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New physics from flavour Sheldon Stone

1. Introduction: Reasons for physics beyond the Standard Model

Although the Standard Model (SM) of particle physics provides an excellent description of
electroweak and strong interactions, there are many reasons that we expect to observe new forces
giving rise to new particles at larger masses than the known fermions or bosons. One oft noted
source of this belief is the observation of dark matter in the cosmos as evidenced by galactic angular
velocity distributions [1], gravitational lensing [2], and galactic collisions [3]. The existence of dark
energy, believed to cause the accelerating expansion of the Universe, is another source of mystery
[4]. The fine tuning of quantum corrections needed to keep, for example, the Higgs boson mass at
the electroweak scale rather than near the Planck scale is another reason habitually mentioned for
new physics (NP) and is usually called “the hierarchy problem” [5].

It is interesting to note that the above cited reasons are all tied in one way or another to
gravity. Dark matter may or may not have purely gravitational interactions, dark energy may be
explained by a cosmological constant or at least be a purely general relativistic phenomena, and the
Planck scale is defined by gravity; other scales may exist at much lower energies, so the quantum
corrections could be much smaller. There are, however, many observations that are not explained
by the SM, and have nothing to do with gravity, as far as we know. Consider the size of the quark
mixing matrix (CKM) elements [6] and also the neutrino mixing matrix (PMNS) elements [7].
These are shown pictorially in Fig. 1. We do not understand the relative sizes of these values or nor
the relationship between quarks and neutrinos.
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Figure 1: (left) Sizes of the the CKM matrix elements for quark mixing, and (right) the PMNS matrix
elements for neutrino mixing. The area of the squares represents the square of the matrix elements.

We also do not understand the masses of the fundamental matter constituents, the quarks and
leptons. Not only are they not predicted, but also the relationships among them are not understood.
These masses, shown in Fig. 2, span 12 orders of magnitude [7]. There may be a connections
between the mass values and the values of the mixing matrix elements, but thus far no connection
besides simple numerology exists.

What we are seeking is a new theoretical explanation of the above mentioned facts. Of course,
any new model must explain all the data, so that any one measurement could confound a model.
It is not a good plan, however, to try and find only one discrepancy; experiment must determine a
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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
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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<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>

Yukawas small    
due to 
powers            
of ratios      .



h�i
⇤<latexit sha1_base64="Nwzb3qvqPc5klwctrR6nWZQ2IdE=">AAACDXicdVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChYGhSPQhNVF14zitVceJbAepivoDLPwKCwMIsbKz8Te4aZHK60iWzj3n3mv7BClnSjvOh1VaWFxaXimvVtbWNza37O2dlkoySWiTJDyRnQAU5UzQpmaa004qKcQBp+1geDHx27dUKpaIGz1KqR9DX7CIEdBG6tkHXiSB5B4H0ecUe+mAYU8WxTj3rsyiEMY9u+rWnALY+UW+rCqaodGz370wIVlMhSYclOq6Tqr9HKRmxCyueJmiKZAh9GnXUAExVX5e/GaMD40S4iiR5giNC3V+IodYqVEcmM4Y9ED99CbiX14309GZnzORZpoKMr0oyjjWCZ5Eg0MmKdF8ZAgQycxbMRmAiUebACvzIfxPWsc116m51yfV+vksjjLaQ/voCLnoFNXRJWqgJiLoDj2gJ/Rs3VuP1ov1Om0tWbOZXfQN1tsn8kmcGg==</latexit><latexit sha1_base64="Nwzb3qvqPc5klwctrR6nWZQ2IdE=">AAACDXicdVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChYGhSPQhNVF14zitVceJbAepivoDLPwKCwMIsbKz8Te4aZHK60iWzj3n3mv7BClnSjvOh1VaWFxaXimvVtbWNza37O2dlkoySWiTJDyRnQAU5UzQpmaa004qKcQBp+1geDHx27dUKpaIGz1KqR9DX7CIEdBG6tkHXiSB5B4H0ecUe+mAYU8WxTj3rsyiEMY9u+rWnALY+UW+rCqaodGz370wIVlMhSYclOq6Tqr9HKRmxCyueJmiKZAh9GnXUAExVX5e/GaMD40S4iiR5giNC3V+IodYqVEcmM4Y9ED99CbiX14309GZnzORZpoKMr0oyjjWCZ5Eg0MmKdF8ZAgQycxbMRmAiUebACvzIfxPWsc116m51yfV+vksjjLaQ/voCLnoFNXRJWqgJiLoDj2gJ/Rs3VuP1ov1Om0tWbOZXfQN1tsn8kmcGg==</latexit><latexit sha1_base64="Nwzb3qvqPc5klwctrR6nWZQ2IdE=">AAACDXicdVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChYGhSPQhNVF14zitVceJbAepivoDLPwKCwMIsbKz8Te4aZHK60iWzj3n3mv7BClnSjvOh1VaWFxaXimvVtbWNza37O2dlkoySWiTJDyRnQAU5UzQpmaa004qKcQBp+1geDHx27dUKpaIGz1KqR9DX7CIEdBG6tkHXiSB5B4H0ecUe+mAYU8WxTj3rsyiEMY9u+rWnALY+UW+rCqaodGz370wIVlMhSYclOq6Tqr9HKRmxCyueJmiKZAh9GnXUAExVX5e/GaMD40S4iiR5giNC3V+IodYqVEcmM4Y9ED99CbiX14309GZnzORZpoKMr0oyjjWCZ5Eg0MmKdF8ZAgQycxbMRmAiUebACvzIfxPWsc116m51yfV+vksjjLaQ/voCLnoFNXRJWqgJiLoDj2gJ/Rs3VuP1ov1Om0tWbOZXfQN1tsn8kmcGg==</latexit><latexit sha1_base64="Nwzb3qvqPc5klwctrR6nWZQ2IdE=">AAACDXicdVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChYGhSPQhNVF14zitVceJbAepivoDLPwKCwMIsbKz8Te4aZHK60iWzj3n3mv7BClnSjvOh1VaWFxaXimvVtbWNza37O2dlkoySWiTJDyRnQAU5UzQpmaa004qKcQBp+1geDHx27dUKpaIGz1KqR9DX7CIEdBG6tkHXiSB5B4H0ecUe+mAYU8WxTj3rsyiEMY9u+rWnALY+UW+rCqaodGz370wIVlMhSYclOq6Tqr9HKRmxCyueJmiKZAh9GnXUAExVX5e/GaMD40S4iiR5giNC3V+IodYqVEcmM4Y9ED99CbiX14309GZnzORZpoKMr0oyjjWCZ5Eg0MmKdF8ZAgQycxbMRmAiUebACvzIfxPWsc116m51yfV+vksjjLaQ/voCLnoFNXRJWqgJiLoDj2gJ/Rs3VuP1ov1Om0tWbOZXfQN1tsn8kmcGg==</latexit>

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>



SUSY GUTs
  suggest high scale 
theory of flavour    

Phenomenological 
hints from B physics
  suggest low scale 
theory of flavour    

⇤

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
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Figure 13: Some possible candidate unified gauge groups.

decompose into multiplets of the SM gauge group SU(3)C×SU(2)L×U(1)Y as F = (dc, L),

corresponding to,

5 = (3,1, 1/3) ⊕ (1,2,−1/2), (9.2)

and T = (uc, Q, ec), corresponding to,

10 = (3,1,−2/3) ⊕ (3,2, 1/6) ⊕ (1,1, 1). (9.3)

Thus a complete quark and lepton SM family (Q,uc, dc, L, ec) is accommodated in the

F = 5 and T = 10 representations, with right-handed neutrinos, whose CP conjugates are

denoted as νc, being singlets of SU(5), νc = 1. The Higgs doublets Hu and Hd which break

electroweak symmetry in a two Higgs doublet model are contained in the SU(5) multiplets

H5 and H
5
.

