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1 Introduction

The LHCb [1] collaboration presented their results on the measurement of the ratio

RK⇤ =
BR(B ! K⇤µ+µ�)

BR(B ! K⇤e+e�)
. (1)

The aim of this measurement is to test the universality of the gauge interactions in the lepton
sector. Taking the ratio of branching ratios strongly reduces the Standard Model (SM) theo-
retical uncertainties, as suggested for the first time in [2] The SM prediction is RSM

K⇤ = 1, at
di-lepton invariant mass q2 � (4mµ)2. The experimental result is [1]

RK⇤ =

(
0.660+0.110

�0.070 ± 0.024 (2mµ)2 < q2 < 1.1 GeV2

0.685+0.113
�0.069 ± 0.047 1.1 GeV2 < q2 < 6 GeV2

(2)

At face value, a single measurement featuring a 2.4� deviation from the SM prediction can be
attributed to a mere statistical fluctuation. The interest resides in the fact that such results
might be part of a coherent picture involving New Physics (NP) in the b ! sµ+µ� transitions.
In fact, anomalous deviations were also observed in the following related measurements:
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1 Introduction

The LHCb [1] collaboration presented their results on the measurement of the ratio

RK⇤ =
BR(B ! K#µ+µ! )

BR(B ! K#e+e! )
. (1)

The aim of this measurement is to test the universality of the gauge interactions in the lepton
sector. Taking the ratio of branching ratios strongly reduces the Standard Model (SM) theo-
retical uncertainties, as suggested for the first time in [2] The SM prediction is RSM

K⇤ = 1, at
di-lepton invariant mass q2 � (4mµ)2. The experimental result is [1]

RK⇤ =

(
0.660+0.110

! 0.070

± 0.024 (2mµ)2 < q2 < 1.1 GeV2

0.685+0.113

! 0.069

± 0.047 1.1 GeV2 < q2 < 6 GeV2

(2)

At face value, a single measurement featuring a 2.4� deviation from the SM prediction can be
attributed to a mere statistical fluctuation. The interest resides in the fact that such results
might be part of a coherent picture involving New Physics (NP) in the b ! sµ+µ! transitions.
In fact, anomalous deviations were also observed in the following related measurements:
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1. the RK ratio [3]

RK =
BR (B+ ! K+µ+µ! )

BR (B+ ! K+e+e! )
= 0.745 ± 0.09

stat

± 0.036
syst

; (3)

2. the branching ratios of the semi-leptonic decays B ! K(" )µ+µ! [4] and Bs ! �µ+µ! [5];

3. the angular distributions of the decay rate of B ! K " µ+µ! . In particular, the so-called
P #
5

observable shows the most significant discrepancy [4, 6, 7].

For the observables in points 2 and 3 the main source of uncertainty is theoretical. It
resides in the proper evaluation of the form factors and in the estimate of the non-factorizable
hadronic corrections. Recently, great theoretical e↵ort went into the understanding of these
aspects, see refs. [8–18] for an incomplete list of references. The latest global fit [19] to the
relevant b ! s`+`! observables shows that the presence of new physics can ameliorate the
fit compared to the SM by more than 4�, and similar results have been obtained previously
by various groups [20, 21]. Despite these encouraging hints of new physics, it is hard to draw
strong conclusions, since very conservative analyses of the theoretical hadronic uncertainties
substantially reduce the global significance on the presence of new physics in the semi-leptonic
B-meson decays [16].

In this framework, given their reduced sensitivity to theoretical uncertainties, the RK and
RK⇤ observables o↵er a neat way to establish potential violation of lepton flavour universality.
Future data will be able to further reduce the statistical uncertainty on these quantities. In
addition, measurements of other ratios RH analogous to RK , with H = Xs, �, K

0

(1430), f
0

will
constitute relevant independent tests [2, 22].

The paper is structured as follows. In section 2 we discuss the relevant observables and how
they are a↵ected by additional e↵ective operators. We perform a global fit in section 3. We
show that, even restricting the analysis to the theoretically clean RK , RK⇤ ratios, the overall
deviation from the SM starts to be significant, at the 4� level, and to point towards some
model building directions. Other observables, unfortunately a↵ected by sizeable theoretical
uncertainties, corroborate this picture. Such results prompt us to investigate, in section 4, a
few theoretical interpretations. We discuss models including Z#, lepto-quark exchanges, new
states a↵ecting the observables via quantum corrections, and models of composite Higgs.

2 E↵ective operators and observables

Upon integrating out heavy degrees of freedom the relevant processes can be described, near
the Fermi scale, in terms of the e↵ective Lagrangian

L
e! =

!

`,X,Y

cbX `Y ObX `Y (4)
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Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Both ratios refer to the [1.1, 6] GeV2 q2-bin. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM

bLµL
+ CBSM

bLµR
)/2 = ±1).

BSM corrections. RK⇤ , in a given range of q2, is defined in analogy with eq. (8):

RK⇤ [q2
min

, q2
max

] ⌘
R q2

max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2

R q2
max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2
, (16)

where the di↵erential decay width d�(B ! K⇤µ+µ�)/dq2 actually describes the four-body
process B ! K⇤(! K⇡)µ+µ�, and takes the compact form

d� (B ! K⇤µ+µ�)

dq2
=

3

4
(2Is

1

+ Ic
2

) � 1

4
(2Is

2

+ Ic
2

) . (17)

The angular coe�cients Ia=s,c
i=1,2 in eq. (17) can be written in terms of the so-called transversity

amplitudes describing the decay B ! K⇤V ⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [29] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K⇤µ+µ�)/dq2 as a function of the dilepton invariant
mass q2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero CBSM

bLµL
(CBSM

bRµL
) taken at the

benchmark value of 1.
We now focus on the low invariant-mass range q2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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1 Introduction

One of the simplest extensions of the Standard Model (SM) is to introduce an additional
gauged U(1)!, which could emerge as a remnant of larger gauge group embeddings of the
SM gauge group, with rank larger than 4. Such larger gauge groups include the left-
right symmetric model, Pati-Salam, SO(10), E6. An extra gauged U(1)! is common in
string inspired models, where it is di! cult to break the rank of the gauge group, or from
alternative dynamical schemes such as composite models. For a review of Z ! models and
an extensive list of references see e.g. [1].

Most of the existing Z ! models have universal couplings to the three families of quarks
and leptons. The reason for this is both theoretical and phenomenological. Firstly many
theoretical models naturally predict universal Z ! couplings. Secondly, from a phenomeno-
logical point of view, having universal couplings avoids dangerous favour changing neutral
currents (FCNCs) mediated by tree-level Z ! exchange. The most sensitive processes in-
volve the first two families, such as K0 � K̄0 mixing, µ� e conversion in muonic atoms,
and so on, leading to stingent bounds on the Z ! mass and couplings [1].

Recently, the phenomenological motivation for considering non-universal Z ! models has
increased due to mounting evidence for semi-leptonic B decays which violate µ�e univer-
sality at rates which exceed those predicted by the SM [2]. In particular, the LHCb Col-
laboration and other experiments have reported a number of anomalies in B ! K(" )l+l#

decays such as the RK [3] and RK ⇤ [4] ratios of µ+µ# to e+e# final states, which are
observed to be about 70% of their expected values with a 4� deviation from the SM, and
the P !

5 angular variable, not to mention the B ! �µ+µ# mass distribution in mµ+ µ� .

Following the recent measurement of RK ⇤ [4], a number of phenomenological analyses of
these data, see e.g. [5], favour a operator of the left-handed (L) form [6], in the conventions
of [7],

VtbV
"

ts
↵em

4⇡v2
�
CSM

bLµL
+ CBSM

bLµL

�
b̄L �

µsL µ̄L �µµL (1)

where the SM operator arises from penguin diagrams and has a coe! cient of CSM
bLµL

=
8.64, while the beyond the SM (BSM) operator has a coe! cient of CBSM

bLµL
⇡ �1.3. The

analogous right-handed (R) operators must be significantly smaller [7]. The SM constants
Vts = 0.040±0.001 (predominantly real) and the Higgs vacuum expectation value (VEV)
v = 174 GeV, set the scale of Eq.1,

VtbV
"

ts
↵em

4⇡v2
⇡ 1

(36 TeV)2
. (2)

This suggests a new physics operator of the form,

GBSM
bLµL

b̄L �
µsL µ̄L �µµL ⇡ � 1

(33 TeV)2
b̄L �

µsL µ̄L �µµL . (3)

In a flavourful Z ! model, the new physics operator in Eq.3 will arise from tree-level Z !

exchange, where the Z ! must dominantly couple to µLµL over µRµR , eL eL , eReR , and must

1

1 Introduction

One of the simplest extensions of the Standard Model (SM) is to introduce an additional
gauged U(1)0, which could emerge as a remnant of larger gauge group embeddings of the
SM gauge group, with rank larger than 4. Such larger gauge groups include the left-
right symmetric model, Pati-Salam, SO(10), E6. An extra gauged U(1)0 is common in
string inspired models, where it is di�cult to break the rank of the gauge group, or from
alternative dynamical schemes such as composite models. For a review of Z 0 models and
an extensive list of references see e.g. [1].

