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1. Introduction

The Standard Model (SM) has almost thirty parameters, most of them arising from the unspec-
ified Higgs Yukawa couplings. This motivates theories of flavour beyond the SM. Here we shall
consider one simple example where the usual Higgs Yukawa couplings with the three families of
chiral fermions are forbidden by some symmetry, which is broken by some new scalar field (¢),
allowing the Higgs Yukawa couplings to arise effectively from mixing with a vector-like fourth
family [1]. In principle the mass of the vector-like fourth family My (i.e. the flavour scale in this
example) may be anywhere from the Planck scale to the electroweak scale, providing that the ratios
(¢) /My which govern the Yukawa couplings are held fixed.

The LHCb Collaboration [2] and other experiments have reported a number of anomalies in
B — KW~ decays such as the Rg and Rk~ ratios of u ™ to ete~ final states, which are ob-
served to be about 80% of their expected values with a 2.5¢ deviation from the SM. Such anomalies
may be accounted for by a new physics operator of the form [2] by Y*s;. Az Yy Mz, with a coefficient
A% where A ~ 30 TeV. This hints that there may be new physics arising from the non-universal
couplings of leptoquarks and/or Z' in order to generate such an operator. However the introduc-
tion of these new particles increases the parameter count still further, and only serves to make the
flavour problem of the SM worse.

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

2. Model of flavour and R+, with leptoquarks and Z’

Consider the model in Table 1 with a vector-like fourth family of fermions of mass My [1].
The model also involves a gauged U(1)’, which is broken by a singlet ¢ leading to a massive Z’
with non-universal couplings [3, 4, 5]. We have also included a scalar leptoquark triplet S3 of mass
Mg, [6, 7]. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z’ model [5] and the leptoquark model [7], where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral families
of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or Z’ (since
they are neutral under U(1)’). However, as we shall see, such couplings are generated via mixing
with the vector-like fourth family, thereby relating all these couplings to each other.

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets H, 4. This was first discussed
in [1], where a Z, symmetry prevented the usual Yukawa couplings. Here it is the gauged U (1)’
which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U (1)’ charge —1 can couple a chiral fermion
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Table 1: The model consists of three chiral fermion families, one ~ Table 2: Effective Higgs couplings (upper
vector-like fermion family and two Higgs scalar doublets. The two) (where H = H, 4, W; = Q;,L; and yf =
gauged U (1)’ is broken by a singlet ¢ leading to a massive Z'. We u$,d¢, e), leptoquark couplings (middle) and Z’

%%
also include a scalar leptoquark triplet S3. couplings (lower two).

to a vector-like fourth family fermion with U (1)’ charge 41, controlled by new Yukawa couplings
yai. The U(1)" also allows the scalar singlet ¢ to couple a chiral fermion to a vector-like fourth fam-
ily fermion, controlled by new Yukawa couplings x;. These couplings generate the 3 x 3 effective
Yukawa matrices, via the upper diagrams in Table 2, in a particular basis [1]:

d d
00 0 ) 0¢&, &
eu e,u e,u _ d d
yij = | 0 &3 €3 s V=108, &5 ) 2.1)
eu eu e,u d d d
0 &) y33 +&; 0 &5, ¥5;3 + &35

where the effective Yukawa couplings €;; are defined as 8fdeL,-e;1, ef‘jHuQ,-uji, sfledQ,-d;', and are
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4o 1 /Mf’”c"dc. These couplings are sup-

given by the upper left diagrams in Table 2, hence &"
pressed &;; < y33, assuming Mi’Q < Mjc’”c’dc (see [1] for more details).
To leading order the dominant third family Yukawa couplings are given by the upper right

diagrams in Table 2,

x5(9) £(9) 0 g [5e)
Yo Y53~ Vi3 < I > VR Y53 A Vs o | YTV Va3 0 (2.2)
M; M My

where the effective Yukawa couplings are defined for the two Higgs doublet model as y5;HyL3es,
v33H,Q3u5 and y§3HdQ3d§ . In this basis, only the third family Yukawa couplings originate from
such diagrams [1].

Interestingly, the fourth family vector-like neutrinos provide a new contribution to neutrino
mass via the type Ib seesaw' diagram in Fig. 1 (left) [8]. Below the mass scale of the fourth
family of vector-like neutrinos, this leads to a new Weinberg operator for neutrino mass of the form
M%YCHMI:IdL,-Lj involving the two different Higgs doublets H,, H,, where the charge conjugated
doublet H; = —iopHj, and Hj is the complex conjugate of Hy. For more details including a
phenomenological analysis see [8].

Figure 1: The fourth family vector-like neutrinos allows a new contribution to neutrino mass via a diagram
involving two different Higgs doublets H,, Hy (left), which we refer to as the type Ib seesaw mechanism.
The leptoquark S3 contributes to R+ at tree-level (centre), and to By mixing at one loop (right).