The Yukawa couplings for one family of quarks and leptons are given by,

yuH5iTjkTlmϵijklm + yνH5iF
iνc + ydH

i
5
TijF

j , (9.4)

where ϵijklm is the totally antisymmetric tensor of SU(5) with i, j, j, k, l = 1, . . . , 5, which

decompose into the SM Yukawa couplings

yuHuQuc + yνHuLν
c + yd(HdQdc +Hde

cL). (9.5)
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GUTs with flavour symmetry
For references see review SFK 1701.04413

G
GUT

G
FAM

SU(2)L ⇥ U(1)Y SU(5) PS SO(10)

S
3

[29] [142]
A

4

[30, 34, 51, 53,64,143–145] [146–149] [68, 150,151]
T 0 [152] [153]
S

4

[31, 51, 53, 145,155] [156,157] [154] [158]
A

5

[53, 159] [160]
T

7

[161,162]
�(27) [163] [164]
�(96) [165,166] [167] [168]
DN [169]
QN [170]
other [171] [172] [173]

Table 3: Flavoured GUTs which include discrete family symmetry groups and the papers that use these sym-
metries to successfully describe the solar, atmospheric and reactor neutrino data.

vuTiTj(v⇠/M)6�i�j, where vu is the VEV of Hu. The resulting symmetric Yukawa matrix for up-type
quarks is

Y u
ij ⇠

0

@
⇠̃4 ⇠̃3 ⇠̃2

⇠̃2 ⇠̃
1

1

A (120)

where ⇠̃ = h⇠i /M ⇠ 0.1 yielding a strong up-type mass hierarchy, with quark mixing arising in large
part from the up-sector.

The field ⇠ is in fact quite ubiquitous. As well as explaining the structure of the up-type quark mass
matrix, it is also involved in the mass hierarchy for down-type quarks and charged leptons. And it is
responsible for the mass scales for the RH neutrinos. Furthermore it yields a highly suppressed µ term
⇠ (v⇠/M)8M

GUT

.
The down-type and charged lepton Yukawa matrices Y d ⇠ Y e are obtained from terms like F�TH,

leading to nearly diagonal matrices,

Y d
LR ⇠ Y e

RL ⇠

0

BBBBB@

h⇠i ve

v2

⇤

24

h⇠i vµ

v
⇤

24

vH
24

0

0
vH

24

vµ

M2

0

0 0
v⌧

M

1

CCCCCA
(121)

where ve,µ,⌧ are flavon VEVs, while v
⇤

24

and vH
24

are VEVs of heavy Higgs ⇤
24

and H
24

. Here we
include the subscripts LR to emphasise the role of the o↵-diagonal term to LH mixing from Y d. This
term introduces CP violation into the CKM matrix via the phase of h⇠i. Note that the o↵-diagonal term
in Y e

RL gives mainly RH mixing, with only a subleading negligible contribution to LH charged lepton
mixing ✓e

12

⇠ me/mµ.
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where we recall the above definitions of phases,

⇢⇠ ⌘ arg(h⇠i), ⇢
atm

�⇢
sol

⌘ arg(v
atm

v⇤
sol

), (2.17)

and that CP conservation at high energies ensures that yi and M are real. By arguments
given in Section 3.3 and Section 4.1, we can restrict the physical phase ⌘ to a discrete
choice, namely one of the nine complex roots of unity. The values ⌘ = ±2⇡/3 are preferred
by CSD3 [6, 7]. Note that the model predicts a normal neutrino mass hierarchy, namely
m

3

> m
2

� m
1

= 0, which will be tested in the near future.

The sign of ⌘ has phenomenological significance, as it fixes the leptonic Dirac phase �l.
Specifically, a positive ⌘ uniquely leads to negative �l, and vice versa [7]. As experimental
data hints at �l ⇠ �⇡/2, the a posteriori preferred solution has positive ⌘ = +2⇡/3. The
sign of ⌘ also has cosmological significance, as discussed in Section 5. For example a
positive ⌘ = +2⇡/3, together with the requirement that baryon asymmetry is positive,
implies that the lightest right-handed neutrino should be N c

1

= N c
atm

, while N c
2

= N c
sol

should be somewhat heavier, which is the natural ordering in our model.

2.4 Full parameter fit

The structure of the Yukawa matrices and neutrino mass matrix is set by the theory,
up to O(1) coe�cients. The VEVs of the fields ⇠, ⇤

24

and H
24

are at or near the GUT
scale, but otherwise undetermined. This freedom coincides with the choice of coe�cients
in the Yukawa matrices, providing no extra degrees of freedom in the determination of
the Yukawas other than to provide the appropriate scale. The same is true for the flavon
fields �e, �µ and �⌧ , which provide the necessary hierarchy in the down-quark and charged
lepton Yukawa sector.

The neutrino matrix m⌫ is given in Eq. 2.15. Letting vf represent the VEV of a field f ,
the Yukawa matrices are as follows:

Y u =

0

BBB@

u
11

|⇠̃4| u
12

|⇠̃3| u
13

|⇠̃2|
u
12

|⇠̃3| u
22

|⇠̃2| u
23

|⇠̃|
u
13

|⇠̃2| u
23

|⇠̃| u
33

1

CCCA
(2.18)

Y d =
1p
2

0

BBBBBBB@

1

4
d
11

|v⇠ve|
|v

⇤24 |2
d
12

|v⇠vµ|
|v

⇤24vH24 |
ei⇣ 0

0 2d
22

|vH24vµ|
M2

0

0 0 d
33

|v⌧ |
M

1

CCCCCCCA

(2.19)
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where we recall the above definitions of phases,

⇢⇠ ⌘ arg(h⇠i), ⇢
atm

�⇢
sol

⌘ arg(v
atm

v⇤
sol

), (2.17)

and that CP conservation at high energies ensures that yi and M are real. By arguments
given in Section 3.3 and Section 4.1, we can restrict the physical phase ⌘ to a discrete
choice, namely one of the nine complex roots of unity. The values ⌘ = ±2⇡/3 are preferred
by CSD3 [6, 7]. Note that the model predicts a normal neutrino mass hierarchy, namely
m

3

> m
2

� m
1

= 0, which will be tested in the near future.

The sign of ⌘ has phenomenological significance, as it fixes the leptonic Dirac phase �l.
Specifically, a positive ⌘ uniquely leads to negative �l, and vice versa [7]. As experimental
data hints at �l ⇠ �⇡/2, the a posteriori preferred solution has positive ⌘ = +2⇡/3. The
sign of ⌘ also has cosmological significance, as discussed in Section 5. For example a
positive ⌘ = +2⇡/3, together with the requirement that baryon asymmetry is positive,
implies that the lightest right-handed neutrino should be N c

1

= N c
atm

, while N c
2

= N c
sol

should be somewhat heavier, which is the natural ordering in our model.

