
B anomalies linked to 
the problem of the origin 
of Yukawa Couplings 
Steve King, 3rd September 2019, Corfu



b

c
s

u
d

e

t

Flavour Problem



Yukawa couplings

yijH i 
c
j

Why so small 
(apart from 
top quark)?

 i

H

yij

 c
j

<latexit sha1_base64="SqUh6lK48SWkztAZuD4hu5P/MDE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAcka5idzCZjZmfXmV4hLPkJLx4U8ervePNvnDwQTSxoKKq66e4KEikMuu6Xk1tZXVvfyG8WtrZ3dveK+wcNE6ea8TqLZaxbATVcCsXrKFDyVqI5jQLJm8HwauI3H7k2Ila3OEq4H9G+EqFgFK3U6iRGdO/vWLdYcsvuFOSHeIukBHPUusXPTi9macQVMkmNaXtugn5GNQom+bjQSQ1PKBvSPm9bqmjEjZ9N7x2TE6v0SBhrWwrJVP09kdHImFEU2M6I4sAsehPxP6+dYnjhZ0IlKXLFZovCVBKMyeR50hOaM5QjSyjTwt5K2IBqytBGVLAhLL28TBpnZc8tezfnperlPI48HMExnIIHFajCNdSgDgwkPMELvDoPzrPz5rzPWnPOfOYQ/sD5+AYXpY/9</latexit><latexit sha1_base64="SqUh6lK48SWkztAZuD4hu5P/MDE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAcka5idzCZjZmfXmV4hLPkJLx4U8ervePNvnDwQTSxoKKq66e4KEikMuu6Xk1tZXVvfyG8WtrZ3dveK+wcNE6ea8TqLZaxbATVcCsXrKFDyVqI5jQLJm8HwauI3H7k2Ila3OEq4H9G+EqFgFK3U6iRGdO/vWLdYcsvuFOSHeIukBHPUusXPTi9macQVMkmNaXtugn5GNQom+bjQSQ1PKBvSPm9bqmjEjZ9N7x2TE6v0SBhrWwrJVP09kdHImFEU2M6I4sAsehPxP6+dYnjhZ0IlKXLFZovCVBKMyeR50hOaM5QjSyjTwt5K2IBqytBGVLAhLL28TBpnZc8tezfnperlPI48HMExnIIHFajCNdSgDgwkPMELvDoPzrPz5rzPWnPOfOYQ/sD5+AYXpY/9</latexit><latexit sha1_base64="SqUh6lK48SWkztAZuD4hu5P/MDE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAcka5idzCZjZmfXmV4hLPkJLx4U8ervePNvnDwQTSxoKKq66e4KEikMuu6Xk1tZXVvfyG8WtrZ3dveK+wcNE6ea8TqLZaxbATVcCsXrKFDyVqI5jQLJm8HwauI3H7k2Ila3OEq4H9G+EqFgFK3U6iRGdO/vWLdYcsvuFOSHeIukBHPUusXPTi9macQVMkmNaXtugn5GNQom+bjQSQ1PKBvSPm9bqmjEjZ9N7x2TE6v0SBhrWwrJVP09kdHImFEU2M6I4sAsehPxP6+dYnjhZ0IlKXLFZovCVBKMyeR50hOaM5QjSyjTwt5K2IBqytBGVLAhLL28TBpnZc8tezfnperlPI48HMExnIIHFajCNdSgDgwkPMELvDoPzrPz5rzPWnPOfOYQ/sD5+AYXpY/9</latexit><latexit sha1_base64="SqUh6lK48SWkztAZuD4hu5P/MDE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAcka5idzCZjZmfXmV4hLPkJLx4U8ervePNvnDwQTSxoKKq66e4KEikMuu6Xk1tZXVvfyG8WtrZ3dveK+wcNE6ea8TqLZaxbATVcCsXrKFDyVqI5jQLJm8HwauI3H7k2Ila3OEq4H9G+EqFgFK3U6iRGdO/vWLdYcsvuFOSHeIukBHPUusXPTi9macQVMkmNaXtugn5GNQom+bjQSQ1PKBvSPm9bqmjEjZ9N7x2TE6v0SBhrWwrJVP09kdHImFEU2M6I4sAsehPxP6+dYnjhZ0IlKXLFZovCVBKMyeR50hOaM5QjSyjTwt5K2IBqytBGVLAhLL28TBpnZc8tezfnperlPI48HMExnIIHFajCNdSgDgwkPMELvDoPzrPz5rzPWnPOfOYQ/sD5+AYXpY/9</latexit>



and the CP conjugated right-handed electroweak singlets,  c
j = uc

j, d
c
j, e

c
j, ⌫

c
j ,

LY uk
eff =

 
h�ii
⇤ i,n

!n 
h�ji
⇤ 

c

j,m

!m

H i 
c
j , (1)

plus H.c., summed over fields, families and powers of n,m. Eq.1 involves new SM singlet
fields �i which develop VEVs, leading to e↵ective Yukawa couplings suppressed by powers
of h�ii/⇤. Our scenario also involves a massive Z 0 under which the three SM families  i

have zero charge, and which only couples to it via the same singlet fields �i which have
non-zero charge under the associated U(1)0 gauge group,
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summed over fields, families and powers of n,m, where g0 is the U(1)0 gauge coupling and
we allow for di↵erent coupling strengths in the gauge coupling denominator factors ⇤0 as
compared to ⇤. The absence of a coupling at a given order corresponds to a particular ⇤
or ⇤0 becoming formally infinite. In a given model, such as the example discussed in this
paper, the various ⇤ and ⇤0 may be simply related. The key feature of this scenario is
that the same numerator factors of h�ii control both the Yukawa couplings in Eq.1 and
the Z 0 couplings in Eq.2.

Another key feature of our scenario is that the Z 0 mass is also generated by the VEVs
h�ii, so that MZ0 ⇠ g0h�ii. This implies that the observation of RK⇤ , which sets the scale
of the Z 0 mass and couplings, also sets the scale of the theory of flavour, which must both
be not far from the TeV scale. This does not happen in scalar leptoquark models, for
example, since the scalar mass can be written down by hand and it is not linked to the
flavour scale (e.g. the leptoquark mass could be at the TeV scale, while the scales h�ii
and ⇤ could be much higher, with a fixed ratio). In the case of the Z 0 scenario here all
the scales are rooted to the TeV scale, as discussed further below.

In our scenario in Eqs.1,2, in the limit that h�ii = 0, there are no Yukawa couplings and
also no couplings of SM fermions to the Z 0 since we assume they are not charged under
the associated U(1)0 gauge group. When h�ii/⇤i are switched on then both Yukawa
couplings and small non-universal and flavour dependent couplings of SM fermions to
the Z 0 are generated simultaneously, as well as the Z 0 mass itself. The above framework
then provides a link between flavour changing observables and the origin of small Yukawa
couplings of the kind that we are interested in.

In particular, there will be a connection between the experimental signal for new physics
in RK⇤ due to Z 0 exchange and the Yukawa couplings. Since the Yukawa couplings are
known, this constrains the values of h�ii/⇤i, and since we wish to explain RK⇤ via non-
universal Z 0 exchange, then this will also constrain the Z 0 mass to be around the TeV
scale, resulting in other associated experimental flavour and collider constraints which
the e↵ective theory must confront.

However there is a threefold motivation for going beyond the e↵ective description in
Eqs.1,2. Firstly, the e↵ective theory is not really adequate to describe the top quark
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plus H.c., summed over fields, families and powers of n,m. Eq.1 involves new SM singlet
fields �i which develop VEVs, leading to e↵ective Yukawa couplings suppressed by powers
of h�ii/⇤. Our scenario also involves a massive Z 0 under which the three SM families  i

have zero charge, and which only couples to it via the same singlet fields �i which have
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summed over fields, families and powers of n,m, where g0 is the U(1)0 gauge coupling and
we allow for di↵erent coupling strengths in the gauge coupling denominator factors ⇤0 as
compared to ⇤. The absence of a coupling at a given order corresponds to a particular ⇤
or ⇤0 becoming formally infinite. In a given model, such as the example discussed in this
paper, the various ⇤ and ⇤0 may be simply related. The key feature of this scenario is
that the same numerator factors of h�ii control both the Yukawa couplings in Eq.1 and
the Z 0 couplings in Eq.2.

Another key feature of our scenario is that the Z 0 mass is also generated by the VEVs
h�ii, so that MZ0 ⇠ g0h�ii. This implies that the observation of RK⇤ , which sets the scale
of the Z 0 mass and couplings, also sets the scale of the theory of flavour, which must both
be not far from the TeV scale. This does not happen in scalar leptoquark models, for
example, since the scalar mass can be written down by hand and it is not linked to the
flavour scale (e.g. the leptoquark mass could be at the TeV scale, while the scales h�ii
and ⇤ could be much higher, with a fixed ratio). In the case of the Z 0 scenario here all
the scales are rooted to the TeV scale, as discussed further below.

In our scenario in Eqs.1,2, in the limit that h�ii = 0, there are no Yukawa couplings and
also no couplings of SM fermions to the Z 0 since we assume they are not charged under
the associated U(1)0 gauge group. When h�ii/⇤i are switched on then both Yukawa
couplings and small non-universal and flavour dependent couplings of SM fermions to
the Z 0 are generated simultaneously, as well as the Z 0 mass itself. The above framework
then provides a link between flavour changing observables and the origin of small Yukawa
couplings of the kind that we are interested in.

