵ective field theory analysis of [22] these further transformations were regarded as
relatively free parameters with good global fits obtained for �s⌧ ⇡ 4|Vcb|, with �bµ < 0.5
and �sµ < 5|Vcb| constrained to lie on narrow contours [22]. However in the present
model the quark and lepton mass matrices are predicted, and the natural expectation
is that these mixing parameters are of order |Vcb|, as we shall discuss later. The values
of gU and MU1 are also constrained by the global fit to the B physics anomalies [22],
for example gU ⇡ 1.1 and MU1 ⇡ 1.6 TeV provides a good fit consistent with LHC
searches, and corresponds to the benchmark point discussed in the next subsection for
sQ34 ⇡ sL34 ⇡ 1/

p
2.

3.3 Flavour Changing Neutral Currents (FCNCs)

The heavy gauge bosons g0, Z 0 will generate FCNCs from the couplings in Eq.63, after
the rotation in Eq.66 followed by the rotations required to diagonalise the quark and
lepton mass matrices. A detailed analysis of FCNCs in the G4321 model has been recently
performed in [36], but here in this subsection we summarise the key issues which are
relevant for the twin PS model.

The first observation is that in Eqs.63, 64 the first three families of quarks and leptons
all couple equally to g0, Z 0 for the three families of a given charge. This means that the
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and right-handed interactions,
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µeRj

�◆
Z 0

µ

where the SM gauge couplings of SU(3)c and U(1)Y are given by [42],

gs =
g4g3p
g24 + g23

, gY =
g4g1q
g24 +

2
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2
1

, (65)

where g4,3,2,1 are the gauge couplings of G4321. In the above expressions we have ignored
the mixing between the chiral fermions and the VL fermions, and dropped the right-
handed neutrino couplings. We have also dropped the EW singlet VL fourth family
couplings, assuming them to be much heavier that the EW doublets, M 

c

4 � M 

4 .

In the present model, all flavour changing is generated from Eq.63 after making the
rotation as in Eq.127,
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where the large mixing angles sQ34, s
L

34 were introduced in Eq.128, beyond the mass in-
sertion approximation, and all other mixing with the fourth VL family is suppressed by
small mixing angles in this model. The transformation in Eq.66 leads to non-universal
third family terms in Eq.63. The further CKM type transformations required to diago-
nalise the quark and lepton mass matrices predicted by the model (see later), then lead
to flavour changing operators originating from the non-universal third family terms.

The key feature of the heavy gauge boson couplings is that, while the heavy gluon g0
µ

and the Z 0
µ
couple to all chiral and VL quarks and leptons, the heavy vector leptoquark

Uµ

1 only couples to the fourth family VL fermions in the original basis of Eqs.63 and 64.
The reason is that Uµ

1 originates entirely from SU(4)I , which remains unbroken to low
scales, and under which the chiral quarks and leptons are singlets. In the present model,
e↵ective Uµ

1 vector leptoquark couplings to chiral quarks and leptons can be generated
from Eq.63, after the rotations in Eq.66, leading to the e↵ective operator,

g4p
2
Q̄L4�

µLL4 !
g4p
2
sQ34s

L

34Q̄L3�
µLL3 U1µ ⇡ g4p

2

x 34h�1i
M 

4
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M 

4

Q̄L3�
µLL3 U1µ (67)

plus H.c., where we have also shown the result in mass insertion approximation from the
diagrams in Fig. 5, with the left-hand diagram dominating due toM 

4 ⌧ M 
c

4 from Eq.29.
Equivalently, the dominance of this operator follows from the large third family quark and
lepton masses which imply large mixing angles sQ34, s

L

34. Similar operators involving right-
handed couplings to the second family, arising from the right-hand diagram in Fig. 5,
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leading to the approximate e↵ective operator in Eq.67.

will be suppressed. Since the first family quarks and leptons only couple to fifth family
VL fermions, which do not interact at all with Uµ

1 , similar operators involving the first
family will be absent.