2.4 Full parameter fit

The structure of the Yukawa matrices and neutrino mass matrix is set by the theory,
up to O(1) coe�cients. The VEVs of the fields ⇠, ⇤

24

and H
24

are at or near the GUT
scale, but otherwise undetermined. This freedom coincides with the choice of coe�cients
in the Yukawa matrices, providing no extra degrees of freedom in the determination of
the Yukawas other than to provide the appropriate scale. The same is true for the flavon
fields �e, �µ and �⌧ , which provide the necessary hierarchy in the down-quark and charged
lepton Yukawa sector.

The neutrino matrix m⌫ is given in Eq. 2.15. Letting vf represent the VEV of a field f ,
the Yukawa matrices are as follows:

Y u =

0

BBB@

u
11

|⇠̃4| u
12

|⇠̃3| u
13

|⇠̃2|
u
12

|⇠̃3| u
22

|⇠̃2| u
23

|⇠̃|
u
13

|⇠̃2| u
23

|⇠̃| u
33

1

CCCA
(2.18)

Y d =
1p
2

0

BBBBBBB@

1

4
d
11

|v⇠ve|
|v

⇤24 |2
d
12

|v⇠vµ|
|v

⇤24vH24 |
ei⇣ 0

0 2d
22

|vH24vµ|
M2

0

0 0 d
33

|v⌧ |
M

1

CCCCCCCA

(2.19)

10

No LH charged lepton 
mixing to leading order

Up matrix has small 
mixing and no phases

Down matrix gives Cabibbo 
mixing and CP phase

Y e =
1p
2

0

BBBBBBB@

1

9
d
11

|v⇠ve|
|v

⇤24 |2
0 0

d
12

|v⇠vµ|
|v

⇤24vH24 |
ei⇣ 9d

22

|vH24vµ|
M2

0

0 0 d
33

|v⌧ |
M

.

1

CCCCCCCA

(2.20)

As already remarked, the phases in Y u from powers of h⇠i = |v⇠|ei⇢⇠ can be removed
by field redefinition. Without loss of generality we have rephased fields such that the
only phase appearing in Y d and Y e is the phase ⇣ as shown in Eqs. 2.19, 2.20, so all
quark CP violation originates from the single phase ⇣ appearing in Y d

12

. In turn, ⇣ is
determined by a combination of phases coming from various field VEVs; more precisely,
⇣ = ⇢⇠�2⇢H24�⇢

⇤24 . As long as it is reasonably far from zero, it can produce the necessary
CP violation. Di↵erent choices of ⇣ do not a↵ect the goodness-of-fit, corresponding simply
to di↵erent but equally valid choices of O(1) coe�cients. For our fit we choose ⇣ = ⇡/3.
Note that the corresponding phase in Y e

21

does not contribute to leptonic CP violation,
since this term does not a↵ect left-handed mixing, to an accuracy of O(me/mµ).

To fit the real coe�cients uij, dij, ma and mb, we propose a function �2 that relates the
N physical predictions Pi({x}) for a given set of input parameters {x} to their current
best-fit values µi and their associated 1� errors, denoted �i, by

�2 =
NX

i=1

✓
Pi({x})� µi

�i

◆
2

. (2.21)

The errors �i are equivalent to the standard deviation of the experimental fits to a Gaus-
sian distribution. For most parameters, this is essentially the case, with the exception of
the (lepton) atmospheric angle ✓l

23

. For a normal hierarchy, the distribution is roughly
centered on ✓l

23

= 45�, while the best fit value is given by ✓l
23

= 42.3�. So as to not
overstate the error for ✓l

23

, we approximate its distribution by a Gaussian about 42.3�,
setting �✓l23

= 1.6�.

We now wish to minimise �2. In this analysis, N = 18, corresponding to six mixing angles
✓lij (neutrinos) and ✓qij (quarks), the CKM phase �q, nine Yukawa eigenvalues for the
quarks and charged leptons, and two neutrino mass-squared di↵erences �m2

21

and �m2

31

.
In the lepton sector, we use the PDG parametrisation of the PMNS matrix [20] U

PMNS

=
Rl

23

U l
13

Rl
12

P
PDG

in terms of sij = sin ✓lij, cij = cos ✓lij, the Dirac CP violating phase �l and

further Majorana phases contained in P
PDG

= diag(1, ei
↵21
2 , ei

↵31
2 ). Experimentally, the

leptonic phase �l is poorly constrained at 1� (and completely unconstrained at 3�), so is
not fit, and left as a pure prediction of the model, as are the (completely unconstrained)
Majorana phases ↵

21

and ↵
31

. As this model predicts only two massive left-handed
neutrinos, i.e. m

1

= 0, one Majorana phase is zero, which we take to be ↵
31

= 0.

The running of best-fit and error values to the GUT scale are generally dependent on
SUSY parameters, notably tan �, as well as contributions from SUSY threshold correc-
tions. We extract the GUT scale CKM parameters and all Yukawa couplings (with associ-
ated errors) from [21] for judicious choices of tan �. In further reference to [21], we choose

11

Solves the strong CP problem:  
arg det (YuYd)=0

 SU(5)xA4 predicts Yukawa matrices
Björkeroth, de Anda, de Medeiros Varzielas, SFK 
1503.03306, 1505.05504

mD =

0

@
0 b
a 3b
a b

1

A MR =

✓
M

atm

0
0 M

sol

◆

Littlest Seesaw
with 4 parameters



The Fitting high-energy Littlest Seesaw parameters 
using low-energy neutrino data and leptogenesis  

SFK, Molina Sedgwick, Rowley 1808.01005

4 real input parameters 3 neutrino masses (m1=0),  
3 mixing angles, 
1 Dirac CP phase, 
2 Majorana phases (1 zero) 
1 BAU parameter YB 
= 10 observables 
of which 7 are constrained

Predicts:

Predicted

Excellent fit!

6.3 Perturbations around Best Fit Points

It is useful to show the best fit points we obtain with this analysis visually (see Table 2
for their numerical values). In this section, we vary our input parameters around these
benchmark points in both one and two dimensions, and we see that such perturbations
in parameter space yield variations around smooth, stable minima. Figure 4 shows
heat maps representing increases in �2 as one moves away from the benchmark points, for
variations in a, b or M

atm

,M
sol

parameter space, respectively. Note the resulting shape
is never an exact circle, as the analysis is not sensitive to all parameters equally.

Figure 4: Perturbations around Case A2 benchmark point shown on the left, those for Case
D2 on the right. In each case, two parameters are varied at a time while the other two are
kept fixed. Di↵erently coloured circles represent approximate 1, 2 and 3 sigma deviations from
the best fit in each parameter, and the green cross marks the benchmark point.

We now vary each parameter individually around the best fit points given in Cases A2
and D2, whilst keeping the other three parameters fixed - Figure 5 shows such pertur-
bations. On the vertical axes, ��2 is the deviation from minimum �2; the stationary
point thus shows a vanishing ��2 corresponding to the benchmark point itself.
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6.4 Future Tests of the Littlest Seesaw

Given the constantly evolving nature of particle physics and the rapid technological ad-
vances being made in neutrino experiments, it is to be expected that the precision of
PMNS parameter measurements will improve considerably in the coming years. With
this in mind, it seems pertinent to discuss the range of values of each observable for
which this analysis method of the Littlest Seesaw model remains a relevant and viable
test of neutrino masses and properties.

Table 4 below shows 1 �, 2 � and 3 � ranges for each of the observables predicted by the
Littlest Seesaw model in our analysis of Case A2.