Most of the existing Z 0 models have universal couplings to the three families of quarks
and leptons. The reason for this is both theoretical and phenomenological. Firstly many
theoretical models naturally predict universal Z 0 couplings. Secondly, from a phenomeno-
logical point of view, having universal couplings avoids dangerous favour changing neutral
currents (FCNCs) mediated by tree-level Z 0 exchange. The most sensitive processes in-
volve the first two families, such as K 0 ! K̄ 0 mixing, µ ! e conversion in muonic atoms,
and so on, leading to stingent bounds on the Z 0 mass and couplings [1].

Recently, the phenomenological motivation for considering non-universal Z 0 models has
increased due to mounting evidence for semi-leptonic B decays which violate µ! euniver-
sality at rates which exceed those predicted by the SM [2]. In particular, the LHCb Col-
laboration and other experiments have reported a number of anomalies in B " K (⇤)l+l�

decays such as the R
K

[3] and R
K

⇤ [4] ratios of µ+µ� to e+e� final states, which are
observed to be about 70% of their expected values with a 4� deviation from the SM, and
the P 0

5 angular variable, not to mention the B " �µ+µ� mass distribution in m
µ

+
µ

� .

Following the recent measurement of R
K

⇤ [4], a number of phenomenological analyses of
these data, see e.g. [5], favour a operator of the left-handed (L) form [6], in the conventions
of [7],

V
tb

V ⇤
ts

↵
em

4⇡v2

�
CSM

bLµL
+ CBSM

bLµL

�
b̄
L

�µs
L

µ̄
L

�
µ

µ
L

(1)

where the SM operator arises from penguin diagrams and has a coe�cient of CSM
bLµL

=
8.64, while the beyond the SM (BSM) operator has a coe�cient of CBSM

bLµL
# ! 1.3. The

analogous right-handed (R) operators must be significantly smaller [7]. The SM constants
V
ts

= 0.040±0.001 (predominantly real) and the Higgs vacuum expectation value (VEV)
v = 174 GeV, set the scale of Eq.1,

V
tb

V ⇤
ts

↵
em

4⇡v2
#

1

(36 TeV)2
. (2)

This suggests a new physics operator of the form,

GBSM
bLµL

b̄
L

�µs
L

µ̄
L

�
µ

µ
L

# !
1

(33 TeV)2
b̄
L

�µs
L

µ̄
L

�
µ

µ
L

. (3)

In a flavourful Z 0 model, the new physics operator in Eq.3 will arise from tree-level Z 0

exchange, where the Z 0 must dominantly couple to µ
L

µ
L

over µ
R

µ
R

, e
L

e
L

, e
R

e
R

, and must

1

8.64 �1.3

1704.05438
Best fit operator



SM penguins are universal
Why the Excitement on Anomalies in B decays?
Slide for “executives”

The SM of EW intearctions predicts

b

t

sWL L

t

Z, γ

l l

b sL L

Z, γ

l l

W

t
b sL L

ll

t

W

ν

) GF Vtb V
⇤
ts

!
4"

C
9(10) s̄L#µbL $̄#µ(#5

)$

This is same for all lepton flavors: lepton univesality (LU)

LU violation (LUV) reported by LHCb in b ! sµµ vs b ! see

LUV could arise from new physics (NP):
I At very short distances, with SM below scale ⇤ � MW
I Short distances at SM scale, ⇤ ⇠ MW (e.g., strongly coupled EW symmetry breaking)
I Long distances: new light particles

Worse case scenario: ⇤ � MW : NP = g2

⇤2 s̄L#µbL $̄#µ(#5

)$

Fits of reported LUV require

g2

⇤2

⇡ 0.25 ⇥ GF Vtb V
⇤
ts

!
4"

C
9(10) ) ⇤

g
⇡ 28 TeV

Best argument to build VLHC! (or find NP sooner!!)

Grinstein LUV B-decays 17 May, 2017 2 / 42

BSM should be non-universal
�

µ

��

µ

�

�

µ

��

µ

� �

µ

��

µ

�

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 Þrst operator
a↵ects Bs mass mixing for which the relative measurements, together with CKM Þts, imply
cBSM

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

bL bL
| < 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 extraZ 0 to explain the anomalies are very popular, see the partial list of
references [39Ð58]. Typically these models contain aZ 0 with massMZ 0 savagely coupled to

[gbs(øs�µPL b) + h.c.] + gµL (øµ�µPL µ) . (22)

The model can reproduce the ßavour anomalies withcbL µL = �gbsgµL /M2

Z 0 as illustrated in
Þgure6a. At the same time theZ 0 contributes to the Bs mass mixing withcbL bL = �g2

bs/2M2

Z 0 .
The bound from �MB s can be satisÞed by requiring a large enoughgµL in order to reproduce
the b ! s`+`� anomalies. Left-handed leptons are uniÞed in a SU(2)L doublet L = ( ⌫L , `L ),
such that also the neutrino operatorcµL ⌫µ = �g2

µL
/M2

Z 0 is generated. However the latter does
not yield a strong constraint ongµL .

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 couplinggq. The coupling gbs arises as
gbs = ( gt � gq)(UQd )ts after performing a ßavour rotationUQd 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 = UQu U †

Qd
is dominated by the rotation

among left-handed down quarks, rather than by the rotationUQu among left-handed up quarks.
Then, the parameter space of theZ 0 model gets severely constrained by combining per-

turbative bounds on gµL . In addition the LHC bounds on pp ! Z 0 ! µøµ can be relaxed by
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also have the quark flavour changing coupling b
L

s
L

which must dominate over b
R

s
R

. The
coe�cient of the tree-level Z 0 exchange operator will be typically of the form,

GBSM
bLµL

= gZ
0

bL
gZ

0

µL

✓
g02

M
Z

0
2

◆
⇡ � 1

(33 TeV)2
(4)

where the Feynman rule for the Z 0b̄
L

�µs
L

coupling is �i�µgZ
0

bL
g0 and the Z 0µ̄

L

�µµ
L

cou-

pling is �i�µgZ
0

µL
g0, where g0 is the Z 0 gauge coupling and M 0

Z

is the mass of the Z 0. The
required value of M 0

Z

will typically be much smaller than 33 TeV due to the model de-
pendent coupling factors gZ

0
bL

and gZ
0

µL
which are anticipated to be quite small in realistic

models. This means that the Z 0 in these models may be within reach of the LHC.

Motivated by the above considerations, there has been a large and growing body of
literature which is concerned with flavour dependent Z 0 models (see e.g. [8]). Recent works
on flavoured Z 0 approaches following the R

K

⇤ measurement include those in [9]. One of
the key challenges faced by these models is the requirement that they be anomaly free.
This has motivated the phenomenological analysis of Z 0 models based on gauged L

µ

�L
⌧

,
possibly combined with vector-like quarks [10]. Without a Z 0, vector-like quarks directly
mixing with ordinary quarks via the Higgs Yukawa couplings can lead to FCNCs [11].
However, vector-like quarks with a gauged U(1)0 typically forbids the Higgs coupling of
vector-like quarks to ordinary quarks, but allows new possibilities [10]. For example, a
simple idea is to have a dark U(1)

X

under which the SM quarks and leptons are neutral,
but which is felt by vector-like fermions with the SM quantum numbers of the doublets
Q

L

and L
L

, leading to a dark matter candidate and flavour-changing Z 0 operators after
the vector-like fermion mass terms mix with SM fermions [12]. However adding such
matter spoils the prospects for gauge coupling unification unless the vector-like matter
comes in complete representations of SU(5). The first example of mixing with vector-like
fermions which preserves gauge unification and leads to flavour-changing Z 0 interactions
was proposed some time ago by Langacker and London [13].