The operator in Eq.67 has the right structure of vector leptoquark Uµ

1 couplings to account
for the B-physics anomalies in RK(⇤) and RD(⇤) as discussed in many papers mentioned
in the Introduction. For example, according to the analysis in [22], a single operator as
in Eq.67, 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 [22],

g4p
2
sQ34s

L

34Q̄L3�
µLL3 U1µ ⌘ gUQ̄L3�

µLL3 U1µ ! gU�i↵Q̄Li�
µLL↵ U1µ (68)

In the e↵ective field theory analysis of [22] these further transformations were regarded as
relatively free parameters with good global fits obtained for �s⌧ ⇡ 4|Vcb|, with �bµ < 0.5
and �sµ < 5|Vcb| constrained to lie on narrow contours [22]. However in the present
model the quark and lepton mass matrices are predicted, and the natural expectation
is that these mixing parameters are of order |Vcb|, as we shall discuss later. The values
of gU and MU1 are also constrained by the global fit to the B physics anomalies [22],
for example gU ⇡ 1.1 and MU1 ⇡ 1.6 TeV provides a good fit consistent with LHC
searches, and corresponds to the benchmark point discussed in the next subsection for
sQ34 ⇡ sL34 ⇡ 1/

p
2.

3.3 Flavour Changing Neutral Currents (FCNCs)

The heavy gauge bosons g0, Z 0 will generate FCNCs from the couplings in Eq.63, after
the rotation in Eq.66 followed by the rotations required to diagonalise the quark and
lepton mass matrices. A detailed analysis of FCNCs in the G4321 model has been recently
performed in [36], but here in this subsection we summarise the key issues which are
relevant for the twin PS model.

The first observation is that in Eqs.63, 64 the first three families of quarks and leptons
all couple equally to g0, Z 0 for the three families of a given charge. This means that the

17

� Z
0

�

 
c
j

 
c
i

M
 c

4 M
 c

4

 
c
4 

c
4 

c
4 

c
4

U

•

amazing

Q3

�3

M
 
4

U1

M
 
4

�1

L3

Q4 L4L4Q4

� Z
0

�

 
c
j

 
c
i

M
 c

4 M
 c

4

 
c
4 

c
4 

c
4 

c
4

U

•

amazingU1

M
 c

4

�3

d
c
2,3 M

 c

4

�1

e
c
2,3

d
c
4 e

c
4e

c
4d

c
4

Figure 5: Diagrams in the model which leads to the e↵ective U1 vector leptoquark couplings

to quarks to leptons in the mass insertion approximation. The left (right) panels show the

left (right) handed couplings. The diagram in the left-panel will dominate since M
 
4 ⌧ M

 c

4 ,

leading to the approximate e↵ective operator in Eq.67.

will be suppressed. Since the first family quarks and leptons only couple to fifth family
VL fermions, which do not interact at all with Uµ

1 , similar operators involving the first
family will be absent.

The operator in Eq.67 has the right structure of vector leptoquark Uµ

1 couplings to account
for the B-physics anomalies in RK(⇤) and RD(⇤) as discussed in many papers mentioned
in the Introduction. For example, according to the analysis in [22], a single operator as
in Eq.67, 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 [22],
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2
sQ34s

L

34Q̄L3�
µLL3 U1µ ⌘ gUQ̄L3�

µLL3 U1µ ! gU�i↵Q̄Li�
µLL↵ U1µ (68)

In the e↵ective field theory analysis of [22] these further transformations were regarded as
relatively free parameters with good global fits obtained for �s⌧ ⇡ 4|Vcb|, with �bµ < 0.5
and �sµ < 5|Vcb| constrained to lie on narrow contours [22]. However in the present
model the quark and lepton mass matrices are predicted, and the natural expectation
is that these mixing parameters are of order |Vcb|, as we shall discuss later. The values
of gU and MU1 are also constrained by the global fit to the B physics anomalies [22],
for example gU ⇡ 1.1 and MU1 ⇡ 1.6 TeV provides a good fit consistent with LHC
searches, and corresponds to the benchmark point discussed in the next subsection for
sQ34 ⇡ sL34 ⇡ 1/

p
2.

3.3 Flavour Changing Neutral Currents (FCNCs)

The heavy gauge bosons g0, Z 0 will generate FCNCs from the couplings in Eq.63, after
the rotation in Eq.66 followed by the rotations required to diagonalise the quark and
lepton mass matrices. A detailed analysis of FCNCs in the G4321 model has been recently
performed in [36], but here in this subsection we summarise the key issues which are
relevant for the twin PS model.

