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We discuss a theory of flavour in which Higgs Yukawa couplings are related to those of the new
scalar triplet leptoquark and/or Z′ responsible for RK(∗) , with all couplings arising effectively
from mixing with a vector-like fourth family, whose mass may be anywhere from the Planck
scale to the electroweak scale for the leptoquarks explanation, but is pinned down to the TeV
scale if the Z′ exchange plays a role. However, in this particular model, only leptoquark
exchange can contribute significantly to RK(∗) , since Z′ exchange is too constrained from Bs
mixing and τ → 3µ, although other Higgs Yukawa matrix structures may allow it.

1 Introduction

The Standard Model (SM) has almost thirty parameters, most of them arising from the unspec-
ified Higgs Yukawa couplings. This motivates theories of flavour beyond the SM. Here we shall
consider one simple example where the usual Higgs Yukawa couplings with the three families of
chiral fermions are forbidden by some symmetry, which is broken by some new scalar field 〈φ〉,
allowing the Higgs Yukawa couplings to arise effectively from mixing with a vector-like fourth
family 2. In principle the mass of the vector-like fourth family M4 (i.e. the flavour scale in this
example) may be anywhere from the Planck scale to the electroweak scale, providing that the
ratios 〈φ〉/M4 which govern the Yukawa couplings are held fixed.

The LHCb Collaboration 1 and other experiments have reported a number of anomalies in
B → K(∗)l+l− decays such as the RK and RK∗ ratios of µ+µ− to e+e− final states, which are
observed to be about 80% of their expected values with a 2.5σ deviation from the SM. Such
anomalies may be accounted for by a new physics operator of the form 1 b̄Lγ

µsL µ̄LγµµL, with
a coefficient Λ−2 where Λ ∼ 30 TeV. This hints that there may be new physics arising from
the non-universal couplings of leptoquarks and/or Z ′ in order to generate such an operator.
However the introduction of these new particles increases the parameter count still further, and
only serves to make the favour problem of the SM worse.

Motivated by such considerations, it is interesting to speculate that the above empirical hint
of flavour non-universality is linked to a possible theory of flavour. In this talk we consider an
example of this based on the vector-like fourth family discussed above. To achieve the desired
link, one may introduce leptoquarks and/or Z ′ into the above theory of flavour in such a way
that the effective Higgs Yukawa couplings and the effective leptoquark and/or Z ′ couplings are
generated at the same time, from mixing with the vector-like fourth family. In such a model,
the couplings of leptoquarks and/or Z ′ may be related to Yukawa couplings, leading to a very
predictive framework.

aContribution to the 2019 EW session of the 54th Rencontres de Moriond.
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2 Model of flavour and RK(∗) with leptoquarks and Z ′

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

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

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 ′ 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 ′ (since they are neutral under U(1)′). 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)′

Qi 3 2 1/6 0

uc
i 3 1 −2/3 0

dci 3 1 1/3 0
Li 1 2 −1/2 0
eci 1 1 1 0
νci 1 1 0 0

Q4 3 2 1/6 1

uc
4 3 1 −2/3 1

dc4 3 1 1/3 1
L4 1 2 −1/2 1
ec4 1 1 1 1
νc4 1 1 0 1

Q4 3 2 −1/6 −1

uc
4

3 1 2/3 −1

dc
4

3 1 −1/3 −1

L4 1 2 1/2 −1

ec
4

1 1 −1 −1

νc
4

1 1 0 −1

Hu 1 2 1/2 −1
Hd 1 2 −1/2 −1

φ 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)′ is broken by a singlet φ leading to a massive Z′.
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>

MQ
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>

ML
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>

 i

�

M 
4

 4  4

M 
4

 4 4

 j

Z 0 � � Z 0 �

 c
j

 c
i

M c

4 M c

4

 c
4 c

4 c
4 c

4

Table 2: Effective Higgs couplings (upper)
(where H = Hu,d, ψi = Qi, Li and ψci =
uci , d

c
i , e

c
i ), leptoquark couplings (middle) and

Z′ couplings (lower).