In this paper, motivated by the R
K

and R
K

⇤ anomalies, we show how any flavour con-
serving Z 0 model can be made flavour violating and non-universal by the mass mixing
of quarks and leptons with a fourth family of vector-like fermions with non-universal
Z 0 couplings. Unlike the original vector-like fermion models [11], having non-universal
U(1)0 charges of the fourth vector-like family forbids mixing via the usual Higgs Yukawa
couplings. Instead, new singlet scalars with appropriate U(1)0 charges are added to gen-
erate mass mixing of quarks and leptons with the vector-like family. Since we include
a complete vector-like family, the mixing will include the doublets Q

L

and L
L

, leading
to the left-handed new physics operators required for R

K

and R
K

⇤ . Since we consider a
complete fourth vector-like family, unification is maintained. We develop a quite general
formalism, which can be applied to any Z 0 model in the literature, including B�Lmodels,
E6 models, composite models, and so on. To illustrate the mechanism we consider two
concrete examples, namely a fermiophobic model, and an SO(10) Grand Unified Theory
(GUT), and show how they can account for the anomalous B decay ratios R

K

and R
K

⇤ .

The layout of the remainder of the paper is as follows. In section 2 we consider the
general class of models consisting of the usual three chiral families of left-handed quarks
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Models featuring extra Z 0 to explain the anomalies are very popular, see the partial list of
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[gbs(s̄! µPLb) + h.c.] + gµL (µ̄! µPLµ) . (22)

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

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

bs/2M
2

Z0 .
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such that also the neutrino operator cµL ⌫µ = �g2

µL
/M2
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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 = UQu U †
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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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modelsZ 0Flavourful
SFK 1706.06100

Three families of 
quarks and leptons          

with universal charges

Field
Representation/charge

SU(3)c SU(2)L U(1)Y U(1)!

QLi 3 2 1/ 6 qQ i

uRi 3 1 2/ 3 qu i

dRi 3 1 ! 1/ 3 qdi

L Li 1 2 ! 1/ 2 qL i

eRi 1 1 ! 1 qei

⌫Ri 1 1 0 q⌫i

Hu 1 2 ! 1/ 2 qH u

Hd 1 2 1/ 2 qH d

QL 4, ÷QR4 3 2 1/ 6 qQ4

uR4,÷uL 4 3 1 2/ 3 qu4

dR4, ÷dL 4 3 1 ! 1/ 3 qd4

L L 4,÷L R4 1 2 ! 1/ 2 qL 4

eR4,÷eL 4 1 1 ! 1 qe4

⌫R4,÷⌫L 4 1 1 0 q⌫4

�Q,u,d,L,e 1 1 0 q�Q,u,d,L,e

Table 1: The most general model we consider consists of the usual three chiral families of
left-handed quarks and leptons i (i = 1 , 2, 3) and one (or two) Higgs doublet(s) H (u,d ), plus
a fourth vector-like family of fermions  4, ÷ 4. There may be other exotics in addition to
those shown in order to cancel anomalies, or the three chiral families may cancel anomalies
by themselves without extra exotics. In any case, the vector-like fermion family are always
anomaly free by themselves. TheU(1)! is broken by the VEVs of new Higgs singlets� with
charges|q�! | = |q i ! q 4 | to yield a massiveZ !.

and leptons with one (or two) Higgs doublet(s)H(u,d) , plus a fourth vector-like family
of fermions, which has non-universal charges under a gaugedU(1)!. We write down the
Lagrangian for such a general class of models in the charge basis and the heavy mass
basis, after diagonalisation of the heavy masses. In section 3, to illustrate the mechanism
and how it may be applied in practice, we consider two concrete examples of well known
Z ! models which can be made ßavourful via mixing with a non-universal fourth vector-
like family, namely a namely a fermiophobic model, and anSO(10) GUT model, and
show how they can account for the anomalousB decay ratiosRK and RK ! . Section 4
concludes the paper.

2 A class of Z " models with a vector-like family

In this section we analyse the general class of models deÞned in Table 1 consisting of
the usual three chiral families of left-handed quarks and leptons! i (i = 1, 2, 3) and one
(or two) Higgs doublet(s)H(u,d) , plus a fourth vector-like family of fermions! 4, ÷! 4. The
gaugedU(1)! chargesq! i are universal up to the fourth family (i.e. q! 1 = q! 2 = q! 3 #= q! 4 ),
although in general they need not be. The three chiral families must be anomaly free,
since the vector-like family is anomaly free. TheU(1)! is broken by the VEVs of new
Higgs singlets" ! with charges|q"  | = |q! i ! q! 4 | to yield a massiveZ !.
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Representation/charge

SU(3)c SU(2)L U(1)Y U(1)!

QLi 3 2 1/ 6 qQ i

uRi 3 1 2/ 3 qu i

dRi 3 1 ! 1/ 3 qdi

L Li 1 2 ! 1/ 2 qL i

eRi 1 1 ! 1 qei

⌫Ri 1 1 0 q! i

Hu 1 2 ! 1/ 2 qH u

Hd 1 2 1/ 2 qH d

QL 4, ÷QR 4 3 2 1/ 6 qQ 4

uR 4,÷uL 4 3 1 2/ 3 qu 4

dR 4, ÷dL 4 3 1 ! 1/ 3 qd4

L L 4,÷L R 4 1 2 ! 1/ 2 qL 4

eR 4,÷eL 4 1 1 ! 1 qe4

⌫R 4,÷⌫L 4 1 1 0 q! 4

�Q,u,d,L,e 1 1 0 q" Q,u,d,L,e

Table 1: The most general model we consider consists of the usual three chiral families of
left-handed quarks and leptons i (i = 1 , 2, 3) and one (or two) Higgs doublet(s) H(u,d ) , plus
a fourth vector-like family of fermions  4, ÷ 4. There may be other exotics in addition to
those shown in order to cancel anomalies, or the three chiral families may cancel anomalies
by themselves without extra exotics. In any case, the vector-like fermion family are always
anomaly free by themselves. TheU(1)! is broken by the VEVs of new Higgs singlets�# with
charges|q" ! | = |q# i ! q# 4 | to yield a massiveZ !.

and leptons with one (or two) Higgs doublet(s)H(u,d) , plus a fourth vector-like family
of fermions, which has non-universal charges under a gaugedU(1)!. We write down the
Lagrangian for such a general class of models in the charge basis and the heavy mass
basis, after diagonalisation of the heavy masses. In section 3, to illustrate the mechanism
and how it may be applied in practice, we consider two concrete examples of well known
Z ! models which can be made ßavourful via mixing with a non-universal fourth vector-
like family, namely a namely a fermiophobic model, and anSO(10) GUT model, and
show how they can account for the anomalousB decay ratiosRK and RK ! . Section 4
concludes the paper.

2 A class of Z " models with a vector-like family

In this section we analyse the general class of models deÞned in Table 1 consisting of
the usual three chiral families of left-handed quarks and leptons! i (i = 1, 2, 3) and one
(or two) Higgs doublet(s)H(u,d) , plus a fourth vector-like family of fermions! 4, ÷! 4. The
gaugedU(1)! chargesq! i are universal up to the fourth family (i.e. q! 1 = q! 2 = q! 3 #= q! 4 ),
although in general they need not be. The three chiral families must be anomaly free,
since the vector-like family is anomaly free. TheU(1)! is broken by the VEVs of new
Higgs singlets" ! with charges|q"  | = |q! i ! q! 4 | to yield a massiveZ !.
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Field
Representation/charge

SU(3)c SU(2)L U(1)Y U(1)!

QLi 3 2 1/ 6 qQ i

uRi 3 1 2/ 3 qu i

dRi 3 1 ! 1/ 3 qdi

L Li 1 2 ! 1/ 2 qL i

eRi 1 1 ! 1 qei

! Ri 1 1 0 q⌫i

Hu 1 2 ! 1/ 2 qH u

Hd 1 2 1/ 2 qH d

QL 4, ÷QR4 3 2 1/ 6 qQ 4

uR4,÷uL 4 3 1 2/ 3 qu 4

dR4, ÷dL 4 3 1 ! 1/ 3 qd4

L L 4,÷L R4 1 2 ! 1/ 2 qL 4

eR4,÷eL 4 1 1 ! 1 qe4

! R4,÷! L 4 1 1 0 q⌫4

" Q,u,d,L,e 1 1 0 q�Q,u,d,L,e

Table 1: The most general model we consider consists of the usual three chiral families of
left-handed quarks and leptons#i (i = 1 , 2, 3) and one (or two) Higgs doublet(s) H (u,d ), plus
a fourth vector-like family of fermions #4, ÷#4. There may be other exotics in addition to
those shown in order to cancel anomalies, or the three chiral families may cancel anomalies
by themselves without extra exotics. In any case, the vector-like fermion family are always
anomaly free by themselves. TheU(1)! is broken by the VEVs of new Higgs singlets"  with
charges|q�! | = |q i ! q 4 | to yield a massiveZ !.

and leptons with one (or two) Higgs doublet(s)H(u,d) , plus a fourth vector-like family
of fermions, which has non-universal charges under a gaugedU(1)!. We write down the
Lagrangian for such a general class of models in the charge basis and the heavy mass
basis, after diagonalisation of the heavy masses. In section 3, to illustrate the mechanism
and how it may be applied in practice, we consider two concrete examples of well known
Z ! models which can be made ßavourful via mixing with a non-universal fourth vector-
like family, namely a namely a fermiophobic model, and anSO(10) GUT model, and
show how they can account for the anomalousB decay ratiosRK and RK ! . Section 4
concludes the paper.