The first observation is that in Eqs.63, 64 the first three families of quarks and leptons
all couple equally to g0, Z 0 for the three families of a given charge. This means that the
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0 contributes to RK(⇤) at tree-level, via the (left) diagram in Fig.2, where the require-
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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
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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.
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Writing g⌧µ = gµµ/✓
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23, the bounds on Bs mixing and ⌧ ! µµµ may be written as:
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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
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(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.
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leading to the approximate e↵ective operator in Eq.67.

will be suppressed. Since the first family quarks and leptons only couple to fifth family
VL fermions, which do not interact at all with Uµ

1 , similar operators involving the first
family will be absent.

The operator in Eq.67 has the right structure of vector leptoquark Uµ

1 couplings to account
for the B-physics anomalies in RK(⇤) and RD(⇤) as discussed in many papers mentioned
in the Introduction. For example, according to the analysis in [22], a single operator as
in Eq.67, 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 [22],
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34Q̄L3�
µLL3 U1µ ⌘ gUQ̄L3�

µLL3 U1µ ! gU�i↵Q̄Li�
µLL↵ U1µ (68)

In the e↵ective field theory analysis of [22] these further transformations were regarded as
relatively free parameters with good global fits obtained for �s⌧ ⇡ 4|Vcb|, with �bµ < 0.5
and �sµ < 5|Vcb| constrained to lie on narrow contours [22]. However in the present
model the quark and lepton mass matrices are predicted, and the natural expectation
is that these mixing parameters are of order |Vcb|, as we shall discuss later. The values
of gU and MU1 are also constrained by the global fit to the B physics anomalies [22],
for example gU ⇡ 1.1 and MU1 ⇡ 1.6 TeV provides a good fit consistent with LHC
searches, and corresponds to the benchmark point discussed in the next subsection for
sQ34 ⇡ sL34 ⇡ 1/

p
2.

3.3 Flavour Changing Neutral Currents (FCNCs)

The heavy gauge bosons g0, Z 0 will generate FCNCs from the couplings in Eq.63, after
the rotation in Eq.66 followed by the rotations required to diagonalise the quark and
lepton mass matrices. A detailed analysis of FCNCs in the G4321 model has been recently
performed in [36], but here in this subsection we summarise the key issues which are
relevant for the twin PS model.

The first observation is that in Eqs.63, 64 the first three families of quarks and leptons
all couple equally to g0, Z 0 for the three families of a given charge. This means that the
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g4p
2

�
Q̄R4�

µLR4 +H.c.
�
U1µ

+
g4gs
g3

✓
Q̄R4�

µT aQR4 �
g23
g24

�
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where the SM gauge couplings of SU(3)c and U(1)Y are given by [42],
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where g4,3,2,1 are the gauge couplings of G4321. In the above expressions we have ignored
the mixing between the chiral fermions and the VL fermions, and dropped the right-
handed neutrino couplings. We have also dropped the EW singlet VL fourth family
couplings, assuming them to be much heavier that the EW doublets, M 
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4 .

In the present model, all flavour changing is generated from Eq.63 after making the
rotation as in Eq.127,
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where the large mixing angles sQ34, s
L

34 were introduced in Eq.128, beyond the mass in-
sertion approximation, and all other mixing with the fourth VL family is suppressed by
small mixing angles in this model. The transformation in Eq.66 leads to non-universal
third family terms in Eq.63. The further CKM type transformations required to diago-
nalise the quark and lepton mass matrices predicted by the model (see later), then lead
to flavour changing operators originating from the non-universal third family terms.

The key feature of the heavy gauge boson couplings is that, while the heavy gluon g0
µ

and the Z 0
µ
couple to all chiral and VL quarks and leptons, the heavy vector leptoquark

Uµ

1 only couples to the fourth family VL fermions in the original basis of Eqs.63 and 64.
The reason is that Uµ

1 originates entirely from SU(4)I , which remains unbroken to low
scales, and under which the chiral quarks and leptons are singlets. In the present model,
e↵ective Uµ

1 vector leptoquark couplings to chiral quarks and leptons can be generated
from Eq.63, after the rotations in Eq.66, leading to the e↵ective operator,

g4p
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plus H.c., where we have also shown the result in mass insertion approximation from the
diagrams in Fig. 5, with the left-hand diagram dominating due toM 

4 ⌧ M 
c

4 from Eq.29.
Equivalently, the dominance of this operator follows from the large third family quark and
lepton masses which imply large mixing angles sQ34, s

L

34. Similar operators involving right-
handed couplings to the second family, arising from the right-hand diagram in Fig. 5,
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leading to the approximate e↵ective operator in Eq.67.

will be suppressed. Since the first family quarks and leptons only couple to fifth family
VL fermions, which do not interact at all with Uµ

1 , similar operators involving the first
family will be absent.