In particular, there will be a connection between the experimental signal for new physics
in RK⇤ due to Z 0 exchange and the Yukawa couplings. Since the Yukawa couplings are
known, this constrains the values of h�ii/⇤i, and since we wish to explain RK⇤ via non-
universal Z 0 exchange, then this will also constrain the Z 0 mass to be around the TeV
scale, resulting in other associated experimental flavour and collider constraints which
the e↵ective theory must confront.

However there is a threefold motivation for going beyond the e↵ective description in
Eqs.1,2. Firstly, the e↵ective theory is not really adequate to describe the top quark
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Keeping 
fixed     
ratios     

Flavour scales can be     
from the Planck scale 
to electroweak scale   

⇤

MEW
<latexit sha1_base64="CT5EYuQh4nYglQAIbhmEEG2c5A4=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPYUYEPQZF8CJEMAskQ+jpdJI2Pd1Dd40QhvyDFw+KePV/vPk3dhYhbg8KHu9VUVUvSqSw6Psf3sLi0vLKam4tv76xubVd2NmtWZ0axqtMS20aEbVcCsWrKFDyRmI4jSPJ69HgYuzX77mxQqtbHCY8jGlPia5gFJ1Uu25nl/VRu1AMSv4ExP9FvqwizFBpF95bHc3SmCtkklrbDPwEw4waFEzyUb6VWp5QNqA93nRU0ZjbMJtcOyKHTumQrjauFJKJOj+R0djaYRy5zphi3/70xuJfXjPF7lmYCZWkyBWbLuqmkqAm49dJRxjOUA4docwIdythfWooQxdQfj6E/0ntuBT4peDmpFg+n8WRg304gCMI4BTKcAUVqAKDO3iAJ3j2tPfovXiv09YFbzazB9/gvX0CWOyO9w==</latexit><latexit sha1_base64="CT5EYuQh4nYglQAIbhmEEG2c5A4=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPYUYEPQZF8CJEMAskQ+jpdJI2Pd1Dd40QhvyDFw+KePV/vPk3dhYhbg8KHu9VUVUvSqSw6Psf3sLi0vLKam4tv76xubVd2NmtWZ0axqtMS20aEbVcCsWrKFDyRmI4jSPJ69HgYuzX77mxQqtbHCY8jGlPia5gFJ1Uu25nl/VRu1AMSv4ExP9FvqwizFBpF95bHc3SmCtkklrbDPwEw4waFEzyUb6VWp5QNqA93nRU0ZjbMJtcOyKHTumQrjauFJKJOj+R0djaYRy5zphi3/70xuJfXjPF7lmYCZWkyBWbLuqmkqAm49dJRxjOUA4docwIdythfWooQxdQfj6E/0ntuBT4peDmpFg+n8WRg304gCMI4BTKcAUVqAKDO3iAJ3j2tPfovXiv09YFbzazB9/gvX0CWOyO9w==</latexit><latexit sha1_base64="CT5EYuQh4nYglQAIbhmEEG2c5A4=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPYUYEPQZF8CJEMAskQ+jpdJI2Pd1Dd40QhvyDFw+KePV/vPk3dhYhbg8KHu9VUVUvSqSw6Psf3sLi0vLKam4tv76xubVd2NmtWZ0axqtMS20aEbVcCsWrKFDyRmI4jSPJ69HgYuzX77mxQqtbHCY8jGlPia5gFJ1Uu25nl/VRu1AMSv4ExP9FvqwizFBpF95bHc3SmCtkklrbDPwEw4waFEzyUb6VWp5QNqA93nRU0ZjbMJtcOyKHTumQrjauFJKJOj+R0djaYRy5zphi3/70xuJfXjPF7lmYCZWkyBWbLuqmkqAm49dJRxjOUA4docwIdythfWooQxdQfj6E/0ntuBT4peDmpFg+n8WRg304gCMI4BTKcAUVqAKDO3iAJ3j2tPfovXiv09YFbzazB9/gvX0CWOyO9w==</latexit><latexit sha1_base64="CT5EYuQh4nYglQAIbhmEEG2c5A4=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPYUYEPQZF8CJEMAskQ+jpdJI2Pd1Dd40QhvyDFw+KePV/vPk3dhYhbg8KHu9VUVUvSqSw6Psf3sLi0vLKam4tv76xubVd2NmtWZ0axqtMS20aEbVcCsWrKFDyRmI4jSPJ69HgYuzX77mxQqtbHCY8jGlPia5gFJ1Uu25nl/VRu1AMSv4ExP9FvqwizFBpF95bHc3SmCtkklrbDPwEw4waFEzyUb6VWp5QNqA93nRU0ZjbMJtcOyKHTumQrjauFJKJOj+R0djaYRy5zphi3/70xuJfXjPF7lmYCZWkyBWbLuqmkqAm49dJRxjOUA4docwIdythfWooQxdQfj6E/0ntuBT4peDmpFg+n8WRg304gCMI4BTKcAUVqAKDO3iAJ3j2tPfovXiv09YFbzazB9/gvX0CWOyO9w==</latexit>

MP
<latexit sha1_base64="Vt867UVWmL9YK4pqCcekkZ9KfWg=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BL16ECG4SSJYwO5lNhszOLjO9QljyDV48KOLVD/Lm3zh5CPFV0FBUddPdFaZSGHTdD6ewsrq2vlHcLG1t7+zulfcPmibJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDX1W/dcG5GoOxynPIjpQIlIMIpW8m96eWPSK1e8qjsDcX+RL6sCCzR65fduP2FZzBUySY3peG6KQU41Cib5pNTNDE8pG9EB71iqaMxNkM+OnZATq/RJlGhbCslMXZ7IaWzMOA5tZ0xxaH56U/Evr5NhdBHkQqUZcsXmi6JMEkzI9HPSF5ozlGNLKNPC3krYkGrK0OZTWg7hf9I8q3pu1bs9r9QvF3EU4QiO4RQ8qEEdrqEBPjAQ8ABP8Owo59F5cV7nrQVnMXMI3+C8fQK/CY6h</latexit><latexit sha1_base64="Vt867UVWmL9YK4pqCcekkZ9KfWg=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BL16ECG4SSJYwO5lNhszOLjO9QljyDV48KOLVD/Lm3zh5CPFV0FBUddPdFaZSGHTdD6ewsrq2vlHcLG1t7+zulfcPmibJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDX1W/dcG5GoOxynPIjpQIlIMIpW8m96eWPSK1e8qjsDcX+RL6sCCzR65fduP2FZzBUySY3peG6KQU41Cib5pNTNDE8pG9EB71iqaMxNkM+OnZATq/RJlGhbCslMXZ7IaWzMOA5tZ0xxaH56U/Evr5NhdBHkQqUZcsXmi6JMEkzI9HPSF5ozlGNLKNPC3krYkGrK0OZTWg7hf9I8q3pu1bs9r9QvF3EU4QiO4RQ8qEEdrqEBPjAQ8ABP8Owo59F5cV7nrQVnMXMI3+C8fQK/CY6h</latexit><latexit sha1_base64="Vt867UVWmL9YK4pqCcekkZ9KfWg=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BL16ECG4SSJYwO5lNhszOLjO9QljyDV48KOLVD/Lm3zh5CPFV0FBUddPdFaZSGHTdD6ewsrq2vlHcLG1t7+zulfcPmibJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDX1W/dcG5GoOxynPIjpQIlIMIpW8m96eWPSK1e8qjsDcX+RL6sCCzR65fduP2FZzBUySY3peG6KQU41Cib5pNTNDE8pG9EB71iqaMxNkM+OnZATq/RJlGhbCslMXZ7IaWzMOA5tZ0xxaH56U/Evr5NhdBHkQqUZcsXmi6JMEkzI9HPSF5ozlGNLKNPC3krYkGrK0OZTWg7hf9I8q3pu1bs9r9QvF3EU4QiO4RQ8qEEdrqEBPjAQ8ABP8Owo59F5cV7nrQVnMXMI3+C8fQK/CY6h</latexit><latexit sha1_base64="Vt867UVWmL9YK4pqCcekkZ9KfWg=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BL16ECG4SSJYwO5lNhszOLjO9QljyDV48KOLVD/Lm3zh5CPFV0FBUddPdFaZSGHTdD6ewsrq2vlHcLG1t7+zulfcPmibJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDX1W/dcG5GoOxynPIjpQIlIMIpW8m96eWPSK1e8qjsDcX+RL6sCCzR65fduP2FZzBUySY3peG6KQU41Cib5pNTNDE8pG9EB71iqaMxNkM+OnZATq/RJlGhbCslMXZ7IaWzMOA5tZ0xxaH56U/Evr5NhdBHkQqUZcsXmi6JMEkzI9HPSF5ozlGNLKNPC3krYkGrK0OZTWg7hf9I8q3pu1bs9r9QvF3EU4QiO4RQ8qEEdrqEBPjAQ8ABP8Owo59F5cV7nrQVnMXMI3+C8fQK/CY6h</latexit>



Phenomenological 
hints from B physics
 may suggest low 

scale theory of flavour   
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Main conclusion 
of this talk
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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))

B ! K + l+ + l�
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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))

Anomalies 
Here we focus 
exclusively on these 
decays

See Later Talks



LFU tests with B→K(*)μμ and B→K(*)ee 
decays: R(K) and R(K*)

• Theoretical uncertainties on the exclusive B→K(*)ll 
branching fractions are reduced to a per-mille level 
in ratios (hadronic effects cancel):

• SM, R(K) and R(K*) expected to be close to unity.