2 A class of Z " models with a vector-like family

In this section we analyse the general class of models deÞned in Table 1 consisting of
the usual three chiral families of left-handed quarks and leptons! i (i = 1, 2, 3) and one
(or two) Higgs doublet(s)H(u,d) , plus a fourth vector-like family of fermions! 4, ÷! 4. The
gaugedU(1)! chargesq! i are universal up to the fourth family (i.e. q! 1 = q! 2 = q! 3 #= q! 4 ),
although in general they need not be. The three chiral families must be anomaly free,
since the vector-like family is anomaly free. TheU(1)! is broken by the VEVs of new
Higgs singlets" ! with charges|q" ! | = |q! i ! q! 4 | to yield a massiveZ !.
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Vector-like fourth family with 
non-universal U(1)’ charges
q1 = q2 = q3 6= q4

When U(1)’ is broken, mass mixing of the 
four families leads to Z’ flavour violation

This mechanism works for any Z’ model
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SO(10) GUT model

Three families of 
quarks and leptons          

TeV scale vector-like 
fourth family with 

non-universal charges

Field
Representation

SU(3)c SU(2)L U(1)Y U(1)X

Qi 3 2 1/6 1
uc
i 3 1 �2/3 1

dci 3 1 1/3 �3
Li 1 2 �1/2 �3
eci 1 1 1 1
⌫c
i 1 1 1 5

Hu 1 2 1/2 �2
Hd 1 2 �1/2 2

Q4 3 2 1/6 �4
uc
4 3 1 �2/3 �4

dc4 3 1 1/3 1
L4 1 2 �1/2 1
ec4 1 1 1 �4

Q̃4 3 2 �1/6 4
ũc
4 3 1 2/3 4

d̃c4 3 1 �1/3 �1

L̃4 1 2 1/2 �1
ẽc4 1 1 �1 4

Si 1 1 0 0

Table 1. The matter (F ) and Higgs (H) sectors of the SO(10) model below the GUT scale consists
of the usual three chiral families of left-handed quarks and leptons Fi (i = 1, 2, 3) from three 16Fi and
two Higgs doublets H(u,d) from 10H , plus a fourth vector-like family of left-handed fermions F4, F̃4

from the real representations 10F and 45F of SO(10), with U(1)X charges as shown. We also include
three SO(10) singlets Si from 1F in order to implement the linear or inverse seesaw mechanisms.

In the present paper we shall develop further the SO(10) GUT model with a vector-like fourth
family, focussing on the origin of neutrino mass and mixing and the lepton flavour violating
prediction for µ ! 3e in present and future experiments, which can allow deep insight into
the origin of the leptonic PMNS mixing matrix. We shall show that the constraints from
SO(10) mean that a conventional seesaw mechanism is not possible, but that an inverse
seesaw mechanism can be implemented [12]. Interestingly a linear seesaw mechanism is not
possible in the model consistently with a TeV scale gauged U(1)X [13]. We find that ...

The layout of the remainder of the paper is as follows...

2 Non-universal Z 0 and neutrino mass generation

We consider a Z 0 model where GSM ⇥ U(1)0 is embedded into SO(10), which breaks at the
GUT scale

SO(10) ! SU(5)⇥ U(1)X . (2.1)

The U(1)0 is identified with U(1)X and the three chiral representations 16Fi, with family
index i = 1, 2, 3, decompose as

16Fi ! (10, 1)i + (5,�3)i + (1, 5)i , (2.2)

2

Field
Representation

SU (3)c SU (2)L U (1)Y U (1)X

Qi 3 2 1/6 1
uc

i 3 1 �2/3 1
dc

i 3 1 1/3 �3
Li 1 2 �1/2 �3
ec

i 1 1 1 1
! c

i 1 1 1 5

Hu 1 2 1/2 �2
Hd 1 2 �1/2 2

Q4 3 2 1/6 �4
uc
4 3 1 �2/3 �4

dc
4 3 1 1/3 1

L4 1 2 �1/2 1
ec
4 1 1 1 �4

÷Q4 3 2 �1/6 4
÷uc
4 3 1 2/3 4

÷dc
4 3 1 �1/3 �1

÷L4 1 2 1/2 �1
÷ec
4 1 1 �1 4

Si 1 1 0 0

Table 1. The matter (F ) and Higgs (H) sectors of the SO(10) model below the GUT scale consists
of the usual three chiral families of left-handed quarks and leptons Fi (i = 1, 2, 3) from three 16Fi and
two Higgs doublets H(u,d) from 10H , plus a fourth vector-like family of left-handed fermions F4, F̃4

from the real representations 10F and 45F of SO(10), with U(1)X charges as shown. We also include
three SO(10) singlets Si from 1F in order to implement the linear or inverse seesaw mechanisms.

In the present paper we shall develop further the SO(10) GUT model with a vector-like fourth
family, focussing on the origin of neutrino mass and mixing and the lepton flavour violating
prediction for µ ! 3e in present and future experiments, which can allow deep insight into
the origin of the leptonic PMNS mixing matrix. We shall show that the constraints from
SO(10) mean that a conventional seesaw mechanism is not possible, but that an inverse
seesaw mechanism can be implemented [12]. Interestingly a linear seesaw mechanism is not
possible in the model consistently with a TeV scale gauged U(1)X [13]. We find that ...

The layout of the remainder of the paper is as follows...

2 Non-universal Z 0 and neutrino mass generation

We consider a Z 0 model where GSM ⇥ U(1)0 is embedded into SO(10), which breaks at the
GUT scale

SO(10) ! SU(5)⇥ U(1)X . (2.1)

The U(1)0 is identified with U(1)X and the three chiral representations 16Fi, with family
index i = 1, 2, 3, decompose as

16Fi ! (10, 1)i + (5,�3)i + (1, 5)i , (2.2)

2

where the U(1)X charges have to be normalised with a factor of (2
p
10)�1. In order to provide

an observable Z 0 the U(1)X is only broken at the few TeV scale. The fourth vector-like family
is embedded into the real representations 10F and 45F of SO(10), which decompose as

10F ! (5,�2) + (5, 2) ,

45F ! (10,�4) + (10, 4) + (1, 0) + (24, 0) .
(2.3)

We assume that the (1, 0) and (24, 0) in 45F get large GUT scale masses and that the fourth
vector-like family with masses near the TeV scale is embedded into

(5,�2) + (5, 2) + (10,�4) + (10, 4) . (2.4)

All representations in the fermionic sector (i.e. 16Fi, 10F and 45F ) are odd under matter
parity. The Higgs doublets emerge from a 10H with even matter parity, allowing Higgs
Yukawa couplings. In order to break the U(1)X and to obtain a large mixing between the
three chiral families and the fourth vector-like family a 16H and 16H with even matter par-
ity are needed. In each of them the SU(5)-singlet component gets a VEV at the few TeV scale.

The SU(5) subsequently breaks to GSM at the GUT scale,

5 ! L, dc , 10 ! Q, uc, ec , (2.5)

yielding the left-handed matter states in Table 1. We emphasise that the single vector-like
family in Eq.2.4, includes quark and lepton doublets necessary to account for RK and RK⇤ .
5

In the following we want to check whether this model is consistent with light neutrino masses.
Since our model contains a 16H and 16H , we introduce three SO(10)-singlets 1Fi with odd
matter parity in order get the three light neutrino masses from an inverse or linear seesaw
mechanism [12, 13]. To make sure that these mechanisms are not spoiled by the fourth vector-
like family, we have to forbid the coupling of 10F to 1Fi and 10H . Taking this restriction
into account, a minimal version of a superpotential with the field content from above has the
form

W = WH +WY uk , (2.6)

WY uk = µ12F +m1010
2
F +m4545

2
F

+ y116
2
F · 10H

+ Y116F · 1F · 16H + Y216F · 10F · 16H + Y316F · 45F · 16H ,

(2.7)

where we do not interested specify the explicit for of the Higgs sectorWH here. In the Yukawa
sector WY uk µ, m10 and m45 are mass parameters and we label the dimensionless couplings
by yi and Yi depending on whether the Higgs representation coupling to two fermions is
{10H} or {16H ,16H}. Note that for the sake of simplicity the family indices are neglected
in Eq. (2.7). In fact µ and y1 are 3 ⇥ 3-matrices and the Yi are vectors of length three.
The additional terms y21F · 10F · 10H and y310F · 45F · 10H , which are allowed by gauge