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 2, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)′

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)′ charge −1 can couple a chiral fermion
to a vector-like fourth family fermion with U(1)′ charge +1, controlled by new Yukawa couplings
y4i. The U(1)′ also allows the scalar singlet φ to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 × 3
effective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 2:

ye,uij =

 0 0 0
0 εe,u22 εe,u23
0 εe,u32 ye,u33 + εe,u33

 , ydij =

 0 εd12 εd13
0 εd22 εd23
0 εd32 yd33 + εd33

 , (1)

where the effective Yukawa couplings εij are defined as εeijHdLie
c
j , ε

u
ijHuQiu

c
j , ε

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence εe,u,dij ∝ 1/M ec,uc,dc

4 . These couplings are

suppressed εij � y33, assuming ML,Q
4 �M ec,uc,dc

4 (see 2 for more details).
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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(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 = cd=5
ij

11
L€
i Hu

2 1
H̃€

d Lj

2
+

1
L€
i H̃d

2 1
H€

u Lj

22
, (1)

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]

”Ld=6 = cd=6
ij

11
L†
iHu

2
i /̂

1
H†

uLj

2
+

1
L†
iH̃d

2
i /̂

1
H̃†

dLj

22
. (2)

3

4 4

Figure 1 – The fourth family vector-like neutrinos allows a new contribution to neutrino mass via a diagram
involving two different Higgs doublets Hu, H̃d (left), which we refer to as the type Ib seesaw mechanism. The
leptoquark S3 contributes to RK(∗) 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,

yτ ≈ ye33 ≈ ye43
(
xL3 〈φ〉
ML

4

)
, yt ≈ yu33 ≈ yu43

(
xQ3 〈φ〉
MQ

4

)
, yb ≈ yd33 ≈ yd43

(
xQ3 〈φ〉
MQ

4

)
(2)

where the effective Yukawa couplings are defined for the two Higgs doublet model as ye33HdL3e
c
3,

yu33HuQ3u
c
3 and yd33HdQ3d

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

such diagrams 2.

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

Mνc
4
HuH̃dLiLj involving the two different Higgs doublets Hu, H̃d, where the charge conjugated

doublet H̃d = −iσ2H∗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)′ charges allow the renormalisable leptoquark coupling, λ4S3Q4L4, involving the
fourth family, but not the first three families. The middle diagram in Table 2 generates a single
effective leptoquark coupling, which involves the third family (only) in the same basis as Eq.1 7:

λ4

(
xL3 〈φ〉
ML

4

)(
xQ3 〈φ〉
MQ

4

)
S3Q3L3 ≈ λ4

(
ye33
ye43

)(
yu33
yu43

)
S3Q3L3 ≈ yτytS3Q3L3 (3)

where the first equality in Eq.3 has used Eq.2, and the second equality sets y4i ≈ λ4 ≈ 1.

Effective 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 εij/y33. Since
down quark mixing is larger than up quark mixing (due to the milder mass hierarchy), we
assume θd23 ≈ Vts, while the analogous charged lepton mixing angle θe23 is similarly small. Hence
in the diagonal Yukawa basis we have leptoquark couplings involving the left-handed lepton
doublets L3 = (ντ , τ)TL, L2 = (νµ, µ)TL, and quark doublets Q3 = (t, b)TL, Q2 = (c, s)TL, from Eq.3,
assuming yt ≈ 1,

yτS3Q3L3, yτVtsS3Q2L3, yτθ
e
23S3Q3L2, yτθ

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.

bWe refer to the seesaw mechanism involving two different 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

λbτS3bLτL, λsτS3sLτL, λbµS3bLµL, λsµS3sLµL, (5)

λbτ ≈ yτ , λsτ ≈ yτVts, λbµ ≈ yτθe23, λsµ ≈ yτθe23Vts. (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

λbµλsµ
M2
S3

≈ y2τ (θe23)
2Vts

M2
S3

≈ 1.1

(35 TeV)2
→ y2τ (θe23)