• Sensitive to new neutral and heavy gauge bosons, 
lepto-quarks, Z’ models.

22
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(i) Apparent suppression of various branching ratios of exclusive decays based on the b !

sµµ flavour-changing neutral current (FCNC) transition [1, 2]. The uncertainties are
dominated by the limited knowledge of the B to light meson hadronic form factors [3–5].

(ii) Deviations from SM expectations in B ! K⇤µ+µ� angular observables [6–9] (also based
on the b ! sµµ transition), where form factor uncertainties are much smaller than for
the branching ratios, but hadronic uncertainties are nevertheless significant [10, 11].

(iii) Apparent deviations from µ-e universality in b ! s`` transitions in the processes B !

K`` and B ! K⇤`` (via the µ/e ratios RK [12] and RK⇤ [13], respectively). Here the
theoretical uncertainties are negligible [14] and the sensitivity is only limited by statistics
at present.

(iv) Apparent deviations from ⌧ -µ and ⌧ -e universality in b ! c`⌫ transitions [15–21]. Un-
certainties are dominated by statistics, with non-negligible experimental systematics but
small theoretical uncertainties [22–25]. (Note that e-µ universality in b ! c`⌫ transitions
is tested to hold at the percent level [26–28].)

While the deviations in (i) and (ii) could be alleviated by more conservative assumptions on
the hadronic uncertainties, it is tantalizing that a simple description in terms of a single non-
standard Wilson coe�cient of a semi-muonic operator like (s̄�⇢PLb)(µ̄�⇢µ) or (s̄�⇢PLb)(µ̄�⇢PLµ)
leads to a consistent description of (i), (ii), and (iii), with a best-fit point that improves the
fit to the data by more than five standard deviations compared to the SM (for a single degree
of freedom) [29–34]. Moreover, it was shown that simplified models with a single tree-level
mediator can not only explain (i), (ii), and (iii), but even all four categories of deviations
simultaneously without violating any other existing constraints [35–40].

Taken together, these observations explain the buzz of activity around these deviations and
the anticipation of improved measurements of the theoretically clean ratios RK and RK⇤ . The
purpose of this article is to examine the status of the tensions after inclusion of a number of
updated or newly available measurements, in particular:

• The new measurement of RK by the LHCb collaboration combining Run-1 data with
2 fb�1 of Run-2 data (corresponding to about one third of the full Run-2 data set). The
updated measurement finds [41]1

RK =
BR(B ! Kµµ)

BR(B ! Kee)
= 0.846 +0.060

�0.054
+0.016
�0.014 , for 1.1 GeV2 < q2 < 6 GeV2 , (1)

where the first uncertainty is statistical and the second systematic, and q2 is the dilepton
invariant mass squared. The SM predicts lepton flavour universality, i.e. RSM

K
is unity

with uncertainties that are well below the current experimental sensitivities. While the
updated experimental value is closer to the SM prediction than the Run-1 result [12],
the reduced experimental uncertainties imply a tension between theory and experiment
at the level of 2.5�, which is comparable to the situation before the update.

1In our numerical analysis, we use the full one-dimensional numerical likelihood provided in [41], which is
markedly non-Gaussian, rather than symmetrizing the uncertainties in (1).
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• The new, preliminary measurement of RK⇤ by Belle [42]. Averaged over B± and B0

decays, the measured RK⇤ values at low and high q2 are

RK⇤ =
BR(B ! K⇤µµ)

BR(B ! K⇤ee)
=

(
0.90+0.27

�0.21 ± 0.10 , for 0.1 GeV2 < q2 < 8 GeV2 ,

1.18+0.52
�0.32 ± 0.10 , for 15 GeV2 < q2 < 19 GeV2 .

(2)

Given their sizable uncertainties, these values are compatible with both the SM predic-
tions (RSM

K⇤ approximately unity) and previous results on RK⇤ from LHCb [13]

RK⇤ =
BR(B ! K⇤µµ)

BR(B ! K⇤ee)
=

(
0.66+0.11

�0.07 ± 0.03 , for 0.045 GeV2 < q2 < 1.1 GeV2 ,

0.69+0.11
�0.07 ± 0.05 , for 1.1 GeV2 < q2 < 6 GeV2 ,

(3)
that are in tension with the SM predictions by ⇠ 2.5� in both q2 bins.

• One further, important piece of information included in our study is the 2018 measure-
ment of Bs ! µµ by the ATLAS collaboration [43], that we combine with the existing
measurements by CMS and LHCb [44–46].

In this paper we will explore the implications of all these, as well as other data, to be described
in fuller detail in the next section, in the context of global fits to model-independent new
physics scenarios, identify those that lead to a good description of the data, and discuss possible
realizations in terms of simplified new-physics models.

Our numerical analysis is entirely based on open-source software, notably the global like-
lihood in Wilson coe�cient space provided by the smelli package [47], built on flavio [48]
and wilson [49]. As such, our analysis is easily reproducible and modifiable.

The rest of this work is organized as follows.

• In Section 2, we describe our statistical approach and the experimental measurements
we employ in our numerical analysis.

• In Section 3, we perform a model-independent global analysis of b ! s`` transitions,
first in the weak e↵ective theory (WET) below the electroweak (EW) scale, then in
the SM e↵ective field theory (SMEFT) above the EW scale, which allows us to extend
the discussion to the charged-current deviations and to incorporate constraints from
electroweak precision tests and other precision measurements.

• In Section 4, we discuss a number of specific simplified new-physics (NP) models that
are favoured by the current data, assuming the deviations to be due to NP.

• Section 5 contains our conclusions.

2. Setup

Our numerical analysis is based on a global likelihood function in the space of the Wilson
coe�cients of the WET valid below the EW scale, or the SMEFT valid above it. Theoretical
uncertainties (for observables where they cannot be neglected) are treated by computing a
covariance matrix of theoretical uncertainties within the SM and combining it with the exper-
imental uncertainties (approximated as Gaussian). The main assumption in this approach is

3
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decays: R(K) and R(K*)

• Theoretical uncertainties on the exclusive B→K(*)ll 
branching fractions are reduced to a per-mille level 
in ratios (hadronic effects cancel):
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2.5  deviationsσ

See later LQ+Z’ model

See Next Talk



Possible operators for   RK, RK*

Altmannshofer, Stangl, Straub '17 bL           sL

NP

 bL           sL

SM

μ μμ, e μ, e

All effects well described by NP of 
short-distance origin only in b→sμμ 
and (& not in ee)

LH structure on the quark side:

Anomalies in B → K(*) μμ / ee [LHCb]

Several groups performed global fits of all 
the available b→sll  observables

Descotes-Genon, Matias, Virto '13, '15
Capdevila et al. '17; D'Amico et al. '17
Altmannshofer & Straub '13, '15
Ciuchini et al. '17; Hurth et al. '16, '17
Many others...

No consensus on the significance of the non-LFU 
observables, but full agreement on the main aspects:

G. Isidori –  Old and recent puzzles in Flavor Physics                            FLASY 2018, Basel, 2 July 2018 
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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

LNP
�B=2 = �4GFp

2
(VtbV

⇤
ts
)2
h
C

LL

bs
(s̄L�µbL)

2 + h.c.
i
,

(14)
where C

LL

bs
is a Wilson coe�cient to be matched with

ultraviolet (UV) models, and which enters Eq. (11) as

�M
Exp
s

�MSM
s

=

�����1 +
C

LL

bs

R
loop
SM

����� , (15)

where

R
loop
SM =

p
2GFM

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

� 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)
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2M2
Z0

h
(�Q

23)
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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
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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]).
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b ! sµµ & corr. obs. 1�

global 1�, 2�

Figure 1: Likelihood contours of the global fit and several fits to subsets of observables (see

text for details) in the plane of the WET Wilson coe�cients Cbsµµ

9 and Cbsµµ

10 (left),

and Cbsµµ

9 and C 0bsµµ
9 (right). Solid (dashed) contours include (exclude) the Moriond-

2019 results for RK and RK⇤ . As RK only constrains a single combination of Wilson
coe�cients in the right plot, its 1� contour corresponds to ��2 = 1. For the other
fits, 1 and 2� contours correspond to ��2

⇡ 2.3 and 6.2, respectively.

RK > RK⇤ . This scenario cannot address the tension in BR(Bs ! µ+µ�). It predicts
BR(Bs ! µ+µ�) = BR(Bs ! µ+µ�)SM.

Other two-coe�cient scenarios (including dipole coe�cients, scalar coe�cients, and electron
specific semileptonic coe�cients) are discussed in appendix E.