5This may be compared the SO(10) model in [? ] where there are three low energy (5,�2) + (5, 2)
representations mixing with the three chiral families leading to flavour changing Z0 interactions. However
such a model is unable to account for RK and RK⇤ , in the absence of vector-like quark doublets.
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from  SO(10)Z 0Flavourful
SFK 1706.06100

Three families of quarks 
and leptons          

with universal charges

Field
Representation

SU(3)c SU(2)L U(1)Y U(1)X

Qi 3 2 1/6 1
uc
i 3 1 �2/3 1

dci 3 1 1/3 �3
Li 1 2 �1/2 �3
eci 1 1 1 1
⌫c
i 1 1 1 5

Hu 1 2 1/2 �2
Hd 1 2 �1/2 2

Q4 3 2 1/6 �4
uc
4 3 1 �2/3 �4

dc4 3 1 1/3 1
L4 1 2 �1/2 1
ec4 1 1 1 �4

Q̃4 3 2 �1/6 4
ũc
4 3 1 2/3 4

d̃c4 3 1 �1/3 �1

L̃4 1 2 1/2 �1
ẽc4 1 1 �1 4

Si 1 1 0 0

Table 1. The matter (F ) and Higgs (H) sectors of theSO(10) model below the GUT scale consists
of the usual three chiral families of left-handed quarks and leptonsFi (i = 1 , 2, 3) from three 16Fi and
two Higgs doubletsH(u,d) from 10H , plus a fourth vector-like family of left-handed fermions F4, ÷F4

from the real representations10F and 45F of SO(10), with U (1)X charges as shown. We also include
three SO(10) singletsSi from 1F in order to implement the linear or inverse seesaw mechanisms.

In the present paper we shall develop further theSO(10) GUT model with a vector-like fourth
family, focussing on the origin of neutrino mass and mixing and the lepton ßavour violating
prediction for µ ! 3e in present and future experiments, which can allow deep insight into
the origin of the leptonic PMNS mixing matrix. We shall show that the constraints from
SO(10) mean that a conventional seesaw mechanism is not possible, but that an inverse
seesaw mechanism can be implemented [12]. Interestingly a linear seesaw mechanism is not
possible in the model consistently with a TeV scale gaugedU (1)X [13]. We Þnd that ...

The layout of the remainder of the paper is as follows...

2 Non-universal Z ! and neutrino mass generation

We consider aZ ! model whereGSM " U (1)! is embedded intoSO(10), which breaks at the
GUT scale

SO(10) ! SU (5) " U (1)X . (2.1)

The U (1)! is identiÞed with U (1)X and the three chiral representations16F i , with family
index i = 1 , 2, 3, decompose as

16F i ! (10, 1)i + ( 5, # 3)i + ( 1, 5)i , (2.2)

2

where theU(1)X charges have to be normalised with a factor of (2
!

10)! 1. In order to provide
an observableZ " the U(1)X is only broken at the few TeV scale. The fourth vector-like family
is embedded into the real representations10F and 45F of SO(10), which decompose as

10F " (5, # 2) + ( 5, 2) ,

45F " (10, # 4) + ( 10, 4) + ( 1, 0) + ( 24, 0) .
(2.3)

We assume that the (1, 0) and (24, 0) in 45F get large GUT scale masses and that the fourth
vector-like family with masses near the TeV scale is embedded into

(5, # 2) + ( 5, 2) + ( 10, # 4) + ( 10, 4) . (2.4)

All representations in the fermionic sector (i.e. 16F i , 10F and 45F ) are odd under matter
parity. The Higgs doublets emerge from a10H with even matter parity, allowing Higgs
Yukawa couplings. In order to break the U(1)X and to obtain a large mixing between the
three chiral families and the fourth vector-like family a 16H and 16H with even matter par-
ity are needed. In each of them theSU(5)-singlet component gets a VEV at the few TeV scale.

The SU(5) subsequently breaks toGSM at the GUT scale,

5 " L, dc , 10 " Q, uc, ec , (2.5)

yielding the left-handed matter states in Table 1. We emphasise that the single vector-like
family in Eq. 2.4, includes quark and lepton doublets necessary to account forRK and RK ! .
5

In the following we want to check whether this model is consistent with light neutrino masses.
Since our model contains a16H and 16H , we introduce three SO(10)-singlets 1F i with odd
matter parity in order get the three light neutrino masses from an inverse or linear seesaw
mechanism [12, 13]. To make sure that these mechanisms are not spoiled by the fourth vector-
like family, we have to forbid the coupling of 10F to 1F i and 10H . Taking this restriction
into account, a minimal version of a superpotential with the Þeld content from above has the
form

W = WH + WY uk , (2.6)

WY uk = µ12
F + m10102

F + m45452
F

+ y1162
F á10H

+ Y116F á1F á16H + Y216F á10F á16H + Y316F á45F á16H ,

(2.7)

where we do not interested specify the explicit for of the Higgs sectorWH here. In the Yukawa
sector WY uk µ, m10 and m45 are mass parameters and we label the dimensionless couplings
by yi and Yi depending on whether the Higgs representation coupling to two fermions is
{ 10H } or { 16H , 16H } . Note that for the sake of simplicity the family indices are neglected
in Eq. (2.7). In fact µ and y1 are 3$ 3-matrices and the Yi are vectors of length three.
The additional terms y21F á10F á10H and y310F á45F á10H , which are allowed by gauge

5This may be compared the SO(10) model in [? ] where there are three low energy (5, ! 2) + ( 5, 2)
representations mixing with the three chiral families leading to ßavour changing Z " interactions. However
such a model is unable to account for RK and RK ! , in the absence of vector-like quark doublets.

3

Vector-like fourth family with 
non-universal U(1)X charges

Field
Representation

SU(3)c SU(2)L U(1)Y U(1)X

Qi 3 2 1/ 6 1
uc

i 3 1 ! 2/ 3 1
dc

i 3 1 1/ 3 ! 3
L i 1 2 ! 1/ 2 ! 3
ec

i 1 1 1 1
! c

i 1 1 1 5

H u 1 2 1/ 2 ! 2
H d 1 2 ! 1/ 2 2

Q4 3 2 1/ 6 ! 4
uc

4 3 1 ! 2/ 3 ! 4
dc

4 3 1 1/ 3 1
L 4 1 2 ! 1/ 2 1
ec

4 1 1 1 ! 4

÷Q4 3 2 ! 1/ 6 4
÷uc

4 3 1 2/ 3 4
÷dc
4 3 1 ! 1/ 3 ! 1

÷L 4 1 2 1/ 2 ! 1
÷ec

4 1 1 ! 1 4

Si 1 1 0 0

Table 1 . The matter ( F ) and Higgs (H ) sectors of theSO(10) model below the GUT scale consists
of the usual three chiral families of left-handed quarks and leptonsFi (i = 1 , 2, 3) from three 16F i and
two Higgs doublets H(u,d ) from 10H , plus a fourth vector-like family of left-handed fermions F4, ÷F4

from the real representations10F and 45F of SO(10), with U(1)X charges as shown. We also include
three SO(10) singlets Si from 1F in order to implement the linear or inverse seesaw mechanisms.

In the present paper we shall develop further theSO(10) GUT model with a vector-like fourth
family, focussing on the origin of neutrino mass and mixing and the lepton ßavour violating
prediction for µ ! 3e in present and future experiments, which can allow deep insight into
the origin of the leptonic PMNS mixing matrix. We shall show that the constraints from
SO(10) mean that a conventional seesaw mechanism is not possible, but that an inverse
seesaw mechanism can be implemented [12]. Interestingly a linear seesaw mechanism is not
possible in the model consistently with a TeV scale gaugedU(1)X [13]. We Þnd that ...

The layout of the remainder of the paper is as follows...