The operator in Eq.67 has the right structure of vector leptoquark Uµ

1 couplings to account
for the B-physics anomalies in RK(⇤) and RD(⇤) as discussed in many papers mentioned
in the Introduction. For example, according to the analysis in [22], a single operator as
in Eq.67, 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 [22],

g4p
2
sQ34s

L

34Q̄L3�
µLL3 U1µ ⌘ gUQ̄L3�

µLL3 U1µ ! gU�i↵Q̄Li�
µLL↵ U1µ (68)

In the e↵ective field theory analysis of [22] these further transformations were regarded as
relatively free parameters with good global fits obtained for �s⌧ ⇡ 4|Vcb|, with �bµ < 0.5
and �sµ < 5|Vcb| constrained to lie on narrow contours [22]. However in the present
model the quark and lepton mass matrices are predicted, and the natural expectation
is that these mixing parameters are of order |Vcb|, as we shall discuss later. The values
of gU and MU1 are also constrained by the global fit to the B physics anomalies [22],
for example gU ⇡ 1.1 and MU1 ⇡ 1.6 TeV provides a good fit consistent with LHC
searches, and corresponds to the benchmark point discussed in the next subsection for
sQ34 ⇡ sL34 ⇡ 1/

p
2.

3.3 Flavour Changing Neutral Currents (FCNCs)

The heavy gauge bosons g0, Z 0 will generate FCNCs from the couplings in Eq.63, after
the rotation in Eq.66 followed by the rotations required to diagonalise the quark and
lepton mass matrices. A detailed analysis of FCNCs in the G4321 model has been recently
performed in [36], but here in this subsection we summarise the key issues which are
relevant for the twin PS model.

The first observation is that in Eqs.63, 64 the first three families of quarks and leptons
all couple equally to g0, Z 0 for the three families of a given charge. This means that the
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In the e↵ective field theory analysis of [22] these further transformations were regarded as
relatively free parameters with good global fits obtained for �s⌧ ⇡ 4|Vcb|, with �bµ < 0.5
and �sµ < 5|Vcb| constrained to lie on narrow contours [22]. However in the present
model the quark and lepton mass matrices are predicted, and the natural expectation
is that these mixing parameters are of order |Vcb|, as we shall discuss later. The values
of gU and MU1 are also constrained by the global fit to the B physics anomalies [22],
for example gU ⇡ 1.1 and MU1 ⇡ 1.6 TeV provides a good fit consistent with LHC
searches, and corresponds to the benchmark point discussed in the next subsection for
sQ34 ⇡ sL34 ⇡ 1/
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3.3 Flavour Changing Neutral Currents (FCNCs)

The heavy gauge bosons g0, Z 0 will generate FCNCs from the couplings in Eq.63, after
the rotation in Eq.66 followed by the rotations required to diagonalise the quark and
lepton mass matrices. A detailed analysis of FCNCs in the G4321 model has been recently
performed in [36], but here in this subsection we summarise the key issues which are
relevant for the twin PS model.

The first observation is that in Eqs.63, 64 the first three families of quarks and leptons
all couple equally to g0, Z 0 for the three families of a given charge. This means that the
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Figure 2 – These Z
0
exchange diagrams contribute to R

K(⇤) (left), to Bs mixing (centre) and to ⌧ ! µµµ (right).
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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,
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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,

g⌧µgµµ

M
2
Z0

⇡ (✓e23)
3
y
4
⌧

M
2
Z0

 1

(16 TeV)2
! y

4
⌧ (✓

e
23)

3  4.0 ⇥ 10�3
✓

MZ0

1 TeV

◆2

. (14)

Writing g⌧µ = gµµ/✓
e
23, the bounds on Bs mixing and ⌧ ! µµµ may be written as:
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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
(✓e23)

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.
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I am grateful to E.Perdomo for pointing out this bound.
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Conclusion
• Fermion mass and mixing is a great mystery of SM,  

which may be related to recent B physics anomalies


• RK and RD anomalies may be simultaneously explained by 
TeV scale vector leptoquark U1 from Pati-Salam 

• Pati-Salam usually broken above PeV to avoid FCNCs so 
this requires non-trivial UV completion


• The twin PS model yields a TeV scale vector leptoquark 
and explains fermion masses (usually not addressed)


• But the predicted mass matrices do not yield large 
enough couplings to explain RD given the current data