3.1.3. Universal vs. non-universal Wilson coe�cients

In view of the updated R
K(⇤) measurements, which are closer to the SM prediction than

the Run-1 results, our fit in Cbsµµ

9 and Cbsµµ

10 shows a tension between the fit to NCLFU

observables and the fit to b ! sµµ ones, especially in the Cbsµµ

9 direction. Therefore, it
is interesting to investigate whether lepton flavour universal new physics that mostly a↵ects
b ! sµµ observables but none of the NCLFU observables is preferred by the global analysis.
In Fig. 2 we show the likelihood in the space of a LFU contribution to C9 vs. a purely muonic
contribution to the linear combination C9 = �C10, i.e. we consider a two-parameter scenario
where the total NP Wilson coe�cients are given by5

Cbsµµ

9 = �Cbsµµ

9 + Cuniv.
9 , (14)

Cbsee

9 = Cbs⌧⌧

9 = Cuniv.
9 , (15)

Cbsµµ

10 = ��Cbsµµ

9 , (16)

Cbsee

10 = Cbs⌧⌧

10 = 0 . (17)

5Such decomposition was adopted for the first time in [70].
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(s̄LγμbL)(μ̄LγμμL)

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

LNP
�B=2 = �4GFp

2
(VtbV

⇤
ts
)2
h
C

LL

bs
(s̄L�µbL)

2 + h.c.
i
,

(14)
where C

LL

bs
is a Wilson coe�cient to be matched with

ultraviolet (UV) models, and which enters Eq. (11) as

�M
Exp
s

�MSM
s

=

�����1 +
C

LL

bs

R
loop
SM

����� , (15)

where

R
loop
SM =

p
2GFM

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

� 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]).



RK(*) and the origin of Yukawa couplings
SFK 1706.06100, 1806.06780 De Medeiros Varzielas, SFK 1807.06023, 1902.09266

Basic idea of model:

•   breaks U(1)’ give Z’ mass

• Leptoquark S3 carries U(1)’

• Vector-like 4th family 
charged under U(1)’

• SM families neutral under U(1)’

• Higgs charged under U(1)’ so 
usual Yukawas forbidden

• Effective Yukawa, Z’ and 
leptoquark couplings via mixing 

w/vector-like 4th family

⟨ϕ⟩

4t
h 

ve
ct

or
-li

ke
 fa

m
ily

Z′�

2 Model of flavour and RK(⇤) with leptoquarks and Z
0

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4
1. The

model also involves a gauged U(1)0, which is broken by a singlet � leading to a massive Z
0

with non-universal couplings 3,4,5. We have also included a scalar leptoquark triplet S3 of mass
MS3

6,7. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z

0 model 5 and the leptoquark model 7, where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z

0 (since they are neutral under U(1)0). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.

Field SU(3)c SU(2)L U(1)Y U(1)0

Qi 3 2 1/6 0

u
c
i 3 1 �2/3 0

d
c
i 3 1 1/3 0

Li 1 2 �1/2 0
e

c
i 1 1 1 0

⌫
c
i 1 1 0 0

Q4 3 2 1/6 1

u
c
4 3 1 �2/3 1

d
c
4 3 1 1/3 1

L4 1 2 �1/2 1
e

c
4 1 1 1 1

⌫
c
4 1 1 0 1

Q4 3 2 �1/6 �1

u
c
4

3 1 2/3 �1

d
c
4

3 1 �1/3 �1

L4 1 2 1/2 �1

e
c
4

1 1 �1 �1

⌫
c
4

1 1 0 �1

Hu 1 2 1/2 �1
Hd 1 2 �1/2 �1

� 1 1 0 1

S3 3 3 1/3 �2

Table 1: The model consists of three chiral fermion families, one

vector-like fermion family and two Higgs scalar doublets. The

gauged U(1)
0
is broken by a singlet � leading to a massive Z

0
.

We also include a scalar leptoquark triplet S3.

�i �
c
j

�
c
4 �

c
4

H �

M
�c

4 �i �
c
j

H�

M
�
4

�4 �4
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<latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit> Lj

<latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit>

Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
<latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit>

M
Q
4

<latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit>

L4
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Table 2: E↵ective Higgs couplings (upper)

(where H = Hu,d,  i = Qi, Li and  
c

i =

u
c

i , d
c

i , e
c

i ), leptoquark couplings (middle) and

Z
0
couplings (lower).

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 1, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)0

which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U(1)0 charge �1 can couple a chiral fermion
to a vector-like fourth family fermion with U(1)0 charge +1, controlled by new Yukawa couplings
y4i. The U(1)0 also allows the scalar singlet � to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 ⇥ 3
e↵ective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 1:

y
e,u
ij =

0

B@
0 0 0
0 "

e,u
22 "

e,u
23

0 "
e,u
32 y

e,u
33 + "

e,u
33

1

CA , y
d
ij =

0

B@
0 "

d
12 "

d
13

0 "
d
22 "

d
23

0 "
d
32 y

d
33 + "

d
33

1

CA , (1)

where the e↵ective Yukawa couplings "ij are defined as "
e
ijHdLie

c
j , "

u
ijHuQiu

c
j , "

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence "
e,u,d
ij / 1/M

ec,uc,dc

4 . These couplings are

suppressed "ij ⌧ y33, assuming M
L,Q
4 ⌧ M

ec,uc,dc

4 (see 1 for more details).
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2 Model of flavour and RK(⇤) with leptoquarks and Z
0

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4
1. The

model also involves a gauged U(1)0, which is broken by a singlet � leading to a massive Z
0

with non-universal couplings 3,4,5. We have also included a scalar leptoquark triplet S3 of mass
MS3

6,7. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z

0 model 5 and the leptoquark model 7, where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z

0 (since they are neutral under U(1)0). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.

Field SU(3)c SU(2)L U(1)Y U(1)0

Qi 3 2 1/6 0

u
c
i 3 1 �2/3 0

d
c
i 3 1 1/3 0

Li 1 2 �1/2 0
e

c
i 1 1 1 0

⌫
c
i 1 1 0 0

Q4 3 2 1/6 1

u
c
4 3 1 �2/3 1

d
c
4 3 1 1/3 1

L4 1 2 �1/2 1
e

c
4 1 1 1 1

⌫
c
4 1 1 0 1

Q4 3 2 �1/6 �1

u
c
4

3 1 2/3 �1

d
c
4

3 1 �1/3 �1

L4 1 2 1/2 �1

e
c
4

1 1 �1 �1

⌫
c
4

1 1 0 �1

Hu 1 2 1/2 �1
Hd 1 2 �1/2 �1

� 1 1 0 1

S3 3 3 1/3 �2

Table 1: The model consists of three chiral fermion families, one

vector-like fermion family and two Higgs scalar doublets. The

gauged U(1)
0
is broken by a singlet � leading to a massive Z

0
.

We also include a scalar leptoquark triplet S3.
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S3
<latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit>

Qi
<latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit> Lj

<latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit>

Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
<latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit>

M
Q
4
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Table 2: E↵ective Higgs couplings (upper)

(where H = Hu,d,  i = Qi, Li and  
c

i =

u
c

i , d
c

i , e
c

i ), leptoquark couplings (middle) and

Z
0
couplings (lower).

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 1, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)0

which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U(1)0 charge �1 can couple a chiral fermion
to a vector-like fourth family fermion with U(1)0 charge +1, controlled by new Yukawa couplings
y4i. The U(1)0 also allows the scalar singlet � to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 ⇥ 3
e↵ective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 1:

y
e,u
ij =

0

B@
0 0 0
0 "

e,u
22 "

e,u
23

0 "
e,u
32 y

e,u
33 + "

e,u
33

1

CA , y
d
ij =

0

B@
0 "

d
12 "

d
13

0 "
d
22 "

d
23

0 "
d
32 y

d
33 + "

d
33

1

CA , (1)

where the e↵ective Yukawa couplings "ij are defined as "
e
ijHdLie

c
j , "

u
ijHuQiu

c
j , "

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence "
e,u,d
ij / 1/M

ec,uc,dc

4 . These couplings are

suppressed "ij ⌧ y33, assuming M
L,Q
4 ⌧ M

ec,uc,dc

4 (see 1 for more details).

2 Model of flavour and RK(⇤) with leptoquarks and Z
0

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4
1. The

model also involves a gauged U(1)0, which is broken by a singlet � leading to a massive Z
0

with non-universal couplings 3,4,5. We have also included a scalar leptoquark triplet S3 of mass
MS3

6,7. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z

0 model 5 and the leptoquark model 7, where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z

0 (since they are neutral under U(1)0). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.

Field SU(3)c SU(2)L U(1)Y U(1)0

Qi 3 2 1/6 0

u
c
i 3 1 �2/3 0

d
c
i 3 1 1/3 0

Li 1 2 �1/2 0
e

c
i 1 1 1 0

⌫
c
i 1 1 0 0

Q4 3 2 1/6 1

u
c
4 3 1 �2/3 1

d
c
4 3 1 1/3 1

L4 1 2 �1/2 1
e

c
4 1 1 1 1

⌫
c
4 1 1 0 1

Q4 3 2 �1/6 �1

u
c
4

3 1 2/3 �1

d
c
4

3 1 �1/3 �1

L4 1 2 1/2 �1

e
c
4

1 1 �1 �1

⌫
c
4

1 1 0 �1

Hu 1 2 1/2 �1
Hd 1 2 �1/2 �1

� 1 1 0 1

S3 3 3 1/3 �2

Table 1: The model consists of three chiral fermion families, one

vector-like fermion family and two Higgs scalar doublets. The

gauged U(1)
0
is broken by a singlet � leading to a massive Z

0
.