2 Non-universal Z ! and neutrino mass generation

We consider aZ ! model whereGSM " U(1)! is embedded intoSO(10), which breaks at the
GUT scale

SO(10) ! SU(5) " U(1)X . (2.1)

The U(1)! is identiÞed with U(1)X and the three chiral representations16F i , with family
index i = 1 , 2, 3, decompose as

16F i ! (10, 1)i + ( 5, # 3)i + ( 1, 5)i , (2.2)

2

Field
Representation

SU(3)c SU(2)L U(1)Y U(1)X

Qi 3 2 1/ 6 1
uc

i 3 1 ! 2/ 3 1
dc

i 3 1 1/ 3 ! 3
L i 1 2 ! 1/ 2 ! 3
ec

i 1 1 1 1
! c

i 1 1 1 5

H u 1 2 1/ 2 ! 2
H d 1 2 ! 1/ 2 2

Q4 3 2 1/ 6 ! 4
uc

4 3 1 ! 2/ 3 ! 4
dc

4 3 1 1/ 3 2
L 4 1 2 ! 1/ 2 2
ec

4 1 1 1 ! 4

÷Q4 3 2 ! 1/ 6 4
÷uc

4 3 1 2/ 3 4
÷dc
4 3 1 ! 1/ 3 ! 2

÷L 4 1 2 1/ 2 ! 2
÷ec

4 1 1 ! 1 4

Si 1 1 0 0

Table 1 . The matter ( F ) and Higgs (H ) sectors of theSO(10) model below the GUT scale consists
of the usual three chiral families of left-handed quarks and leptonsFi (i = 1 , 2, 3) from three 16F i and
two Higgs doublets H(u,d ) from 10H , plus a fourth vector-like family of left-handed fermions F4, ÷F4

from the real representations10F and 45F of SO(10), with U(1)X charges as shown. We also include
three SO(10) singlets Si from 1F in order to implement the linear or inverse seesaw mechanisms.

In the present paper we shall develop further theSO(10) GUT model with a vector-like fourth
family, focussing on the origin of neutrino mass and mixing and the lepton ßavour violating
prediction for µ ! 3e in present and future experiments, which can allow deep insight into
the origin of the leptonic PMNS mixing matrix. We shall show that the constraints from
SO(10) mean that a conventional seesaw mechanism is not possible, but that an inverse
seesaw mechanism can be implemented [12]. Interestingly a linear seesaw mechanism is not
possible in the model consistently with a TeV scale gaugedU(1)X [13]. We Þnd that ...

The layout of the remainder of the paper is as follows...

2 Non-universal Z ! and neutrino mass generation

We consider aZ ! model whereGSM " U(1)! is embedded intoSO(10), which breaks at the
GUT scale

SO(10) ! SU(5) " U(1)X . (2.1)

The U(1)! is identiÞed with U(1)X and the three chiral representations16F i , with family
index i = 1 , 2, 3, decompose as

16F i ! (10, 1)i + ( 5, # 3)i + ( 1, 5)i , (2.2)
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with di↵erent angles and charges for each matrix in Eq.37. When q1 = q2 = q3 = q4 these
matrices are proportional to the unit matrix and there is no flavour changing due to Z 0

exchange. Also when si4 = sin ! i4 = 0, these matrices are flavour diagonal.

After diagonalisation of the light quark Yukawa matrices, as in Eq.24, the Z 0 couplings
to the physical quark mass eigenstates u, c, t, d, s, bare given from Eq.36 by,

L q
Z ! = g0Z 0

µ

!
uL cL tL

"
V 0

uL D̃ 0
QV 0 

uL " µ

#

$
uL

cL

tL

%

&

+ g0Z 0
µ

!
dL sL bL

"
V 0

dL D̃ 0
QV 0 

dL " µ

#

$
dL

sL

bL

%

&

+ g0Z 0
µ

!
uR cR tR

"
V 0

uR D̃ 0
uV 0 

uR " µ

#

$
uR

cR

tR

%

&

+ g0Z 0
µ

!
dR sR bR

"
V 0

dRD̃ 0
dV 0 

dR" µ

#

$
dR

sR

bR

%

& (39)

Similarly the charged lepton couplings to Z 0 will be given by analogous results,

L e
Z ! = g0Z 0

µ

!
eL µL #L

"
V 0

eL D̃ 0
L V 0 

eL " µ

#

$
eL

µL

#L

%

&

+ g0Z 0
µ

!
eR µR #R

"
V 0

eRD̃ 0
eV

0 
eR" µ

#

$
eR

µR

#R

%

& (40)

Finally, ignoring neutrino mass, the Z 0 couplings to left-handed neutrinos are given by,

L !
Z ! = g0Z 0

µ

!
$eL $µ L $" L

"
V 0

eL D̃ 0
L V 0 

eL " µ

#

$
$eL

$µL

$" L

%

& (41)

These results show that, if the D̃ 0 term is proportional to the unit matrix, then this will
not lead to flavour violation. However any non-universal part of D̃ 0 will lead to flavour
changing in the physical mass basis of the light fermions. We shall see explicit examples
of the application of this formalism in the next section.

3 Examples of ßavourful Z ! Models

The results in the previous section are of quite general applicability. However, to illustrate
the mechanism and show how the formalism may be applied in practice, it is instructive
to consider two concrete examples of well known Z 0 models which can be made flavourful

11

+ other quarks and 
leptons

CKM mixing

ßavour changing due toZ ! gauge boson exchange, as we discuss. AfterU(1)! breaking,
we have a massiveZ ! gauge boson with diagonal gauge couplings to the four families of
quarks and leptons, in the original basis,

L gauge
Z ! = g!Z !

µ

!
QL DQ! µQL + uRDu! µuR + dRDd! µdR + LL DL ! µLL + eRDe! µeR

"
(32)

where

DQ = diag(qQ1, qQ2, qQ3, qQ4), Du = diag(qu1, qu2, qu3, qu4), Dd = diag(qd1, qd2, qd3, qd4),

DL = diag(qL 1, qL 2, qL 3, qL 4), De = diag(qe1, qe2, qe3, qe4). (33)

In the diagonal heavy mass (primed) basis, given by the unitary transformations in Eq.10,
the Z ! couplings to the four families of quarks and leptons in Eq.32 becomes,

L gauge
Z ! = g!Z !

µ

#
Q

!
L D !

Q! µQ!
L + u!

RD !
u! µu!

R + d
!
RD !

d! µd!
R + L

!
L D !

L ! µL !
L + e!

RD !
e!

µe!
R

$
(34)

where

D !
Q = VQL DQV  

QL
, D !

u = VuR DuV  
uR

, D !
d = VdR DdV  

dR
,

D !
L = VL L DL V  

L L
, D !

e = VeR DeV  
eR

. (35)

Although the 4! 4 matricesDQ, etc., are diagonal in ßavour space, the 4! 4 matricesD !
Q,

etc., are not generally diagonal in ßavour space, since theU(1)! charges may be di! erent
for the four ßavours. This is the case even if theU(1)! charges are universal for the Þrst
three families, but di! er only for the fourth family. Recall that in the primed basis the
fourth family is very heavy while the Þrst three are light. Then Eq.34 shows that, in
general,Z ! exchange can couple two light families of di! erent ßavour, or a heavy fourth
family fermion to a light fermion of the Þrst three families. For example, aZ ! exchange
diagram will allow the decay of a heavy fourth family fermion to three light fermions of
di! erent ßavours. This decay mechanism will compete with the decay of a heavy fourth
family fermion into a W plus a light fermion, which is suppressed by the small Higgs
induced mass insertion arising from Eq.20.

In the low energy e! ective theory, after decoupling the fourth heavy family, Eq.34 gives
the Z ! couplings to the three massless families of quarks and leptons,

L gauge
Z ! = g!Z !

µ

#
Q

!
L

÷D !
Q! µQ!

L + u!
R

÷D !
u! µu!

R + d
!
R

÷D !
d! µd!

R + L
!
L

÷D !
L ! µL !

L + e!
R

÷D !
e!

µe!
R

$
(36)

where the 3! 3 matrices ÷D ! are given by,

( ÷D !
Q)ij = ( VQL DQV  

QL
)ij , ( ÷D !

u)ij = ( VuR DuV  
uR

)ij , ( ÷D !
d)ij = ( VdR DdV  

dR
)ij ,

( ÷D !
L )ij = ( VL L DL V  

L L
)ij , ( ÷D !

e)ij = ( VeR DeV  
eR

)ij , (37)

where i, j = 1, . . . , 3. We emphasise that these matrices are not diagonal, leading to
ßavour changing neutral currents, mediated by tree-levelZ ! exchange. In the parametri-
sation in Eq.11, ignoring phases, each of the symmetric 3! 3 matrices ÷D ! schematically
looks like,

÷D ! =

%

&
q1c2

14 + q4s2
14 s14s24c14(q4 " q1) (s14s34c14c24)(q4 " q1)

. q1s2
14s2

24 + q2c2
24 + q4s2

24c2
14 q1s2

14s24s34c24 " q2s24s34c24 + q4s24s34c24c2
14

. . q1s2
14s2

34c2
24 + q2s2

24s2
34 + q3c2

34 + q4s2
34c2

14c2
24

'

(

(38)
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charge, in addition to explicit masses between opposite chirality fourth family Þelds÷! 4

and ! 4 of the same charges,

L mass = xQ
i " QQLi

÷QR4 + xu
i " u ÷uL 4uRi + xd

i " d
÷dL 4dRi + xL

i " L LLi
÷LR4 + xe

i " e÷eL 4eRi

+ M Q
4 QL 4

÷QR4 + M u
4 ÷uL 4uR4 + M d

4
÷dL 4dR4 + M L

4 LL 4
÷LR4 + M e

4 ÷eL 4eR4 + H.c.(7)

After the singlet Þelds" develop vacuum expectation values (VEVs), we may deÞne new
mass parametersM Q

i = xQ
i ! " Q", and similarly for the other mass parameters, to give,

L mass = M Q
! QL !