1 � range 2 � range 3 � range

✓
12

/� 34.254 ! 34.350 34.236 ! 34.365 34.217 ! 34.383

✓
13

/� 8.370 ! 8.803 8.300 ! 8.878 8.218 ! 8.959

✓
23

/� 45.405 ! 45.834 45.343 ! 45.910 45.269 ! 45.996

�m
12

2/10�5eV2 7.030 ! 7.673 6.930 ! 7.805 6.788 ! 7.952

�m
31

2/10�3eV2 2.434 ! 2.561 2.407 ! 2.587 2.377 ! 2.616

�/� �88.284 ! �86.568 �88.546 ! �86.287 �88.864 ! �85.966

Y
B

/10�10 0.839 ! 0.881 0.831 ! 0.889 0.822 ! 0.898

Table 4: Ranges of observables for Case A2.

The same ranges are shown for Case D2 in Table 5. It is interesting to note that for
Case D, the values of ✓

23

favoured by the model are slightly lower than in Case A, as
are the predicted values of �.

1 � range 2 � range 3 � range

✓
12

/� 34.291 ! 34.379 34.278 ! 34.391 34.264 ! 34.404

✓
13

/� 8.384 ! 8.784 8.329 ! 8.838 8.268 ! 8.902

✓
23

/� 44.044 ! 44.434 43.991 ! 44.484 43.925 ! 44.539

�m
12

2/10�5eV2 7.058 ! 7.615 6.966 ! 7.688 6.875 ! 7.787

�m
31

2/10�3eV2 2.435 ! 2.562 2.407 ! 2.590 2.373 ! 2.624

�/� �93.708 ! �92.180 �93.919 ! �91.964 �94.160 ! �91.730

Y
B

/10�10 0.838 ! 0.881 0.827 ! 0.893 0.820 ! 0.899

Table 5: Case D2 ranges for observables
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(a) Case A2
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Figure 2: �2 contribution of each observable for Case A2 and D2 best fit points.

✓
12

can be seen to exert a large pull over the data for both cases. This observable is
always fixed close to 33� � 34�, resulting from a sum rule that can be derived from the
model itself:

tan ✓
12

=
1p
2

p
1� 3 sin2 ✓

13

(38)

A more complete discussion of analytic predictions of the LS model is given in [29, 30].

6.2 RG E↵ects in Benchmark Points

We take the best fit points from Table 2 and study the RG running in detail, paying
particular attention to the variation of neutrino mass eigenstates and PMNS angles:

Consider Case A2 from Table 2. The RGE running from the GUT scale down to
the electroweak (EW) scale of neutrino predictions arising from this benchmark point
is presented on the left-hand side of Figure 3. It can be seen that RGE e↵ects on the
mass eigenstates become very apparent below the lightest seesaw scale, when the model
reduces to the SM extended by a five-dimensional Weinberg operator (see Section 3).

However, for the PMNS angles it is a very di↵erent story. For both ✓
13

and ✓
23

, RGE
e↵ects are manifest to some degree in the EFT between the two seesaw scales; however,
both above and below these scales there is very little running to be seen.

In short, RGE e↵ects are more significant in mass eigenstates than in mixing angles, but
the scales at which these e↵ects occur are vastly di↵erent between the various observables
that we extract from the model. Case D2, shown on the right-hand side of Figure 3,
exhibits much the same behaviour as Case A2; large running in the mass eigenstates
and small but non-negligible running in the mixing angles.

The ratio of masses is also plotted for each case, to better understand the e↵ects of
running in both masses simultaneously. We see identical running for the light masses
below the lowest seesaw scale for both cases, as the ratio of masses is constant below this
scale. It is the running apparent between M

2

and M
1

that allows us to make a concrete

16

�

2
/d.o.f. = 2.07/3

<latexit sha1_base64="bgzOly+10wSOyu4mwJnJpsoa728=">AAAB/XicjVDLSsNAFL2pr1pf8bFzEyyCqzSpQt0IRTcuK9gHtLFMppN26GQmzEyEGoq/4saFIm79D3f+jdPHQkXBAxcO59zLPZwwYVRpz/uwcguLS8sr+dXC2vrG5pa9vdNQIpWY1LFgQrZCpAijnNQ11Yy0EklQHDLSDIcXE795S6Sigl/rUUKCGPU5jShG2khde6+DB/SmXOq5wo3cs7LrVUrHXbvou94Uzt+kCHPUuvZ7pydwGhOuMUNKtX0v0UGGpKaYkXGhkyqSIDxEfdI2lKOYqCCbph87h0bpOZGQZrh2purXiwzFSo3i0GzGSA/UT28i/ua1Ux2dBhnlSaoJx7NHUcocLZxJFU6PSoI1GxmCsKQmq4MHSCKsTWGF/5XQKLu+5/pXJ8Xq+byOPOzDARyBDxWowiXUoA4Y7uABnuDZurcerRfrdbaas+Y3u/AN1tsn8RWS7g==</latexit><latexit sha1_base64="bgzOly+10wSOyu4mwJnJpsoa728=">AAAB/XicjVDLSsNAFL2pr1pf8bFzEyyCqzSpQt0IRTcuK9gHtLFMppN26GQmzEyEGoq/4saFIm79D3f+jdPHQkXBAxcO59zLPZwwYVRpz/uwcguLS8sr+dXC2vrG5pa9vdNQIpWY1LFgQrZCpAijnNQ11Yy0EklQHDLSDIcXE795S6Sigl/rUUKCGPU5jShG2khde6+DB/SmXOq5wo3cs7LrVUrHXbvou94Uzt+kCHPUuvZ7pydwGhOuMUNKtX0v0UGGpKaYkXGhkyqSIDxEfdI2lKOYqCCbph87h0bpOZGQZrh2purXiwzFSo3i0GzGSA/UT28i/ua1Ux2dBhnlSaoJx7NHUcocLZxJFU6PSoI1GxmCsKQmq4MHSCKsTWGF/5XQKLu+5/pXJ8Xq+byOPOzDARyBDxWowiXUoA4Y7uABnuDZurcerRfrdbaas+Y3u/AN1tsn8RWS7g==</latexit><latexit sha1_base64="bgzOly+10wSOyu4mwJnJpsoa728=">AAAB/XicjVDLSsNAFL2pr1pf8bFzEyyCqzSpQt0IRTcuK9gHtLFMppN26GQmzEyEGoq/4saFIm79D3f+jdPHQkXBAxcO59zLPZwwYVRpz/uwcguLS8sr+dXC2vrG5pa9vdNQIpWY1LFgQrZCpAijnNQ11Yy0EklQHDLSDIcXE795S6Sigl/rUUKCGPU5jShG2khde6+DB/SmXOq5wo3cs7LrVUrHXbvou94Uzt+kCHPUuvZ7pydwGhOuMUNKtX0v0UGGpKaYkXGhkyqSIDxEfdI2lKOYqCCbph87h0bpOZGQZrh2purXiwzFSo3i0GzGSA/UT28i/ua1Ux2dBhnlSaoJx7NHUcocLZxJFU6PSoI1GxmCsKQmq4MHSCKsTWGF/5XQKLu+5/pXJ8Xq+byOPOzDARyBDxWowiXUoA4Y7uABnuDZurcerRfrdbaas+Y3u/AN1tsn8RWS7g==</latexit><latexit sha1_base64="bgzOly+10wSOyu4mwJnJpsoa728=">AAAB/XicjVDLSsNAFL2pr1pf8bFzEyyCqzSpQt0IRTcuK9gHtLFMppN26GQmzEyEGoq/4saFIm79D3f+jdPHQkXBAxcO59zLPZwwYVRpz/uwcguLS8sr+dXC2vrG5pa9vdNQIpWY1LFgQrZCpAijnNQ11Yy0EklQHDLSDIcXE795S6Sigl/rUUKCGPU5jShG2khde6+DB/SmXOq5wo3cs7LrVUrHXbvou94Uzt+kCHPUuvZ7pydwGhOuMUNKtX0v0UGGpKaYkXGhkyqSIDxEfdI2lKOYqCCbph87h0bpOZGQZrh2purXiwzFSo3i0GzGSA/UT28i/ua1Ux2dBhnlSaoJx7NHUcocLZxJFU6PSoI1GxmCsKQmq4MHSCKsTWGF/5XQKLu+5/pXJ8Xq+byOPOzDARyBDxWowiXUoA4Y7uABnuDZurcerRfrdbaas+Y3u/AN1tsn8RWS7g==</latexit>

mD =

0

@
0 b
a 3b
a b

1

A MR =

✓
M

atm

0
0 M

sol

◆



Jordan Bernigaud, Bjorn Herrmann, SFK, Samuel J. Rowley (in progress)