2 ≈ 2.2× 10−2
(
MS3

1 TeV

)2

, (7)

using Vts ≈ 4.0 × 10−2, which requires quite a large yτ ≈ 1 (i.e. large tanβ = 〈Hu〉/〈Hd〉) and
a large mixing angle θe23 ≈ 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,
dominated by τ exchange, leading to the 2015 bound 7

(λsτλbτ )2

16π2M2
S3

≈ y4τV
2
ts

16π2M2
S3

≤ 1

(140 TeV)2
→ y4τ ≤ 5.0

(
MS3

1 TeV

)2

(8)

which is satisfied even for large yτ ≈ 1 with MS3 ≈ 1 TeV. However the stronger 2017 bound
with scale of 770 TeV instead of 140 TeV implies a bound of y4τ ≤ 0.16 for MS3 ≈ 1 TeV 7.

2.3 The Z ′ couplings

We now consider the couplings involving the Z ′ as discussed in 5. Although the chiral fermions
do not carry U(1)′ charges, the lower diagrams in Table 2 generate effective Z ′ couplings to
chiral fermions, via the vector-like fourth family fermions which do carry U(1)′ charges (which
are trivially anomaly free). The Z ′ couplings in the basis of Eq.1 are dominated by left-handed
couplings to the third family 5, c

y2t g
′Z ′µQ

†
3γ
µQ3 + y2τg

′Z ′µL
†
3γ
µL3, (9)

The Z ′ couplings in Eq.9 are analogous to the case of the third family leptoquark couplings
in Eq.3, with no couplings to the first or second family in the basis of Eq.1. However, flavour
changing couplings involving the quark doublets Q3 = (t, b)TL, Q2 = (c, s)TL, will be generated
when the Yukawa matrices in Eq.1 are diagonalised,

y2t g
′Z ′µQ

†
3γ
µQ3 → VtsZ

′
µQ
†
3γ
µQ2, V 2

tsZ
′
µQ
†
2γ
µQ2, . . . → VtsZ

′
µb
†
Lγ

µsL, . . . (10)

Similarly the operator y2τg
′Z ′µL

†
3γ
µL3 in Eq.9 leads to flavour changing couplings involving the

lepton doublets L3 = (ντ , τ)TL, L2 = (νµ, µ)TL, controlled by a left-handed lepton mixing θe23,

θe23y
2
τZ
′
µL
†
3γ
µL2, (θe23)

2y2τZ
′
µL
†
2γ
µL2 . . . → θe23y

2
τZ
′
µτ
†
Lγ

µµL, (θe23)
2y2τZ

′
µµ
†
Lγ

µµL (11)

where we have taken yt ≈ g′ ≈ 1. The couplings in Eqs.10, 11 control the Z ′ exchange diagrams
in Fig.2 which contribute to RK(∗) (left), to Bs mixing (centre) and to τ → µµµ (right).

c Unlike the leptoquark case, there are also small Z′ couplings to the right-handed fermions, in the basis
of Eq.1, εuijε

u
jig
′Z′µu

c†
i γ

µucj , ε
d
ijε

d
jig
′Z′µd

c†
i γ

µdcj , ε
e
ijε

e
jig
′Z′µe

c†
i γ

µecj , which are second order in the small Yukawa
couplings. Thus, the small value of the Yukawa coupling of the charm quark implies that the cR coupling to Z′

is suppressed by (mc/mt)
2 ∼ 10−4 in this basis. The sR coupling to Z′ is similarly suppressed, so there there is

a negligible contribution to K0 − K̄0 mixing for M ′Z ∼ 1 TeV.



Figure 2 – These Z′ exchange diagrams contribute to RK(∗) (left), to Bs mixing (centre) and to τ → µµµ (right).

The couplings are defined as gbsZ
′
µb
†
Lγ

µsL, gµµZ
′
µµ
†
Lγ

µµL and gτµZ
′
µτ
†
Lγ

µµL.