We also include a scalar leptoquark triplet S3.
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�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

S3
<latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit>

Qi
<latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit> Lj

<latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit>

Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
<latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit>
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4

<latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit>

L4
<latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit>

L4
<latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit>
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4

<latexit sha1_base64="eIhGXHi9WvMTCDpWb6W/JKVi7Sw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCqYttLFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJ76zSdUmifywYxSDGLalzzijBor+Xfd88fbbrniVt0ZyDLxclKBHPVu+avTS1gWozRMUK3bnpuaYEyV4UzgpNTJNKaUDWkf25ZKGqMOxrNjJ+TEKj0SJcqWNGSm/p4Y01jrURzazpiagV70puJ/Xjsz0WUw5jLNDEo2XxRlgpiETD8nPa6QGTGyhDLF7a2EDaiizNh8SjYEb/HlZdI4q3pu1bs/r9Su8jiKcATHcAoeXEANbqAOPjDg8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAcYY42</latexit><latexit sha1_base64="eIhGXHi9WvMTCDpWb6W/JKVi7Sw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCqYttLFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJ76zSdUmifywYxSDGLalzzijBor+Xfd88fbbrniVt0ZyDLxclKBHPVu+avTS1gWozRMUK3bnpuaYEyV4UzgpNTJNKaUDWkf25ZKGqMOxrNjJ+TEKj0SJcqWNGSm/p4Y01jrURzazpiagV70puJ/Xjsz0WUw5jLNDEo2XxRlgpiETD8nPa6QGTGyhDLF7a2EDaiizNh8SjYEb/HlZdI4q3pu1bs/r9Su8jiKcATHcAoeXEANbqAOPjDg8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAcYY42</latexit><latexit sha1_base64="eIhGXHi9WvMTCDpWb6W/JKVi7Sw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCqYttLFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJ76zSdUmifywYxSDGLalzzijBor+Xfd88fbbrniVt0ZyDLxclKBHPVu+avTS1gWozRMUK3bnpuaYEyV4UzgpNTJNKaUDWkf25ZKGqMOxrNjJ+TEKj0SJcqWNGSm/p4Y01jrURzazpiagV70puJ/Xjsz0WUw5jLNDEo2XxRlgpiETD8nPa6QGTGyhDLF7a2EDaiizNh8SjYEb/HlZdI4q3pu1bs/r9Su8jiKcATHcAoeXEANbqAOPjDg8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAcYY42</latexit><latexit sha1_base64="eIhGXHi9WvMTCDpWb6W/JKVi7Sw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCqYttLFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJ76zSdUmifywYxSDGLalzzijBor+Xfd88fbbrniVt0ZyDLxclKBHPVu+avTS1gWozRMUK3bnpuaYEyV4UzgpNTJNKaUDWkf25ZKGqMOxrNjJ+TEKj0SJcqWNGSm/p4Y01jrURzazpiagV70puJ/Xjsz0WUw5jLNDEo2XxRlgpiETD8nPa6QGTGyhDLF7a2EDaiizNh8SjYEb/HlZdI4q3pu1bs/r9Su8jiKcATHcAoeXEANbqAOPjDg8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAcYY42</latexit>
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Table 2: E↵ective Higgs couplings (upper)

(where H = Hu,d,  i = Qi, Li and  
c

i =

u
c

i , d
c

i , e
c

i ), leptoquark couplings (middle) and

Z
0
couplings (lower).

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 1, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)0

which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U(1)0 charge �1 can couple a chiral fermion
to a vector-like fourth family fermion with U(1)0 charge +1, controlled by new Yukawa couplings
y4i. The U(1)0 also allows the scalar singlet � to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 ⇥ 3
e↵ective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 1:

y
e,u
ij =

0

B@
0 0 0
0 "

e,u
22 "

e,u
23

0 "
e,u
32 y

e,u
33 + "

e,u
33

1

CA , y
d
ij =

0

B@
0 "

d
12 "

d
13

0 "
d
22 "

d
23

0 "
d
32 y

d
33 + "

d
33

1

CA , (1)

where the e↵ective Yukawa couplings "ij are defined as "
e
ijHdLie

c
j , "

u
ijHuQiu

c
j , "

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence "
e,u,d
ij / 1/M

ec,uc,dc

4 . These couplings are

suppressed "ij ⌧ y33, assuming M
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4 (see 1 for more details).

2 Model of flavour and RK(⇤) with leptoquarks and Z
0

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4
1. The

model also involves a gauged U(1)0, which is broken by a singlet � leading to a massive Z
0

with non-universal couplings 3,4,5. We have also included a scalar leptoquark triplet S3 of mass
MS3

6,7. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z

0 model 5 and the leptoquark model 7, where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z

0 (since they are neutral under U(1)0). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.

Field SU(3)c SU(2)L U(1)Y U(1)0

Qi 3 2 1/6 0

u
c
i 3 1 �2/3 0

d
c
i 3 1 1/3 0

Li 1 2 �1/2 0
e

c
i 1 1 1 0

⌫
c
i 1 1 0 0

Q4 3 2 1/6 1

u
c
4 3 1 �2/3 1

d
c
4 3 1 1/3 1

L4 1 2 �1/2 1
e

c
4 1 1 1 1

⌫
c
4 1 1 0 1

Q4 3 2 �1/6 �1

u
c
4

3 1 2/3 �1

d
c
4

3 1 �1/3 �1

L4 1 2 1/2 �1

e
c
4

1 1 �1 �1

⌫
c
4

1 1 0 �1

Hu 1 2 1/2 �1
Hd 1 2 �1/2 �1

� 1 1 0 1

S3 3 3 1/3 �2

Table 1: The model consists of three chiral fermion families, one

vector-like fermion family and two Higgs scalar doublets. The

gauged U(1)
0
is broken by a singlet � leading to a massive Z

0
.

We also include a scalar leptoquark triplet S3.
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Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
<latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit>

M
Q
4

<latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit>

L4
<latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit>

L4
<latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit>

M
L
4
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Table 2: E↵ective Higgs couplings (upper)

(where H = Hu,d,  i = Qi, Li and  
c

i =

u
c

i , d
c

i , e
c

i ), leptoquark couplings (middle) and

Z
0
couplings (lower).

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 1, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)0

which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U(1)0 charge �1 can couple a chiral fermion
to a vector-like fourth family fermion with U(1)0 charge +1, controlled by new Yukawa couplings
y4i. The U(1)0 also allows the scalar singlet � to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 ⇥ 3
e↵ective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 1:
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where the e↵ective Yukawa couplings "ij are defined as "
e
ijHdLie

c
j , "

u
ijHuQiu

c
j , "

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence "
e,u,d
ij / 1/M

ec,uc,dc

4 . These couplings are

suppressed "ij ⌧ y33, assuming M
L,Q
4 ⌧ M

ec,uc,dc

4 (see 1 for more details).
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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�
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� �
H̃�
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�
+
�
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� �
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u Lj
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, (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
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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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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 1.
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:
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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.

Only generated via mixing with fourth family  
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Figure 2: Diagrams in the model which lead to the e↵ective Z
0
couplings in the mass insertion

approximation.

2.2 Mass insertion approximation

Although the usual Yukawa couplings y ijH i c
j are forbidden for i, j = 1, . . . 3 (since H

are charged under U(1)0) e↵ective 3⇥ 3 Yukawa couplings may be generated by the two
mass insertion diagrams in Fig.1 (up to an irrelevant minus sign),

LY uk
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x 
c

j h�i
M c

4

y i4H i 
c
j +

x i h�i
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4

y 4jH i 
c
j (4)

plus H.c., summed over fields and families, which can be compared to Eq.1.

The model also involves a massive Z 0 under which the three SM families  i, c
i have zero

U(1)0 charge. Although the usual Z 0 couplings g0Z 0
µ 

†
i�

µ j are forbidden for i, j = 1, . . . 3,
the fourth vector-like family has non-zero U(1)0 charge, and e↵ective Z 0 couplings may
be generated by the two mass insertion diagrams in Fig.2,
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summed over fields and families, which can be compared to Eq.2. The above model is
therefore an example of a renormalisable model which can lead to the e↵ective theory of
the kind discussed in the Introduction, namely one in which Yukawa and Z 0 couplings
are both controlled by the same physics, in this case the VEVs h�i and the fourth family
vector-like masses M 

4 and M c

4 . Moreover, the mass of the Z 0 is given by MZ0 = g0h�i,
which is the same scale at which the Yukawa couplings are generated. However, while
the Yukawa couplings are generated at first order, the Z 0 couplings are generated at
second order in the mass insertion approximation. We shall discuss the phenomenological
implications of this later. For the moment, let us return to the Yukawa couplings and
discuss them in some more detail.