Parameter/Observable Scenario 1 Scenario 2

M
F
V

P
ar
am

et
er
s
at

G
U
T

sc
al
e

mF 5000 5000

mT1 5000 5000

mT2 200 233.2

mT3 2995 2995

aTT
33

-940 -940

aFT
33

-1966 -1966

M
1

250.0 600.0

M
2

415.2 415.2

M
3

2551.6 2551.6

MHu 4242.6 4242.6

MHd
4242.6 4242.6

tan � 30 30

µ -2163.1 -2246.8

P
hy

si
ca
l
m
as
se
s

mh 126.7 127.3

meg 5570.5 5625.7

meµL 4996.7 4997.5

meµR 102.1 254.4

me�0
1

94.6 250.4

me�0
2

323.6 322.0

me�0
3

2248.8 2331.1

me�0
4

2248.8 2331.2

me�±
1

323.8 322.2

me�±
2

2249.8 2332.2

⌦e�0
1
h2 0.116 0.120

�Proton
SI /10�14pb 2.987 1.055

�Neutron
SI /10�14pb 3.249 0.986

Table 1: GUT-scale inputs together with resulting physical masses and relevant TeV-scale

parameters for our two MFV reference scenarios. The first one is very similar to BP4 from [25],

subject to small corrections, the second one features higher smuon and neutralino masses.

Further squark and slepton masses which are beyond the reach of current experiments are not

shown. Unless otherwise illustrated, dimensionful quantities are given in GeV. Proton and

Neutron cross-sections are for dark matter direct detection.
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SUSY SU(5)xA4 @LHC 

The SU(5) gauge group may be broken to the SM by a Higgs multiplet in the 24

representation developing a VEV,

SU(5) ! SU(3)C ⇥ SU(2)L ⇥ U(1)Y , (2.2)

with

5 = dc(3,1, 1/3) � L(1,2,�1/2), (2.3)

10 = uc(3,1,�2/3) � Q(3,2, 1/6) � ec(1,1, 1), (2.4)

where (Q, uc, dc, L, ec) is a complete quark and lepton SM family. Higgs doublets Hu and

Hd, which break EW symmetry in a two Higgs doublet model, may arise from SU(5)

multiplets H5 and H5, providing the colour triplet components can be made heavy. This

is known as the doublet-triplet splitting problem.

When A4 family symmetry is combined with SU(5), it is quite common to unify the

three families of 5̄ ⌘ F ⌘ (dc, L) into a triplet of A4, with a unified soft mass mF , while

the three 10i ⌘ Ti ⌘ (Q, uc, ec)i representations are singlets of A4 with independent soft

masses mT1, mT2, mT3 [49–53]. For simplicity, we will assume that at the GUT scale we

have mF = mHu = mHd , where mHu and mHd are the mass parameters of the MSSM Higgs

doublets.

In the considered SU(5) ⇥ A4 model we then have the soft scalar masses:

mF = mD̃c
i

= mL̃i
= mHu = mHd ,

mT1 = mQ̃1
= mŨ1

c = mẼ1
c ,

mT2 = mQ̃2
= mŨ2

c = mẼ2
c ,

mT3 = mQ̃3
= mŨ3

c = mẼ3
c . (2.5)

Notice that the stop mass parameters are completely contained in mT3, while the right-

handed smuon mass arises from mT2, and so on.

3 MSSM One-loop contributions to �aµ

The Feynman diagrams for the one-loop contributions to �aµ in the MSSM are shown

in figure 1 with the respective expression for each diagram given by equations 3.1a – 3.1e

[15, 24].

– 3 –

SUSY breaking 
masses at MGUT 

Light charginos, 
neutralinos and 

RH smuons



Jordan Bernigaud, Bjorn Herrmann, SFK, Samuel J. Rowley (in progress)

Parameters Scenario 1 Scenario 2 Most constraining obs. 1 Most constraining obs. 2

(�T )
12

[-0.015, 0.015] [-0.12, 0.12]† µ ! 3e, µ ! e�, ⌦�̃0
1
h2 ⌦�̃0

1
h2, µ ! e�

(�T )
13

]-0.06, 0.06[ [-0.3, 0.3]† ⌦�̃0
1
h2 ⌦�̃0

1
h2

(�T )
23

[0, 0]⇤ [-0.1, 0.1†] ⌦�̃0
1
h2, µ ! 3e, µ ! e� ⌦�̃0

1
h2, µ ! 3e, µ ! e�,

(�F )
12

[-0.008, 0.008] [-0.015, 0.015]† µ ! 3e, µ ! e� µ ! 3e, µ ! e�

(�F )
13

]-0.01, 0.01[ [-0.15, 0.15]† µ ! e� µ ! 3e, µ ! e�

(�F )
23

]-0.015, 0.015[ [-0.15, 0.15]† µ ! e�, ⌦�̃0
1
h2 ⌦�̃0

1
h2, µ ! e�, µ ! 3e

(�TT )
12

[-3, 3.5] ⇥10�5 [-1, 1.5]† ⇥10�3 prior prior, ⌦�̃0
1
h2

(�TT )
13

]-6, 7] ⇥10�5 [-4, 2.5]† ⇥10�3 prior, ⌦�̃0
1
h2 prior, ⌦�̃0

1
h2

(�TT )
23

]-0.5, 4[ ⇥10�5 [-0.25, 0.2]† prior, ⌦�̃0
1
h2 prior, ⌦�̃0

1
h2

(�FT )
12

[-0.0015, 0.0015] [-1.2, 1.2]† ⇥10�4 ⌦�̃0
1
h2 µ ! 3e, ⌦�̃0

1
h2, µ ! e�

(�FT )
13

]-0.002, 0.002[ [-5, 5] ⇥10�4 ⌦�̃0
1
h2 ⌦�̃0

1
h2, µ ! 3e, µ ! e�

(�FT )
21

[0,0]* [-1.2, 1.2]† ⇥10�4 prior ⌦�̃0
1
h2, prior

(�FT )
23

]-0.0022, 0.0022[ [-6, 6]† ⇥10�4 ⌦�̃0
1
h2 µ ! 3e, ⌦�̃0

1
h2, µ ! e�

(�FT )
31

]-0.0004, 0.0004[ [-2, 2]† ⇥10�4 ⌦�̃0
1
h2 ⌦�̃0

1
h2

(�FT )
32

[0,0]* [-1.5, 1.5] ⇥10�4 prior ⌦�̃0
1
h2

Table 4: Estimated allowed ranges for GUT scale flavour-violation for both reference scenarios

and impactful constraints. Where parentheses are shown open, we scan up to these values

but, even if we noticed some impact from the constraints, it seems that the allowed region can

be larger. The observables are set in order from the most constraining to the least constrain-

ing. A

⇤
denotes parameters fixed to 0 in order to satisfy LSP and physical mass spectrum

requirements. A parameter that is bounded by ‘prior’ is a↵ected only be LSP and physical

mass constraints

4.2 Scan Around Scenario 1

Here are discussed in detail the results for the full NMFV scan around the Scenario 1
reference point. Note that MFV parameters were held at their Scenario 1 values and
remain unaltered throughout the entirety of the scan. First, we motivate the requirement
for a multi-dimensional scan:

4.2.1 Individual Parameter Scans VS Simultaneous Scans

Here we illustrate the requirement to scan over all NMFV parameters simultaneously,
rather that scanning over a single parameter at a time. Cancellations between parameters
can give rise to viable regions of parameter space that would otherwise be excluded by a
more simplistic scan. We choose three arbitrary parameters on which to show this e↵ect:
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Phenomenological
hints from B physics

Low scale theories of flavour

Part II



NP?

20

• 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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NP?

20

• 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))



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

R(K) =
B+ ! K+µ+µ�

B+ ! K+e+e�
<latexit sha1_base64="HiageeiV6TJlCRqJ2xYeaYYLtbg="></latexit><latexit sha1_base64="HiageeiV6TJlCRqJ2xYeaYYLtbg="></latexit><latexit sha1_base64="HiageeiV6TJlCRqJ2xYeaYYLtbg="></latexit><latexit sha1_base64="HiageeiV6TJlCRqJ2xYeaYYLtbg="></latexit>

R(K⇤) =
B0 ! K⇤0µ+µ�

B0 ! K⇤0e+e�
<latexit sha1_base64="8dTDaAjQtM9dCZFHw7z/LCm/+Ms="></latexit><latexit sha1_base64="8dTDaAjQtM9dCZFHw7z/LCm/+Ms="></latexit><latexit sha1_base64="8dTDaAjQtM9dCZFHw7z/LCm/+Ms="></latexit><latexit sha1_base64="8dTDaAjQtM9dCZFHw7z/LCm/+Ms="></latexit>
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R(K) and R(K*) results
LHCb focusses on the q2 regions with reliable theoretical predictions and 
small contributions from the resonant modes. Precision limited by statistics.

Run 1 Run 1

Deviation from Standard Model

PACTS 
Tallinn 2018

B-anomalies  
Experimental overview

Siim Tolk
on behalf of the LHCb collaboration



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 

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
CLL

bs (s̄L�µbL)
2 + h.c.

i
,

(14)
where CLL

bs is a Wilson coe�cient to be matched with
ultraviolet (UV) models, and which enters Eq. (11) as

�MExp

s

�MSM

s

=

�����1 +
CLL

bs

Rloop

SM

����� , (15)

where

Rloop

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 (�C

µ
9

Oµ
9

+ �Cµ
10

Oµ
10

) + h.c. , (17)

with

Oµ
9

=
↵

4⇡
(s̄L�µbL)(µ̄�

µµ) , (18)

Oµ
10

=
↵

4⇡
(s̄L�µbL)(µ̄�

µ�
5

µ) . (19)

2 Similar scenarios leading to  > 0 were considered in 2016 by
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where ⌘LL(MZ0) encodes the running down to the bot-
tom mass scale using NLO anomalous dimensions [80,
81]. E.g. for MZ0 2 [1, 10] TeV we find ⌘LL(MZ0) 2
[0.79, 0.75].

3 These include for instance B(Bs ! µ+µ�) which is particularly
constraining in the case of pseudo-scalar mediated quark transi-
tions (see e.g. [79]).
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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
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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,
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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�
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Together, Eqs. (26) and (27) imply the constraint on the parameters gbb, gµµ and MZ0 :

gbbgµµ
M2

Z0
⇡ 1
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Bs � Bs mixing
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Figure 6: Particles that can mediate RK at tree level: a Z 0 or a lepto-quark, scalar or vector.

and therefore one needs to consider the associated experimental constraints. The first operator
a↵ects Bs mass mixing for which the relative measurements, together with CKM fits, imply
cBSM

bLbL
= (�0.09 ± 0.08)/(110 TeV)2 , i.e. the bound |cBSM

bLbL
| < 1/(210 TeV)2 [35, 36]. The second

operator is constrained by CCFR data on the neutrino trident cross section, yielding the weaker
bound |cBSM

µL⌫µ
| < 1/(490 GeV)2 at 95% C.L. [37]. Furthermore, new physics that a↵ects muons

can contribute to the anomalous magnetic moment of the muon. Experiments found hints of a
possible deviation from the Standard Model with �aµ = (24 ± 9) · 10�10 [38].

4.1 Models with an extra Z 0

Models featuring extra Z 0 to explain the anomalies are very popular, see the partial list of
references [39–58]. Typically these models contain a Z 0 with mass MZ0 savagely coupled to

[gbs(s̄�µPLb) + h.c.] + gµL(µ̄�µPLµ) . (22)

The model can reproduce the flavour anomalies with cbLµL = �gbsgµL/M2

Z0 as illustrated in
figure 6a. At the same time the Z 0 contributes to the Bs mass mixing with cbLbL = �g2

bs/2M
2

Z0 .
The bound from �MBs can be satisfied by requiring a large enough gµL in order to reproduce
the b ! s`+`� anomalies. Left-handed leptons are unified in a SU(2)L doublet L = (⌫L, `L),
such that also the neutrino operator cµL⌫µ = �g2

µL
/M2

Z0 is generated. However the latter does
not yield a strong constraint on gµL .

Another possibility is for the Z 0 to couple to the 3-rd generation left-handed quarks with
coupling gt and to lighter left-handed quarks with coupling gq. The coupling gbs arises as
gbs = (gt � gq)(UQd

)ts after performing a flavour rotation UQd
among left-handed down quarks

to their mass-eigenstate basis. The matrix element (UQd
)ts is presumably not much larger

than Vts and possibly equal to it, if the CKM matrix V = UQuU
†
Qd

is dominated by the rotation
among left-handed down quarks, rather than by the rotation UQu among left-handed up quarks.

Then, the parameter space of the Z 0 model gets severely constrained by combining per-
turbative bounds on gµL . In addition the LHC bounds on pp ! Z 0 ! µµ̄ can be relaxed by
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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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RK, RK*

RK, RK*

Comment on signs: gbb, gµµ > 0, gbs = gbbVts < 0
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The important point is that the Z 0 couplings of the SM quarks in Eqs.21,22 are controlled
by the same mixing angles that control their Yukawa couplings, in the same basis Eq.16,
but are second order in these mixing angles. Thus while the large top quark Yukawa
coupling implies that sQ34 ⇠ 1 and hence the Z 0 couples in an unsuppressed way to the
third family quark doublet Q3 = (tL, bL), there are no couplings to the first or second
family quark doublets Q1 = (uL, dL), Q2 = (cL, sL) in the basis of Eq.16. Moreover, the
small value of the Yukawa coupling of the charm quark yc ⇠ ✓u

c

24 ⇠ mc/mt implies that
the cR coupling to Z 0 is suppressed by (✓u

c

24)
2 ⇠ (mc/mt)2 ⇠ 10�4 in this basis. The

sR coupling to Z 0 is similarly suppressed, so there there is a negligible contribution to
K0 � K̄0 mixing for M 0

Z ⇠ 1 TeV.