The Z ′ contributes to RK(∗) at tree-level, via the (left) diagram in Fig.2, where the require-
ment to explain the anomaly (ignoring the contribution from the leptoquark) is 5

gµµgbs
M2
Z′
≈ y2τ (θe23)

2Vts
M2
Z′

≈ 1.1

(35 TeV)2
→ y2τ (θe23)

2 ≈ 2.2× 10−2
(
MZ′

1 TeV

)2

, (12)

using Vts ≈ 4.0× 10−2, which is analogous to the expression we obtained for the leptoquark in
Eq.7. As before, this requires quite a large yτ ≈ 1 (i.e. large tanβ = 〈Hu〉/〈Hd〉) and a large
mixing angle θe23 ≈ 0.1, together with a low mass MZ′ ≈ 1 TeV, close to current LHC limits 4.

Now Bs mixing is mediated by tree-level Z ′ exchange as in the (centre) diagram in Fig.2,
leading to the 2015 bound 4,

gbsgbs
M2
Z′
≈ V 2

ts

M2
Z′
≤ 1

(140 TeV)2
→MZ′ ≥ 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
MZ′ ≥ 31 TeV, which seems incompatible with the RK(∗) requirement in Eq.12.

Moreover τ → µµµ is mediated by tree-level Z ′ exchange as in the (right) diagram in Fig.2,
leading to the bound 4,

gτµgµµ
M2
Z′
≈ (θe23)

3y4τ
M2
Z′

≤ 1

(16 TeV)2
→ y4τ (θe23)

3 ≤ 4.0× 10−3
(
MZ′

1 TeV

)2

. (14)

Writing gτµ = gµµ/θ
e
23, the bounds on Bs mixing and τ → µµµ may be written as:

gbs
MZ′

≤ 1

(140 TeV)
,

gµµ
MZ′

≤ (θe23)
1/2

(16 TeV)
(15)

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

gµµ
MZ′

gbs
MZ′

≤ (θe23)
1/2

(140 TeV)(16 TeV)
=

(θe23)
1/2

(47 TeV)2
(16)

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

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

the stronger 2017 bound with scale of 770 TeV instead of 140 TeV implies a bound of
(θe23)

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 ′, providing a predictive theory of flavour,
including flavour changing, and flavour non-universality.

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



In particular, we have here combined (for the first time) the Z ′ model 5 and the leptoquark
model7, including also a vector-like fourth family of fermions, as a possible explanation of RK(∗) .
The idea of these models is that the Yukawa couplings are generated by the same physics that
generates the Z ′ and leptoquark couplings, namely mixing with the vector-like fourth family.
The combined model proposed here allows Z ′ and leptoquark contributions to be compared in
the same framework.

In the combined model considered here, the leptoquark couplings in Eq.5 are given in terms
of Yukawa couplings and mixing angles in Eq.6. We have seen that such a flavoured leptoquark
can just about account for RK(∗) , while satisfying the bound on Bs mixing, providing that the
leptoquark mass is close to its current LHC bound, namely MS3 ≈ 1 TeV, which is a clear
prediction of the model, providing a target future LHC runs. However, as seen above, this
also requires quite a large yτ ≈ 1 and a large mixing angle θe23 ≈ 0.1, so the leptoquark-only
explanation of RK(∗) is under some tension.

Unfortunately, the Z ′ couplings in Eqs. 10,11, are unable to account for RK(∗) , while satisfy-
ing the bounds from Bs mixing and τ → µµµ, as can be seen from the bound in Eq.16. However
it is possible that other (lepton) Yukawa matrix structures may allow Z ′ exchange to account
for RK(∗) , as previously discussed 5.

There is an important distinction to be drawn between the leptoquark and Z ′ explanations
of RK(∗) , when linked to a theory of flavour. The leptoquark mass term M2

S3
|S3|2 respects

U(1)′, and hence the leptoquark mass MS3 is independent of the order parameter 〈φ〉. As far
as the leptoquark mass is concerned, the flavour breaking scale 〈φ〉 may be anywhere from the
Planck scale to the electroweak scale, providing that the ratios 〈φ〉/M4 which govern the Yukawa
couplings are held fixed. By contrast, since the Z ′ mass is of order 〈φ〉, a TeV scale Z ′ (as would
be required to account for RK(∗)) would require a theory of flavour near the electroweak scale!
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