÷QR4 + M u
! ÷uL 4uR! + M d

!
÷dL 4dR! + M L

! LL !
÷LR4 + M e

! ÷eL 4eR! + H.c. (8)

where# = 1, . . . , 4.

2.2 Diagonalising the heavy masses

In this subsection we show how the heavy masses may be diagonalised, denoting the Þelds
in this basis by primes. The idea is that, after diagonalisation, only the fourth family is
massive (before electroweak symmetry breaking),

L mass = ÷M Q
4 Q0

L 4
÷QR4 + ÷M u

4 ÷uL 4u0
R4 + ÷M d

4
÷dL 4d0

R4 + ÷M L
4 L 0

L 4
÷LR4 + ÷M e

4 ÷eL 4e0R4 + H.c. (9)

and the Þrst three primed masses of each fermion type are zero. The original charge basis
and the heavy mass basis are related by unitary mixing matrices,

Q0
L = VQLQL , u0

R = VuRuR, d0
R = VdRdR, L 0

L = VL LLL , e0R = VeReR. (10)

The unitary mixing matrix which relates the column vectorQ0
L of mass eigenstates (where

the Þrst three components are massless and the fourth component has a mass÷M Q
4 ) to

the original ÞeldsQL may be written as,

VQL = V QL
34 V QL

24 V QL
14 , (11)

where

V QL
34 =

0

BBB@

1 0 0 0
0 1 0 0

0 0 cQL
34 sQL

34 e�i "
QL
34

0 0 # sQL
34 ei "

QL
34 cQL

34

1

CCCA
, (12)

V QL
24 =

0

BBB@

1 0 0 0

0 cQL
24 0 sQL

24 e�i "
QL
24

0 0 1 0

0 # sQL
24 ei "

QL
24 0 cQL

24

1

CCCA
, (13)

V QL
14 =

0

BBB@

cQL
14 0 0 sQL

14 e�i "
QL
14

0 1 0 0
0 0 1 0

# sQL
14 ei "

QL
14 0 0 cQL

14

1

CCCA
. (14)
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SO(10) for RK(*)

There will be also be additional quark and lepton couplings from the non-universal parts
of Eq.59, which, when inserted into Eq.36, leads to,

L nonuniv
Z ! =

5

2
!

10
g!Z !

!

!
(sL

14)
2øe!

L ! ! e!
L " (sQ

34)
2øb!

L ! ! b!
L + . . .

"
, (64)

#
5

2
!

10
g!Z !

!

!
(sL

14)
2øeL ! ! eL " (sQ

34)
2øbL ! ! bL " (sQ

34)
2(V ! 

dL )32
øbL ! ! sL + . . .

"
,

where we have used Eq. 24 to expand the primed Þelds in terms of mass eigenstates,

b!
L = ( V ! 

dL )31dL + ( V ! 
dL )32sL + ( V ! 

dL )33bL

e!
L = ( V ! 

eL )11eL + ( V ! 
eL )12µL + ( V ! 

eL )13"L (65)

and assumed from the hierarchy of the CKM matrix that

|(V ! 
dL )31|2 $ |(V ! 

dL )32|2 $ (V ! 
dL )2

33 # 1,

|(V ! 
eL )13|2 $ |(V ! 

eL )12|2 $ (V ! 
eL )2

11 # 1. (66)

Combining the universalZ ! couplings in Eq. 62 with the non-universal couplings in Eq. 64,
leads toZ ! mediated operators relevant for rareB decays,

GBSM
bLµL

øbL ! ! sL

#
øµL ! ! µL +

$
1 "

5
3

(sL
14)

2

%
øeL ! ! eL +

1
3

øµR! ! µR +
1
3

øeR! ! eR + á á á
&

(67)

where

GBSM
bLµL

=
3
8

(sQ
34)

2(V ! 
dL )32

$
g!2

M !
Z

2

%
. (68)

If ( sL
14)

2 # 3/ 5 then the øeL eL couplings will be suppressed. Also note that the øeReR and
øµRµR couplings are 1/ 3 times those of øµL µL , as predicted bySO(10). Since the øµL µL

term dominates, then the model can explain theRK and RK " anomalies, ifGBSM
bLµL

has
the correct sign and magnitude, as in Eqs. 3, 4. Assuming thatg! # 0.46 [15], Eq.68 and
Eq.3 then imply,

M !
Z # (sQ

34) (V ! 
dL )1/ 2

32 (9 TeV) (69)

Since theZ ! in this model has ßavour diagonal couplings to muons similar to the usual
U(1)" model, the usual LHC limits apply, so we must haveMZ ! & 3 TeV [14], which
implies (sQ

34) (V ! 
dL )1/ 2

32 & 1/ 3. Actually (sQ
34) (V ! 

dL )1/ 2
32 & 1/ 3 is quite a stringent limit, for

example the usual CKM inspired expectation (V ! 
dL )1/ 2

32 % # % 0.22 is already not viable.
However large mixings such as, for example, (sQ

34) % 1/
!

2 and (V ! 
dL )1/ 2

32 % 0.5, would
imply M !

Z % 3.2 TeV, just above the current limit. Note that the couplings of theZ !

to electrons will be suppressed in this model relative to muons, which is the main LHC
prediction of the model. Therefore the model predicts an imminent LHC discovery of a
Z ! in the muon channel, with a suppressed coupling in the electron channel. In addition,
the model predicts øµL eL and øeL µL lepton ßavour violating Þnal states, with an amplitude
suppressed by (V ! 

eL )21, which is typically of order of a third of the Cabibbo angle in uniÞed
models.
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Combining the universalZ ! couplings in Eq. 62 with the non-universal couplings in Eq. 64,
leads toZ ! mediated operators relevant for rareB decays,
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If ( sL
14)

2 # 3/ 5 then the øeL eL couplings will be suppressed. Also note that the øeReR and
øµRµR couplings are 1/ 3 times those of øµL µL , as predicted bySO(10). Since the øµL µL

term dominates, then the model can explain theRK and RK " anomalies, ifGBSM
bL µL

has
the correct sign and magnitude, as in Eqs. 3, 4. Assuming thatg! # 0.46 [15], Eq.68 and
Eq.3 then imply,

M !
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dL )1/ 2

32 (9 TeV) (69)

Since theZ ! in this model has ßavour diagonal couplings to muons similar to the usual
U(1)" model, the usual LHC limits apply, so we must haveMZ ! ! 3 TeV [14], which
implies (sQ

34) (V ! 
dL )1/ 2

32 ! 1/ 3. Actually (sQ
34) (V ! 

dL )1/ 2
32 ! 1/ 3 is quite a stringent limit, for

example the usual CKM inspired expectation (V ! 
dL )1/ 2

32 % # % 0.22 is already not viable.
However large mixings such as, for example, (sQ

34) % 1/
!

2 and (V ! 
dL )1/ 2

32 % 0.5, would
imply M !

Z % 3.2 TeV, just above the current limit. Note that the couplings of theZ !

to electrons will be suppressed in this model relative to muons, which is the main LHC
prediction of the model. Therefore the model predicts an imminent LHC discovery of a
Z ! in the muon channel, with a suppressed coupling in the electron channel. In addition,
the model predicts øµL eL and øeL µL lepton ßavour violating Þnal states, with an amplitude
suppressed by (V ! 

eL )21, which is typically of order of a third of the Cabibbo angle in uniÞed
models.
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There will be also be additional quark and lepton couplings from the non-universal parts
of Eq.59, which, when inserted into Eq.36, leads to,
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Assuming only         and         non-zero ✓Q34 ! L
14

ßavour changing due toZ ! gauge boson exchange, as we discuss. AfterU(1)! breaking,
we have a massiveZ ! gauge boson with diagonal gauge couplings to the four families of
quarks and leptons, in the original basis,

L gauge
Z ! = g!Z !