2.8 Phenomenology

One way to explain the muon anomalies especially RK(⇤) is via the couplings

L � Z 0
µ (gbss̄L�

µbL + gµµµ̄L�
µµL) , (23)

where in our model of quarks the above Z 0 coupling originates from gbbb̄L�µbL where
gbb = g0(sQ34)

2 from Eq.22, where this coupling is in the basis where the quark Yukawa
matrices are given by Eq. 8 (or equivalently Eq. 16). The CKM matrix for the quarks
may be constructed in the usual way, by diagonalising these Yukawa matrices,

VuLy
uV †

uR = diag(yu, yc, yt), VdLy
dV †

dR = diag(yd, ys, yb) (24)

to yield the unitary 3⇥ 3 CKM matrix,

VCKM = VuLV
†
dL. (25)

The previous assumption of this model that MQ
4 ⌧ Mdc

4 ⌧ Muc

4 implies that the CKM
mixing originates predominantly from the down sector, hence to good approximation,

VCKM ⇡ V †
dL. (26)

This implies that in the diagonal quark mass basis, the o↵-diagonal quark coupling in
Eq. 23 is generated with

gbs = g0(sQ34)
2(V 0†

dL)32 ⇡ g0(sQ34)
2Vts. (27)

In our model, we expect sQ34 ⇠ 1/
p
2, say, due to the large top Yukawa coupling, with the

gauge coupling g0 ⇠ 1 and Vts ⇠ �0.04 (in the usual PDG convention for VCKM) and so
from Eq.27,

gbs = g0(sQ34)
2Vts ⇠ � 1

50
. (28)

We have not yet specified the lepton sector so we do not yet know the value of gµµ. In fact
we will be guided by these anomalies in our construction of the lepton sector. However
we remark that it will have the same relative sign as gbb (positive in our convention),
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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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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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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.
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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:
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(31.5 TeV)2
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We can express the coe�cient Gbsµ as function of the couplings in Eq. 25,

Gbsµ = �gbsgµµ
M2
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Together, Eqs. (26) and (27) imply the constraint on the parameters gbb, gµµ and MZ0 :

gbbgµµ
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(6.4 TeV)2
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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:
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Such 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
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2
(¯̀L�
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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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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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Figure 2: The parameter space in the (gµµ,mZ0) plane compatible with RK(⇤) anomalies and
flavour constraints (white). We show the recent Bs mixing constraints (light blue), the trident
bounds (orange), the Z ! 4µ limits (pink) as well as the expected limits from µ ! e� for several
values of |V 0

eL|21 (black dashed).

The contribution of Z 0 to the muon magnetic moment is given by

�

µ

g�2 =
1

12⇡2
m2

µ

✓
g
µµ

M
Z

0

◆2

. (3.12)

The measured discrepancy of the muon magnetic moment is �

µ

g�2 = (290 ± 90) ⇥ 10

�11

[69]. This sets weaker limits on the ratio g
µµ

/M
Z

0 than the trident production.
Next, Z 0 exchange generates the effective interaction between b-quarks and muons:

Leff � G
bµ

(

¯b
L

�µb
L

)(µ̄
L

�
µ

µ
L

), G
bµ

= �g
bb

g
µµ

M2
Z

0
= � 1

(6.4 TeV)

2
, (3.13)

where we used Eq. 3.3. The operator in Eq. 3.13 is constrained by lepton flavour universality
of upsilon meson decays [70]. Focusing on the ⌥1s state, given the measured ratio [71]

R⌧/µ

1s =

�(⌥1s ! ⌧+⌧�)

�(⌥1s ! µ+µ�
)

= 1.008± 0.023, (3.14)

and the SM prediction is R⌧/µ

1s = 0.9924, one finds the constraint

� 1

(150 GeV)

2
< G

bµ

<
1

(190 GeV)

2
@95%CL. (3.15)

This is automatically satisfied in our model in the parameter space where the R
K

(⇤) anomalies
are explained.
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and the CP conjugated right-handed electroweak singlets,  c
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H i 
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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
non-zero charge under the associated U(1)0 gauge group,

LZ0

eff =

 
h�†

ii
⇤0 

i,n

!n 
h�ji
⇤0 

j,m

!m

g0Z 0
µ 

†
i�

µ j + ( !  c) (2)

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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Example of Flavourful  Z’ model
Introduce a vector-like fourth family 

which carries U(1)’ charge 
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Figure 1: Diagrams in the model which lead to the e↵ective Yukawa couplings in the mass
insertion approximation.
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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),
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y i4H i 
c
j +

x i h�i
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4
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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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Usual three families do not carry U(1)’ charge 
but couple to Z’ via fourth family mixing
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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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RK(*) and the origin of Yukawa couplings

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

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
⌫c
i 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
⌫c
4 1 1 0 1

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
⌫c
4 1 1 0 �1

� 1 1 0 1

Hu 1 2 1/2 �1
Hd 1 2 �1/2 �1

Table 1: The model consists of three left-handed chiral families  i = Qi, Li and  c
i =

uc
i , d

c
i , e

c
i , ⌫

c
i (i = 1, 2, 3), plus a fourth vector-like family consisting of  4, 

c
4 plus  4, c

4,
together with the U(1)0 breaking scalar fields � and the two Higgs scalar doublets Hu, Hd

which are both negatively charged under U(1)0.

5

2 The model

2.1 The renormalisable Lagrangian

The model we consider here is defined in Table 1. The model involves three chiral
families  i(0), c

i (0), plus a fourth vector-like family consisting of  4(1), c
4(1) plus the

conjugate representations  4(�1), c
4(�1), where the U(1)0 charges are shown in paren-

theses. The gauged U(1)0 is broken by the singlet scalars �(1), with vacuum expectation
values (VEVs) around the TeV scale, yielding a massive Z 0 at this scale. Since the Higgs
doublets H(�1) are charged under the U(1)0, this forbids all Yukawa couplings, except
those which couple the first three families to the fourth family.

A similar model was proposed as a model of e↵ective Yukawa couplings in [26]. The main
di↵erence is that the model here involves a gauged U(1)0 resulting in e↵ective Yukawa and
flavourful Z 0 couplings as in Eqs.1 and 2 which are related, while in [26] only the e↵ective
Yukawa couplings were considered. A welcome consequence of this is that, unlike [26], we
shall not require an additional Z2 symmetry to forbid renormalisable Yukawa couplings.
Instead such couplings are forbidden by the gauged U(1)0 under which the fourth vector-
like family and Higgs doublets are charged. In addition, we shall go beyond the mass
insertion approximation of [26], which breaks down for the top quark Yukawa coupling.
Another di↵erence is that the model in [26] was supersymmetric, while our model here is
not. However we require two Higgs doublets Hu, Hd, both with negative U(1)0 charge.
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Figure 1: Diagrams in the model which lead to the e↵ective Yukawa couplings in the mass
insertion approximation, where H = Hu, Hd.