There is a such a Yukawa matrix as in Eq.4 for each of the four charged sectors  =
u, d, e, ⌫. In the case of neutrinos, this refers to the Dirac Yukawa matrix, and there
will be a further Majorana mass matrix for the singlet neutrinos M ⌫c

ij ⌫
c
i ⌫

c
j . Since nothing
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the observed hints for anomalous semi-leptonic B decays [24, 25] which imply universality
violation in the ratio RK(ú) 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 = c
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where H̃d = ≠i‡2H
ú
d . Notice that the standard Weinberg operator with two Hu or two Hd is

forbidden by the U(1)Õ 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]
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d=6
ij

11
L

†
iHu

2
i /̂

1
H

†
uLj

2
+

1
L

†
iH̃d

2
i /̂

1
H̃

†
dLj

22
. (2)

3
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Type Ib seesaw 
(usual Type 1a 

seesaw involves 
Hu only)

I. INTRODUCTION

The origin of neutrino mass is one of the major unresolved problems of particle physics.
The smallness of Majorana neutrino mass may arise from an e�ective operator of the form
HHLiLj first proposed by Weinberg [1], where H is the Higgs doublet of the Standard Model
(SM) taken to have opposite hypercharge to that of the lepton doublets Li, where i = 1, 2, 3 is
a family index. The operator is non-renormalisable and has a coe�cient fij/� suppressed by
some mass scale �. In ultraviolet complete theories, the origin of the Weinberg operator may
arise from three types of tree-level seesaw mechanism: type I [2–5] involving the exchange
of right-handed neutrinos; type II [6–10] with scalar triplet exchange; and type III [11–18]
with fermion triplet exchange. In fact the type I seesaw mechanism may be implemented
in di�erent ways known as the inverse [19, 20] and linear [21] seesaw mechanisms which
involve more than three right-handed neutrinos. There are also various loop mechanisms for
achieving the Weinberg operator known as type IV, V, VI [22].

The Weinberg operator discussed above can be straightforwardly generalised to the case of
multi-Higgs doublet models [23], to the operators of the form HaHbLiLj, for Higgs doublets
Ha,b, where a, b = 1, · · · , N can be taken to have the same hypercharge, opposite to that
of Li. The question of which Weinberg operators arise will depend on the details of the
particular multi-Higgs doublet model, such as the symmetries controlling the Higgs and
fermion sectors, the seesaw origin of the Weinberg operators and so on 1.

In this paper we shall consider a new Weinberg operator for neutrino mass of the form
HuH̃dLiLj involving two di�erent Higgs doublets Hu, Hd with opposite hypercharge, where
the charge conjugated doublet H̃d = ≠i‡2H

ú
d , and H

ú
d is the complex conjugate of Hd. This

operator may be relevant in models where the usual Weinberg operator HuHuLiLj is not
generated by the seesaw mechanism but HuH̃dLiLj is. The reason for this depends on the
details of the underlying seesaw mechanism, for example, there may be some new symmetry
at work that acts on the Higgs doublets and the heavy states of mass � that prevents the
usual Weinberg operator from being generated but allows the new one. We shall introduce
a gauged U(1)Õ, broken near the TeV scale by a new SM singlet scalar „, under which the
two Higgs doublets are charged such that the usual Weinberg operator is forbidden but the
new one is allowed.

We also propose a version of the type I seesaw model, which allows HuH̃dLiLj, referred
to as type Ib to distinguish it from the usual type Ia seesaw mechanism which yields the
usual Weinberg operator HuHuLiLj. The minimal version of the type Ib seesaw mechanism
involves the addition of two right-handed neutrinos, written here as left-handed spinors ‹

c
, ‹c,

which carry opposite charges under the gauged U(1)Õ, which allows a pseudo-Dirac mass term
M‹

c
‹c between them, but prevents Majorana masses. The type Ib seesaw mechanism then

leads to the new Weinberg-type operator via their couplings to the Higgs doublets HuLi‹
c

and H̃dLi‹
c, which are allowed by U(1)Õ. Figure (1) shows the diagram that induces the

new Weinberg-type operator mediated by the right-handed neutrinos.
The above model does not allow renormalisable Yukawa couplings for the charged

fermions, since both Higgs doublets are charged under U(1)Õ, and so must be extended
somehow. In order to do this we identify the two right-handed neutrinos as originating from
1 We remark that the Weinberg operator may be generalised still further, see e.g. [24]. However in [24] the

authors do not explicitly mention the multi-Higgs doublet generalisation in [23] which is relevant here.

2

FIG. 3. Allowed region of the free parameters y and M
‹ in the minimal scenario when the present

bound [63] on µ æ e“ is considered. For each hierarchy, the boundary ranges from the solid to the
dashed line depending on the values of the phases ” and –. The pink region corresponds to NH
while the blue region corresponds to IH.

constrain on ÷12 of Eq. (21) and a NH (IH) in the light neutrino sector is considered. The
allowed region depends on the CP-violating phase ” and the Majorana phase – of the PMNS
matrix. The boundaries of the allowed regions depend on the values of the free phases ”

and –. For a NH (IH), the solid line correspond to ” = – = 0 (” ƒ fi/2, – ƒ 9fi/10) and
can be relaxed until the dashed line which corresponds to ” = 0 and – = 2fi (” = – = 0).
For the numerical analysis, the central values of the ◊ij mixing angles of the PMNS matrix,
the solar and the atmospheric mass splittings of the NuFIT 4.0 [64] have been adopted.

III. RENORMALISABLE TYPE IB (PLUS TYPE IA) SEESAW MODEL

The model of the previous Section does not allow renormalisable Yukawa couplings for
the charged fermions and so must be extended somehow. Here we identify the two right-
handed neutrinos as originating from a fourth vector-like family, whose presence also allows
for the generation of e�ective Yukawa couplings. Notice that the vector-like structure makes
the model anomaly-free since the anomalies cancel between conjugate representations in the
fourth family [27].

The particle content of the general model that we consider here consists in three left-
handed families Âi = Qi, Li, the CP conjugated right handed families Â

c
i = u

c
i , d

c
i , e

c
i

(excluding the right-handed neutrinos) and a fourth vector-like left-handed family consist-
ing in Â4 = Q4, L4, and Â

c
4 = u

c
4, d

c
4, e

c
4, ‹

c
4 and the conjugate representations Â4 = Q4, L4,

and Â
c
4 = u

c
4, d

c
4, e

c
4, ‹

c
4. Here we identify ‹

c
4 and ‹

c
4 with ‹

c and ‹c of the minimal type Ib
seesaw model of the previous Section. So far we have not included any genuine right-handed
neutrino N

c (neutral under U(1)Õ). However, later in this Section we shall consider the
additional e�ect of including (in addition to the fourth family states) one CP conjugated
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FIG. 2. Diagram showing the extra neutrino contributions to µ æ e“. Here ‹n refers to the
neutrinos in the mass basis, and „

≠ represents the Goldstone boson.

real numbers y and y
Õ, two phases ” and –, and one mass scale M

‹
4 . But only four of them

will enter in the description of the deviations of unitarity through Eq. (15).

Since the presence of the extra heavy vector-like neutrinos induces deviation of unitarity
in the PMNS matrix, the GIM cancellation [62] that suppresses flavour-changing processes is
lost. As a result, the present limits on LFV processes will set a strong constrain on the non-
unitarity of the leptonic mixing matrix, and therefore on the free parameters of the minimal
scenario y, ” and – through Eq. (15). In particular, the nowadays strongest constrain on
the elements of the ÷ matrix comes from µ æ e“. Figure (2) shows the extra contribution
to the radiative decay µ æ e“ in presence of the vector-like neutrinos of the model.

The contribution to the branching ratio from both the heavy vector-like neutrinos and
the light neutrinos ‹i is given by

� (µ æ e“)
� (µ æ e‹µ‹e)

= 3–

32fi

|
5ÿ

n=1
U2nU

†
n1F (xn)|2

(UU †)11 (UU †)22
, (18)

where xn = M
2
n/M

2
W , and where F (xn) reads

F (xn) = 10 ≠ 43xn + 78x
2
n ≠ (49 ≠ 18 log xn) x

3
n + 4x

4
n

3 (xn ≠ 1)4 , (19)

For masses of the vector-like neutrinos M
‹ ∫ MW , the sum in Eq. (18) can be separated

in light and heavy sectors factorizing the corresponding F (xn) function. In particular, for
heavy neutrinos with masses M

‹ & 1 TeV

� (µ æ e“)
� (µ æ e‹µ‹e)

ƒ 3–

8fi
|÷21|2

1
F (xn) ≠ F (0)

22 . 3–

2fi
|÷21|2 , (20)

where can be seen that the loss of the GIM cancellation comes from the di�erence of the two
mass scales involved, and the non-unitarity of the leptonic mixing matrix. When comparing
with the existing present experimental limit [63] of the radiative decay, the following upper
bound at 1‡ is derived [50]

|÷21| Æ 8.4 · 10≠6
. (21)

In Figure 3 the allowed region of the free parameters of the minimal scenario is shown.
The pink (blue) regions correspond to the allowed values of y and M

‹ when the present
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Only generated via mixing with fourth family  

Effective Leptoquark couplings
De Medeiros Varzielas, SFK 1902.09266

2 Model of flavour and RK(⇤) with leptoquarks and Z
0

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4
1. The

model also involves a gauged U(1)0, which is broken by a singlet � leading to a massive Z
0

with non-universal couplings 3,4,5. We have also included a scalar leptoquark triplet S3 of mass
MS3

6,7. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z

0 model 5 and the leptoquark model 7, where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z

0 (since they are neutral under U(1)0). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.