2.2 The leptoquark couplings

We now consider the couplings involving the scalar leptoquark triplet Sz as discussed in [7].
The assigned U (1)’ charges allow the renormalisable leptoquark coupling, A453Q4L4, involving
the fourth family, but not the first three families. The middle diagram in Table 2 generates a single
effective leptoquark coupling, which involves the third family (only) in the same basis as Eq.2.1 [7]:

xL o e U
Ay ( 3<¢>) <Xj\/1<(9p>> S303L3 ~ A4 <y23) ())1343) S303L3 = y7y1S303L3 (23)

T
M, h Va3 Y43

where the first equality in Eq.2.3 has used Eq.2.2, and the second equality sets y4; =~ A4 ~ 1.
Effective leptoquark couplings to first and second family quarks and leptons are generated

when the Yukawa matrices in Eq.2.1 are diagonalised and so are suppressed by &;;/y33. Since

down quark mixing is larger than up quark mixing (due to the milder mass hierarchy), we assume

I'We refer to the seesaw mechanism involving two different Higgs doublets H,,, H; as type Ib to distinguish it from
the usual seesaw mechanism involving two identical Higgs doublets H,, which we refer to as type Ia.
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62d3 ~ Vj,, while the analogous charged lepton mixing angle 65, is similarly small. Hence in the
diagonal Yukawa basis we have leptoquark couplings involving the left-handed lepton doublets
Ly = (v, 7)], Ly = (vy, )], and quark doublets Q3 = (¢,b)], 0> = (c,s)7, from Eq.2.3, assuming
=,

ye8303L3,  yVisS30aLs,  y:0335303L2,  ye053VisS30alo, ... (2.4)

Thus, after a number of reasonable dynamical assumptions, we have obtained the leptoquark cou-
plings in Eq.2.4 in terms of Yukawa couplings and mixing angles.

The leptoquark couplings in Eq.2.4 have a number of interesting phenomenological implica-
tions, mainly due to the the couplings of the electric charge +4/3 component of S5 to the physical
left-handed down quark and charged lepton mass eigenstates

AoeS3brtr,  AgeS3sptr,  ApuS3brpir,  AguS3spir, (2.5)

Mor R yr, A =YV, 2‘bu ~ y7053, lsu ~ yr053Vis. (2.6)

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

Aophsy _ y3(653)*Vis 11
M? M2 (35 TeV)?
S3 S3

2
— y3(65)* ~2.2x 1072 (11‘%\]) : 2.7)
using Vs =~ 4.0 x 1072, which requires quite a large y; ~ 1 (i.e. large tan = (H,)/(H;)) and a
large mixing angle 05; ~ 0.1, together with a low leptoquark mass Mg, ~ 1 TeV, close to current
LHC limits [7].
On the other hand, B; mixing only occurs at one loop, via the (right) diagram in Fig.1, domi-
nated by 7 exchange, leading to the 2015 bound [7]

(lsrlbr)z ~ yin% < 1
16m2M;  16m2M7% — (140 TeV)?
3 3

2
M
<50 2.
e <30 Ty 28
which is satisfied even for large y; ~ 1 with Mg, ~ 1 TeV. However the stronger 2017 bound with
scale of 770 TeV instead of 140 TeV implies a bound of y‘} <0.16 for Mg, = 1 TeV [7].

2.3 The Z' couplings

We now consider the couplings involving the Z’ as discussed in [5]. Although the chiral
fermions do not carry U (1)’ charges, the lower diagrams in Table 2 generate effective Z’ couplings
to chiral fermions, via the vector-like fourth family fermions which do carry U (1)’ charges (which
are trivially anomaly free). The Z’ couplings in the basis of Eq.2.1 are dominated by left-handed
couplings to the third family [5], 2

187, 057" Qs +y28'Z, Liy* Ls, (2.9)

2Unlike the leptoquark case, there are also small Z’ couplings to the right-handed fermions, in the basis of Eq.2.1,
gltelig'Zy uld rHus, 8f’jsfig’ Z,d; i S, gfi€58'Z, efT ¢S, which are second order in the small Yukawa couplings. Thus,
the small value of the Yukawa coupling of the charm quark implies that the cg coupling to Z’ is suppressed by (m./ mt)2 ~
10~% in this basis. The sg coupling to Z’ is similarly suppressed, so there there is a negligible contribution to Ky — K

mixing for M), ~ 1 TeV.
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The Z' couplings in Eq.2.9 are analogous to the case of the third family leptoquark couplings
in Eq.2.3, with no couplings to the first or second family in the basis of Eq.2.1. However, flavour
changing couplings involving the quark doublets Q3 = (t,b)T, 02 = (c,s)T, will be generated when
the Yukawa matrices in Eq.2.1 are diagonalised,

VEZ 00— ViZ, 0l Qa, VAZLOIWQr, ... = ViZibiYMse, ... (2.10)