The allowed renormalisable Yukawa couplings and explicit masses allowed by U(1)0 are,

Lren = y i4H i 
c
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c
i + x i � i 4 + x 

c
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c
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c
4 +M 

4  4 4 +M c

4  c
4 

c
4 (3)

plus H.c., summed over fields and families, where x, y are dimensionless coupling con-
stants ideally of order unity, while M are explicit mass terms of order a few TeV.
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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),
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M c

4

y i4H i 
c
j +

x i h�i
M 

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,

LZ0

eff =
x i h�i
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g0Z 0
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†
i�

µ j +
x 

c

i h�i
M c

4
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j h�i
M c
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g0Z 0
µ 

c†
i �

µ c
j (5)

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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RK(*) and the origin of Yukawa couplings

Field SU(3)c SU(2)L U(1)Y U(1)0
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together with the U(1)0 breaking scalar fields � and the two Higgs scalar doublets Hu, Hd

which are both negatively charged under U(1)0.
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2.1 The renormalisable Lagrangian

The model we consider here is defined in Table 1. The model involves three chiral
families  i(0), c

i (0), plus a fourth vector-like family consisting of  4(1), c
4(1) plus the

conjugate representations  4(�1), c
4(�1), where the U(1)0 charges are shown in paren-

theses. The gauged U(1)0 is broken by the singlet scalars �(1), with vacuum expectation
values (VEVs) around the TeV scale, yielding a massive Z 0 at this scale. Since the Higgs
doublets H(�1) are charged under the U(1)0, this forbids all Yukawa couplings, except
those which couple the first three families to the fourth family.

A similar model was proposed as a model of e↵ective Yukawa couplings in [26]. The main
di↵erence is that the model here involves a gauged U(1)0 resulting in e↵ective Yukawa and
flavourful Z 0 couplings as in Eqs.1 and 2 which are related, while in [26] only the e↵ective
Yukawa couplings were considered. A welcome consequence of this is that, unlike [26], we
shall not require an additional Z2 symmetry to forbid renormalisable Yukawa couplings.
Instead such couplings are forbidden by the gauged U(1)0 under which the fourth vector-
like family and Higgs doublets are charged. In addition, we shall go beyond the mass
insertion approximation of [26], which breaks down for the top quark Yukawa coupling.
Another di↵erence is that the model in [26] was supersymmetric, while our model here is
not. However we require two Higgs doublets Hu, Hd, both with negative U(1)0 charge.
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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),
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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
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summed over fields and families, which can be compared to Eq.2. The above model is
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RK(*) and the origin of Yukawa couplings

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

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
⌫c
i 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
⌫c
4 1 1 0 1

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
⌫c
4 1 1 0 �1

� 1 1 0 1

Hu 1 2 1/2 �1
Hd 1 2 �1/2 �1

Table 1: The model consists of three left-handed chiral families  i = Qi, Li and  c
i =

uc
i , d

c
i , e

c
i , ⌫

c
i (i = 1, 2, 3), plus a fourth vector-like family consisting of  4, 

c
4 plus  4, c

4,
together with the U(1)0 breaking scalar fields � and the two Higgs scalar doublets Hu, Hd

which are both negatively charged under U(1)0.
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2 The model

2.1 The renormalisable Lagrangian

The model we consider here is defined in Table 1. The model involves three chiral
families  i(0), c

i (0), plus a fourth vector-like family consisting of  4(1), c
4(1) plus the

conjugate representations  4(�1), c
4(�1), where the U(1)0 charges are shown in paren-

theses. The gauged U(1)0 is broken by the singlet scalars �(1), with vacuum expectation
values (VEVs) around the TeV scale, yielding a massive Z 0 at this scale. Since the Higgs
doublets H(�1) are charged under the U(1)0, this forbids all Yukawa couplings, except
those which couple the first three families to the fourth family.

A similar model was proposed as a model of e↵ective Yukawa couplings in [26]. The main
di↵erence is that the model here involves a gauged U(1)0 resulting in e↵ective Yukawa and
flavourful Z 0 couplings as in Eqs.1 and 2 which are related, while in [26] only the e↵ective
Yukawa couplings were considered. A welcome consequence of this is that, unlike [26], we
shall not require an additional Z2 symmetry to forbid renormalisable Yukawa couplings.
Instead such couplings are forbidden by the gauged U(1)0 under which the fourth vector-
like family and Higgs doublets are charged. In addition, we shall go beyond the mass
insertion approximation of [26], which breaks down for the top quark Yukawa coupling.
Another di↵erence is that the model in [26] was supersymmetric, while our model here is
not. However we require two Higgs doublets Hu, Hd, both with negative U(1)0 charge.
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Figure 1: Diagrams in the model which lead to the e↵ective Yukawa couplings in the mass
insertion approximation, where H = Hu, Hd.

The allowed renormalisable Yukawa couplings and explicit masses allowed by U(1)0 are,
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plus H.c., summed over fields and families, where x, y are dimensionless coupling con-
stants ideally of order unity, while M are explicit mass terms of order a few TeV.
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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),
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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
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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
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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
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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.
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2.2 Mass insertion approximation
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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.
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RK(*) and the origin of Yukawa couplings

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

Qi 3 2 1/6 0
uc
i 3 1 �2/3 0

dci 3 1 1/3 0
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i 1 1 0 0
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Table 1: The model consists of three left-handed chiral families  i = Qi, Li and  c
i =
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together with the U(1)0 breaking scalar fields � and the two Higgs scalar doublets Hu, Hd

which are both negatively charged under U(1)0.
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2 The model

2.1 The renormalisable Lagrangian

The model we consider here is defined in Table 1. The model involves three chiral
families  i(0), c

i (0), plus a fourth vector-like family consisting of  4(1), c
4(1) plus the

conjugate representations  4(�1), c
4(�1), where the U(1)0 charges are shown in paren-

theses. The gauged U(1)0 is broken by the singlet scalars �(1), with vacuum expectation
values (VEVs) around the TeV scale, yielding a massive Z 0 at this scale. Since the Higgs
doublets H(�1) are charged under the U(1)0, this forbids all Yukawa couplings, except
those which couple the first three families to the fourth family.

A similar model was proposed as a model of e↵ective Yukawa couplings in [26]. The main
di↵erence is that the model here involves a gauged U(1)0 resulting in e↵ective Yukawa and
flavourful Z 0 couplings as in Eqs.1 and 2 which are related, while in [26] only the e↵ective
Yukawa couplings were considered. A welcome consequence of this is that, unlike [26], we
shall not require an additional Z2 symmetry to forbid renormalisable Yukawa couplings.
Instead such couplings are forbidden by the gauged U(1)0 under which the fourth vector-
like family and Higgs doublets are charged. In addition, we shall go beyond the mass
insertion approximation of [26], which breaks down for the top quark Yukawa coupling.
Another di↵erence is that the model in [26] was supersymmetric, while our model here is
not. However we require two Higgs doublets Hu, Hd, both with negative U(1)0 charge.
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plus H.c., summed over fields and families, where x, y are dimensionless coupling con-
stants ideally of order unity, while M are explicit mass terms of order a few TeV.
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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),
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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 
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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.
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summed over fields and families, which can be compared to Eq.2. The above model is
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the kind discussed in the Introduction, namely one in which Yukawa and Z 0 couplings
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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.
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Figure 2: Diagrams in the model which lead to the e↵ective Z 0 couplings in the mass insertion
approximation.
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Finale

Theories of Flavour near Planck Scale
• Well motivated by SUSY GUTs
• Include discrete family symmetry from orbifolding 
• Many possibilities - hard to test (but Littlest Seesaw)
• Need to discover SUSY!

Theories of Flavour near Electroweak scale
• Motivated by anomalies in B physics
• Many phenomenological constraints
• Models under construction 

The Flavour Problem
• Not going away - biggest problem of SM ? 
• More interesting since neutrino mass & mixing 