Field SU(3)c SU(2)L U(1)Y U(1)0

Qi 3 2 1/6 0

u
c
i 3 1 �2/3 0

d
c
i 3 1 1/3 0

Li 1 2 �1/2 0
e

c
i 1 1 1 0

⌫
c
i 1 1 0 0

Q4 3 2 1/6 1

u
c
4 3 1 �2/3 1

d
c
4 3 1 1/3 1

L4 1 2 �1/2 1
e

c
4 1 1 1 1

⌫
c
4 1 1 0 1

Q4 3 2 �1/6 �1

u
c
4

3 1 2/3 �1

d
c
4

3 1 �1/3 �1

L4 1 2 1/2 �1

e
c
4

1 1 �1 �1

⌫
c
4

1 1 0 �1

Hu 1 2 1/2 �1
Hd 1 2 �1/2 �1

� 1 1 0 1

S3 3 3 1/3 �2

Table 1: The model consists of three chiral fermion families, one

vector-like fermion family and two Higgs scalar doublets. The

gauged U(1)
0
is broken by a singlet � leading to a massive Z

0
.

We also include a scalar leptoquark triplet S3.

�i �
c
j

�
c
4 �

c
4

H �

M
�c

4 �i �
c
j

H�

M
�
4

�4 �4
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Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
<latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit>

M
Q
4

<latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit>

L4
<latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit>

L4
<latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit>

M
L
4
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2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 1, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)0

which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
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y4i. The U(1)0 also allows the scalar singlet � to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 ⇥ 3
e↵ective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 1:

y
e,u
ij =

0

B@
0 0 0
0 "

e,u
22 "

e,u
23

0 "
e,u
32 y

e,u
33 + "

e,u
33

1

CA , y
d
ij =

0

B@
0 "

d
12 "

d
13

0 "
d
22 "

d
23

0 "
d
32 y

d
33 + "

d
33

1

CA , (1)

where the e↵ective Yukawa couplings "ij are defined as "
e
ijHdLie

c
j , "

u
ijHuQiu

c
j , "

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence "
e,u,d
ij / 1/M

ec,uc,dc

4 . These couplings are

suppressed "ij ⌧ y33, assuming M
L,Q
4 ⌧ M

ec,uc,dc

4 (see 1 for more details).

• E↵ective Yukawa coupling in the vector-like model

�i

H

�c

4

M�
c

4

�c
4

�

�c

j

�i

�

�4

M�

4

�4

H

�c

j

• Realization of the Weinberg-like operator in the Type Ib SS

Li

Hu

�c

M ⌫

4

�c

H̃d

Lj

• The e↵ective Yukawa coupling in the general scenario
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
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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]
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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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where the e↵ective Yukawa couplings are defined for the two Higgs doublet model as y
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3 and y
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c
3. In this basis, only the third family Yukawa couplings originate from

such diagrams 1.
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
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4
HuH̃dLiLj involving the two di↵erent Higgs doublets Hu, H̃d, where the charge conjugated

doublet H̃d = �i�2H
⇤
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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:
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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,
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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.
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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
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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]
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To leading order the dominant third family Yukawa couplings are given by the upper right
diagrams in Table 2,
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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
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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:
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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 ✓
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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,
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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.
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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
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the new Weinberg-type operator induces Majorana masses �m̂�i�j for the light neutrinos.
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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
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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:
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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,
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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.



The leptoquark couplings in Eq.4 have a number of interesting phenomenological implica-
tions, mainly due to the the couplings of the electric charge +4/3 component of S3 to the physical
left-handed down quark and charged lepton mass eigenstates
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The leptoquark S3 contributes to RK(⇤) at tree-level, via the (centre) diagram in Fig.1, where
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using Vts ⇡ 4.0 ⇥ 10�2, which requires quite a large y⌧ ⇡ 1 (i.e. large tan � = hHui/hHdi) and
a large mixing angle ✓
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which is satisfied even for large y⌧ ⇡ 1 with MS3 ⇡ 1 TeV. However the stronger 2017 bound
with scale of 770 TeV instead of 140 TeV implies a bound of y

4
⌧  0.16 for MS3 ⇡ 1 TeV 7.

2.3 The Z
0 couplings

We now consider the couplings involving the Z
0 as discussed in 5. Although the chiral fermions

do not carry U(1)0 charges, the lower diagrams in Table 2 generate e↵ective Z
0 couplings to
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where we have taken yt ⇡ g
0 ⇡ 1. The couplings in Eqs.10, 11 control the Z

0 exchange diagrams
in Fig.2 which contribute to RK(⇤) (left), to Bs mixing (centre) and to ⌧ ! µµµ (right).
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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
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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]
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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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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 1.
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:
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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⌧✓
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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.
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2 Model of flavour and RK(⇤) with leptoquarks and Z
0

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4
1. The

model also involves a gauged U(1)0, which is broken by a singlet � leading to a massive Z
0

with non-universal couplings 3,4,5. We have also included a scalar leptoquark triplet S3 of mass
MS3

6,7. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z

0 model 5 and the leptoquark model 7, where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z

0 (since they are neutral under U(1)0). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.

Field SU(3)c SU(2)L U(1)Y U(1)0

Qi 3 2 1/6 0

u
c
i 3 1 �2/3 0

d
c
i 3 1 1/3 0

Li 1 2 �1/2 0
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1 1 0 �1

Hu 1 2 1/2 �1
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� 1 1 0 1

S3 3 3 1/3 �2

Table 1: The model consists of three chiral fermion families, one

vector-like fermion family and two Higgs scalar doublets. The

gauged U(1)
0
is broken by a singlet � leading to a massive Z

0
.

We also include a scalar leptoquark triplet S3.
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<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

S3
<latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit>

Qi
<latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit> Lj

<latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit>

Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
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Table 2: E↵ective Higgs couplings (upper)

(where H = Hu,d,  i = Qi, Li and  
c

i =

u
c

i , d
c

i , e
c

i ), leptoquark couplings (middle) and

Z
0
couplings (lower).

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 1, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)0

which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U(1)0 charge �1 can couple a chiral fermion
to a vector-like fourth family fermion with U(1)0 charge +1, controlled by new Yukawa couplings
y4i. The U(1)0 also allows the scalar singlet � to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 ⇥ 3
e↵ective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 1:

y
e,u
ij =

0

B@
0 0 0
0 "

e,u
22 "

e,u
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0 "
e,u
32 y

e,u
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1
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d
12 "

d
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0 "
d
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d
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d
32 y

d
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d
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1

CA , (1)

where the e↵ective Yukawa couplings "ij are defined as "
e
ijHdLie

c
j , "

u
ijHuQiu

c
j , "

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence "
e,u,d
ij / 1/M

ec,uc,dc

4 . These couplings are

suppressed "ij ⌧ y33, assuming M
L,Q
4 ⌧ M

ec,uc,dc

4 (see 1 for more details).

Effective Z’ couplings
Only generated via mixing with fourth family  

SFK 1706.06100, 1806.06780

The leptoquark couplings in Eq.4 have a number of interesting phenomenological implica-
tions, mainly due to the the couplings of the electric charge +4/3 component of S3 to the physical
left-handed down quark and charged lepton mass eigenstates

�b⌧S3bL⌧L, �s⌧S3sL⌧L, �bµS3bLµL, �sµS3sLµL, (5)

�b⌧ ⇡ y⌧ , �s⌧ ⇡ y⌧Vts, �bµ ⇡ y⌧✓
e
23, �sµ ⇡ y⌧✓

e
23Vts. (6)

The leptoquark S3 contributes to RK(⇤) at tree-level, via the (centre) diagram in Fig.1, where
the requirement to explain the anomaly is 7

�bµ�sµ

M
2
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⇡ y
2
⌧ (✓

e
23)

2
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M
2
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! y

2
⌧ (✓

e
23)
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✓

MS3
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◆2

, (7)

using Vts ⇡ 4.0 ⇥ 10�2, which 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 leptoquark mass MS3 ⇡ 1 TeV, close to

current LHC limits 7.
On the other hand, Bs mixing only occurs at one loop, via the (right) diagram in Fig.1,
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2 Model of flavour and RK(⇤) with leptoquarks and Z
0

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4
1. The

model also involves a gauged U(1)0, which is broken by a singlet � leading to a massive Z
0

with non-universal couplings 3,4,5. We have also included a scalar leptoquark triplet S3 of mass
MS3

6,7. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z

0 model 5 and the leptoquark model 7, where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z

0 (since they are neutral under U(1)0). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.
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S3 3 3 1/3 �2

Table 1: The model consists of three chiral fermion families, one

vector-like fermion family and two Higgs scalar doublets. The

gauged U(1)
0
is broken by a singlet � leading to a massive Z

0
.

We also include a scalar leptoquark triplet S3.
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S3
<latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit>

Qi
<latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit> Lj

<latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit>

Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
<latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit>

M
Q
4
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Table 2: E↵ective Higgs couplings (upper)

(where H = Hu,d,  i = Qi, Li and  
c

i =

u
c

i , d
c

i , e
c

i ), leptoquark couplings (middle) and

Z
0
couplings (lower).

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 1, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)0

which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U(1)0 charge �1 can couple a chiral fermion
to a vector-like fourth family fermion with U(1)0 charge +1, controlled by new Yukawa couplings
y4i. The U(1)0 also allows the scalar singlet � to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 ⇥ 3
e↵ective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 1:
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where the e↵ective Yukawa couplings "ij are defined as "
e
ijHdLie

c
j , "

u
ijHuQiu

c
j , "

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence "
e,u,d
ij / 1/M

ec,uc,dc

4 . These couplings are

suppressed "ij ⌧ y33, assuming M
L,Q
4 ⌧ M

ec,uc,dc

4 (see 1 for more details).