Similarly the operator y2g’ Z"iLg}/“L3 in Eq.2.9 leads to flavour changing couplings involving the
lepton doublets L3 = (v, 7)!, Ly = (v, 1t)], controlled by a left-handed lepton mixing 65,

953)’%%14;7’”[127 (9283)2)’%2&@7’”142 N 9283)’521{‘727’“#& (9263)2)’3211#27“ ML (2.11)

where we have taken y; ~ g’ = 1. The couplings in Egs.2.10, 2.11 control the Z’ exchange diagrams
in Fig.2 which contribute to Ry (left), to By mixing (centre) and to T — pup (right).

b Iz T H

b b

Figure 2: These Z' exchange diagrams contribute to Ry (left), to B, mixing (centre) and to T — uup
(right). The couplings are defined as gthLbZ}/“SL, SuuZy by Y* g and g7y, rZy"‘ ur.

The Z’ contributes to R+ at tree-level, via the (left) diagram in Fig.2, where the requirement
to explain the anomaly (ignoring the contribution from the leptoquark) is [5]

Suugps _ ¥i(053)*Vis 11
M2, M, (35 TeV)?

2
_ Mz
— y2(65)* ~2.2x 10 2<1TeV) , (2.12)
using V;s ~ 4.0 x 1072, which is analogous to the expression we obtained for the leptoquark in
Eq.2.7. As before, this requires quite a large y; ~ 1 (i.e. large tanf3 = (H,)/(H,;)) and a large
mixing angle 655 ~ 0.1, together with a low mass Mz ~ 1 TeV, close to current LHC limits [4].

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

8bs8bs ~ Vz% < 1
MZ Mz ~ (140 TeV)?

— My > V(140 TeV) = 5.6 TeV (2.13)

However the stronger 2017 bound with scale of 770 TeV instead of 140 TeV implies a bound of
Mz > 31 TeV, which seems incompatible with the Ry ) requirement in Eq.2.12.

Moreover T — uuu is mediated by tree-level Z' exchange as in the (right) diagram in Fig.2,
leading to the bound [4],

8wu8up (653)°y2
M2 M2~ (16 TeV)?

2
s My
—yH0%)* <4.0x10 3<1TeV> . (2.14)
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Writing gz, = gupu/ 655, the bounds on B, mixing and T — pup may be written as:

e \1/2
8bs 1 S (653) 2.15)
My — (140 TeV)" Mz — (16 TeV)
which may be combined, leading to a bound * on the contribution to R K(*)s
Sup 8bs (953)1/2 _ (9263)1/2 (2.16)

My My ~ (140 TeV)(16 TeV) (47 TeV)?

which is somewhat less than the i required in Eq.2.12 to explain the anomaly. Moreover,

L1
(35 Tev

e \1/2
the stronger 2017 bound with scale of 770 TeV instead of 140 TeV implies a bound of %,

which is significantly less than the W required to explain the anomaly.

3. Summary and Conclusion

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

In particular, we have here combined the Z' model [5] and the leptoquark model [7], including
also a vector-like fourth family of fermions, as a possible explanation of Ry). The idea of these
models is that the Yukawa couplings are generated by the same physics that generates the Z’' and
leptoquark couplings, namely mixing with the vector-like fourth family. The combined model
proposed here allows Z’ and leptoquark contributions to be compared in the same framework.

In the combined model considered here, the leptoquark couplings in Eq.2.5 are given in terms
of Yukawa couplings and mixing angles in Eq.2.6. We have seen that such a flavoured leptoquark
can just about account for Ry(+), while satisfying the bound on By mixing, providing that the lep-
toquark mass is close to its current LHC bound, namely Mg, ~ 1 TeV, which is a clear prediction
of the model, providing a target future LHC runs. However, as seen above, this also requires quite
a large y; ~ 1 and a large mixing angle 655 ~ 0.1, so the leptoquark-only explanation of Ry is
under some tension.

Unfortunately, the Z’' couplings in Egs. 2.10,2.11, are unable to account for R+, while satisfy-
ing the bounds from B mixing and T — yul, as can be seen from the bound in Eq.2.16. However
it is possible that other (lepton) Yukawa matrix structures may allow Z’ exchange to account for
R+, as previously discussed [5].

There is an important distinction to be drawn between the leptoquark and Z’' explanations of
Ry, when linked to a theory of flavour. The leptoquark mass term M§3 |S3|? respects U(1)’, and
hence the leptoquark mass M, is independent of the order parameter (¢). As far as the leptoquark
mass is concerned, the flavour breaking scale (¢) may be anywhere from the Planck scale to the
electroweak scale, providing that the ratios (¢)/M,s which govern the Yukawa couplings are held
fixed. By contrast, since the Z' mass is of order (¢), a TeV scale Z’ (as would be required to account
for Ry(.)) would require a theory of flavour near the electroweak scale!

3T am grateful to E.Perdomo for pointing out this bound.
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