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,

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,
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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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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.

d
I am grateful to E.Perdomo for pointing out this bound.
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Tension

RK(*) requires MZ’ ~ TeV since gbs~Vts 



So far this looks very similar to the basis used for the up type quarks, in Eqs.16, 21
with the replacements Q ! L, with uc ! ec and a relabelling L2 $ L3 and ec2 $ ec3.
Indeed, without further assumption, the Yukawa matrices seem to be dominated by the
element with the largest angle, which would imply that the second family charged lepton
is the heaviest, so we would interpret that as the ⌧ lepton. However, let us suppose that
for some reason the Yukawa coupling ye42 is very small in this basis, with the hierarchy
ye42 ⌧ ye34 so that the charged lepton Yukawa matrix is in fact dominated by the first
matrix in Eq.23, even though the angles are assumed to be small. The first matrix is rank
one, so the muon mass is provided by the small contribution from the second matrix. We
shall also assume for later phenomenological reasons that ye24 ⌧ ye34 so there is small left-
handed charged lepton mixing. Most of the large lepton mixing is assumed to originate
in the neutrino sector.

2.9 Phenomenology

With the preceding assumptions, the relevant terms in the Lagrangian can be written as,

L � Z 0
µ

�
gbbb̄L�

µbL + gµµµ̄L�
µµL

�
. (25)

where gbb = g0(sQ34)
2, gµµ = g0(sL24)

2.

RK and RK⇤ As discussed in the Introduction, one possible explanation of the RK and
RK⇤ measurements in LHCb is that the low-energy Lagrangian below the weak scale
contains an additional contribution to the e↵ective 4-fermion operator with left-handed
muon, b-quark, and s-quark fields:

�Le↵ � Gbsµ(b̄L�
µsL)(µ̄L�µµL) + h.c., Gbsµ ⇡ 1

(31.5 TeV)2
. (26)

We can express the coe�cient Gbsµ as function of the couplings in Eq. 25,

Gbsµ = �gbsgµµ
M2

Z0
= �Vtsgbbgµµ

M2
Z0

. (27)

Together, Eqs. (26) and (27) imply the constraint on the parameters gbb, gµµ and MZ0 :

gbbgµµ
M2

Z0
⇡ 1

(6.4 TeV)2
. (28)

Bs � Bs mixing

The Z 0 coupling to bs leads to an additional tree-level contribution to Bs � Bs mixing
due to the e↵ective operator arising from integrating out the Z 0 at tree level:

�Le↵ � �Gbs

2
(s̄L�

µbL)
2 + h.c, Gbs =

g2bs
M2

Z0
=

g2bbV
2
ts

M2
Z0

. (29)
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Figure 3: The parameter space in the (gµµ, gbb) plane compatible with RK(⇤) anomalies and

flavour constraints (white). The Z
0
mass varies over the plane, with a unique Z

0
mass for

each point in the plane as determined by Eq. 28. We show the recent Bs mixing constraints

(light blue), and the trident bounds (orange); for reference we also display the previous weaker

Bs mixing bounds (dark blue). The green, red, purple and black lines correspond to MZ0 =

10, 100, 1000, 10000 GeV respectively. Figure taken from [24].

3 The A4 Model
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Allowed re
gio

n in whiteSuch a new contribution is highly constrained by the measurements of the mass di↵erence
�Ms of neutral Bs mesons leading to a 2017 bound from updated lattice results of
(Gbs)�1/2 ⇠ 500 TeV as compared to the 2015 bound of (Gbs)�1/2 ⇠ 150 TeV.

Neutrino trident

The production of a muon pair from the scattering of a muon-neutrino o↵ the Coulomb
field of a nucleus, known as neutrino trident production, is a rare process that has been
observed in a few experiments. In our case the trident production ⌫µN ! ⌫µµ+µ�N
is mediated by the Z 0 coupling to left-handed muons which leads to a new tree-level
contribution to the e↵ective 4-lepton interaction

�Le↵ � �Gµ

2
(¯̀L�

µ`L)
2, Gµ =

g2µµ
M2

Z0
. (30)

Such an operator is bounded by (Gµ)�1/2 ⇠ 400 GeV.

LHC searches

The LHC measurements of the SM gauge boson Z decaying to four muons, Z ! 4µ, with
the second muon pair produced in the SM via a virtual photon, sets relevant constraints
in the low mass region of Z 0 models, 5 . MZ0 . 70 GeV, where the virtual photon
may be replaced by a Z 0 coupling to four muons. For heavier Z 0 masses, the subprocess
bb̄ ! Z 0 ! µ+µ� can be probed by dimuon resonance searches at the LHC, leading
to further collider limits on the Z 0 mass and couplings. The strongest limits exist from
ATLAS for Z 0 masses between about 150 GeV and 5 TeV.

2.10 Results

The allowed region of parameter space in the (gµµ, gbb) plane compatible with RK(⇤)

anomalies and the above constraints is shown as the white regions in Fig. 3, taken from
[24], where the original references from which the constraints are extracted are given.
The main point is that there are allowed regions of parameter space which satisfy all
constraints, for example in the region MZ0 ⇠ 100 � 1000 GeV with gbb ⇠ 0.001 � 0.01
and gµµ ⇠ 0.1 � 1. For example a good point is gbb ⇠ 0.02 and gµµ ⇠ 1 and MZ0 ⇠ 1
TeV. If we recall that gbb = g0(sQ34)

2 and gµµ = g0(sL24)
2, and the top Yukawa coupling is

yt ⇠ sQ34y
u
43 ⇠ 1 then this could be achieved by sQ34 ⇠ 0.14, sL24 ⇠ 1, g0 ⇠ 1, h�i ⇠ 1 TeV

but would require yu43 ⇠ 7 which is in the non-perturbative region.

Although the model can successfully account for RK and RK⇤ , it implies unnatural and
possibly non-perturbative parameters.

On the experimental side, the challenge is to close the allowed parameter space of the
model by improving limits by making better precision measurements of the trident ⌫µN !
µ+µ�⌫µN process, by improving the theoretical precision of the SM prediction for the Bs

meson mass di↵erence, as well as by improved LHC sensitivity to bb̄ ! Z 0 ! µ+µ�.
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So far this looks very similar to the basis used for the up type quarks, in Eqs.16, 21
with the replacements Q ! L, with uc ! ec and a relabelling L2 $ L3 and ec2 $ ec3.
Indeed, without further assumption, the Yukawa matrices seem to be dominated by the
element with the largest angle, which would imply that the second family charged lepton
is the heaviest, so we would interpret that as the ⌧ lepton. However, let us suppose that
for some reason the Yukawa coupling ye42 is very small in this basis, with the hierarchy
ye42 ⌧ ye34 so that the charged lepton Yukawa matrix is in fact dominated by the first
matrix in Eq.23, even though the angles are assumed to be small. The first matrix is rank
one, so the muon mass is provided by the small contribution from the second matrix. We
shall also assume for later phenomenological reasons that ye24 ⌧ ye34 so there is small left-
handed charged lepton mixing. Most of the large lepton mixing is assumed to originate
in the neutrino sector.

2.9 Phenomenology

With the preceding assumptions, the relevant terms in the Lagrangian can be written as,

L � Z 0
µ

�
gbbb̄L�

µbL + gµµµ̄L�
µµL

�
. (25)

where gbb = g0(sQ34)
2, gµµ = g0(sL24)

2.

RK and RK⇤ As discussed in the Introduction, one possible explanation of the RK and
RK⇤ measurements in LHCb is that the low-energy Lagrangian below the weak scale
contains an additional contribution to the e↵ective 4-fermion operator with left-handed
muon, b-quark, and s-quark fields:

�Le↵ � Gbsµ(b̄L�
µsL)(µ̄L�µµL) + h.c., Gbsµ ⇡ 1

(31.5 TeV)2
. (26)

We can express the coe�cient Gbsµ as function of the couplings in Eq. 25,

Gbsµ = �gbsgµµ
M2

Z0
= �Vtsgbbgµµ

M2
Z0

. (27)

Together, Eqs. (26) and (27) imply the constraint on the parameters gbb, gµµ and MZ0 :

gbbgµµ
M2

Z0
⇡ 1

(6.4 TeV)2
. (28)

Bs � Bs mixing

The Z 0 coupling to bs leads to an additional tree-level contribution to Bs � Bs mixing
due to the e↵ective operator arising from integrating out the Z 0 at tree level:

�Le↵ � �Gbs

2
(s̄L�

µbL)
2 + h.c, Gbs =

g2bs
M2

Z0
=

g2bbV
2
ts

M2
Z0

. (29)
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Conclusion
• RK(*) may be related to the origin of  Yukawa couplings  

• The Yukawa, Z’ and leptoquark S3 couplings may all be 
generated via mixing with vector-like 4th family

• Need Z’ and S3 masses ~ TeV (or so) to explain RK(*)

• Z’ mass ~  ~ TeV implies low scale origin of Yukawas

• But such Z’ is in tension with Bs mixing and   

• S3 mass ~ TeV no problem for Bs mixing but does not 
imply low scale origin of  Yukawas (S3 mass is free)

⟨ϕ⟩

τ → μμμ