µ

!
QL DQ! µQL + uRDu! µuR + dRDd! µdR + LL DL ! µLL + eRDe! µeR

"
(32)

where

DQ = diag(qQ1, qQ2, qQ3, qQ4), Du = diag(qu1, qu2, qu3, qu4), Dd = diag(qd1, qd2, qd3, qd4),

DL = diag(qL 1, qL 2, qL 3, qL 4), De = diag(qe1, qe2, qe3, qe4). (33)

In the diagonal heavy mass (primed) basis, given by the unitary transformations in Eq.10,
the Z ! couplings to the four families of quarks and leptons in Eq.32 becomes,
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#
Q

!
L D !
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RD !
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RD !
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L D !
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$
(34)

where

D !
Q = VQL DQV  

QL
, D !

u = VuR DuV  
uR

, D !
d = VdR DdV  

dR
,

D !
L = VL L DL V  

L L
, D !

e = VeR DeV  
eR

. (35)

Although the 4! 4 matricesDQ, etc., are diagonal in ßavour space, the 4! 4 matricesD !
Q,

etc., are not generally diagonal in ßavour space, since theU(1)! charges may be di! erent
for the four ßavours. This is the case even if theU(1)! charges are universal for the Þrst
three families, but di! er only for the fourth family. Recall that in the primed basis the
fourth family is very heavy while the Þrst three are light. Then Eq.34 shows that, in
general,Z ! exchange can couple two light families of di! erent ßavour, or a heavy fourth
family fermion to a light fermion of the Þrst three families. For example, aZ ! exchange
diagram will allow the decay of a heavy fourth family fermion to three light fermions of
di! erent ßavours. This decay mechanism will compete with the decay of a heavy fourth
family fermion into a W plus a light fermion, which is suppressed by the small Higgs
induced mass insertion arising from Eq.20.

In the low energy e! ective theory, after decoupling the fourth heavy family, Eq.34 gives
the Z ! couplings to the three massless families of quarks and leptons,
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(36)

where the 3! 3 matrices ÷D ! are given by,

( ÷D !
Q)ij = ( VQL DQV  

QL
)ij , ( ÷D !

u)ij = ( VuR DuV  
uR

)ij , ( ÷D !
d)ij = ( VdR DdV  

dR
)ij ,

( ÷D !
L )ij = ( VL L DL V  

L L
)ij , ( ÷D !

e)ij = ( VeR DeV  
eR

)ij , (37)

where i, j = 1, . . . , 3. We emphasise that these matrices are not diagonal, leading to
ßavour changing neutral currents, mediated by tree-levelZ ! exchange. In the parametri-
sation in Eq.11, ignoring phases, each of the symmetric 3! 3 matrices ÷D ! schematically
looks like,

÷D ! =

%

&
q1c2

14 + q4s2
14 s14s24c14(q4 " q1) (s14s34c14c24)(q4 " q1)
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'

(

(38)
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Eq.58 consists of a universal matrix, proportional to the unit matrix, plus a non-universal
matrix of the same form as Eq.43, but of opposite sign to that which appeared in the
fermiophobic model. Similar matrices may be written down for each of the sectors
QL, uR, dR, LL, eR. The couplings of the quark and lepton mass eigenstates to the Z 0 are
given by inserting Eq.58, and similar equations in each of the sectors QL, uR, dR, LL, eR,
into Eqs. 39, 40.

Assuming that only ✓QL
34 and ✓LL

14 are non-zero, with all other mixing angles being zero,
the mixing matrices in Eq.58 simplify,
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The other matrices are universal, since we assume their mixing angles are zero,
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The universal (unit matrix) parts of Eq.59 and 60 when inserted into Eqs.39, 40, 41, lead
to the universal Z 0 couplings for the quarks,
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Similarly the charged lepton couplings to Z 0 will be given by analogous results,
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where theU(1)X charges have to be normalised with a factor of (2
!

10)! 1. In order to provide
an observableZ " the U(1)X is only broken at the few TeV scale. The fourth vector-like family
is embedded into the real representations10F and 45F of SO(10), which decompose as

10F " (5, # 2) + ( 5, 2) ,

45F " (10, # 4) + ( 10, 4) + ( 1, 0) + ( 24, 0) .
(2.3)

We assume that the (1, 0) and (24, 0) in 45F get large GUT scale masses and that the fourth
vector-like family with masses near the TeV scale is embedded into

(5, # 2) + ( 5, 2) + ( 10, # 4) + ( 10, 4) . (2.4)

All representations in the fermionic sector (i.e. 16F i , 10F and 45F ) are odd under matter
parity. The Higgs doublets emerge from a10H with even matter parity, allowing Higgs
Yukawa couplings. In order to break the U(1)X and to obtain a large mixing between the
three chiral families and the fourth vector-like family a 16H and 16H with even matter par-
ity are needed. In each of them theSU(5)-singlet component gets a VEV at the few TeV scale.

The SU(5) subsequently breaks toGSM at the GUT scale,

5 " L, dc , 10 " Q, uc, ec , (2.5)

yielding the left-handed matter states in Table 1. We emphasise that the single vector-like
family in Eq. 2.4, includes quark and lepton doublets necessary to account forRK and RK ! .
5

In the following we want to check whether this model is consistent with light neutrino masses.
Since our model contains a16H and 16H , we introduce three SO(10)-singlets 1F i with odd
matter parity in order get the three light neutrino masses from an inverse or linear seesaw
mechanism [12, 13]. To make sure that these mechanisms are not spoiled by the fourth vector-
like family, we have to forbid the coupling of 10F to 1F i and 10H . Taking this restriction
into account, a minimal version of a superpotential with the Þeld content from above has the
form

W = WH + WY uk , (2.6)

WY uk = µ12
F + m10102

F + m45452
F

+ y1162
F á10H

+ Y116F á1F á16H + Y216F á10F á16H + Y316F á45F á16H ,

(2.7)

where we do not interested specify the explicit for of the Higgs sectorWH here. In the Yukawa
sector WY uk µ, m10 and m45 are mass parameters and we label the dimensionless couplings
by yi and Yi depending on whether the Higgs representation coupling to two fermions is
{ 10H } or { 16H , 16H } . Note that for the sake of simplicity the family indices are neglected
in Eq. (2.7). In fact µ and y1 are 3$ 3-matrices and the Yi are vectors of length three.
The additional terms y21F á10F á10H and y310F á45F á10H , which are allowed by gauge

5This may be compared the SO(10) model in [? ] where there are three low energy (5, ! 2) + ( 5, 2)
representations mixing with the three chiral families leading to ßavour changing Z " interactions. However
such a model is unable to account for RK and RK⇤ , in the absence of vector-like quark doublets.

3
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Quark and lepton Yukawa couplings

Singlet-neutrino 
couplings

Quark/lepton mixing with  
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linear seesaw

SO(10) GUT model
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Antusch, Hohl, SFK, Susic (in prep)

Inverse vs linear seesaw

16H ! (10, " 1)H + (5 , 3)H + (1 , " 5)H

symmetry in principle, can be forbidden by introducing a global U(1) symmetry (or similarly
a Zn symmetry), where 16F , 10H , 16H and 16H have charge 1,! 2, ! 1 and ! 1 respectively
and all other Þelds have charge 0.

In the remainder of this section we assume that the mass splitting in the45F between the
fourth vector-like family and the states in the (1, 0) and (24, 0) is realised. A possible way to
obtain such a mass splitting is to introduce a210H with even matter parity and vanishing
charge under the extra globalU(1) symmetry, leading to the additional term Z1452

F · 210H

in Eq. (2.7). Assuming, e.g., that the VEV of 210H is at the GUT scale, aligned in the
SU(5)-singlet direction, and that m45 is at the GUT scale as well, the mass of the vector-like
family at the TeV scale is obtained by choosing/tuning the values of"210H # and m45.

After EW symmetry breaking we obtain the mass matrices for the up- and down-type quarks
M u and M d, for the charged leptonsM e and for the neutrinos M ⌫ . They include the three
chiral families and the fourth vector-like family. Since the states coming from (1, 0) and
(24, 0) in 45F have masses at the GUT scale, they can safely be ignored in the following
considerations. Explicit calculations showed that there is indeed a big mixing between the
chiral families and the vector-like family in the left and right components in M u, M d and
M e.

Let us now turn to the neutrino sector. We consider the basis

(⌫Li , ⌫Ri , si , ⌫L 4, ÷⌫R4) , (2.8)

where ⌫Li and ⌫Ri are the states which correspond to the left and right handed neutrinos in
16F i and si is basically the1F i . Furthermore, ⌫L 4 labels the state of the left handed neutrino
in (ø5, 2) of 10F and ÷⌫R4 is the corresponding state in (5, ! 2) of 10F . The notation follows
closely [11]. In this basis the neutrino mass matrix is given by

M ⌫ =

!

"
"
"
"
#

0 y1vu Y1øvL 0 Y2vR

y1vu 0 Y1øvR 0 Y2vL

Y1øvL Y1øvR µ 0 0
0 0 0 0 m10

Y2vR Y2vL 0 m10 0

$

%
%
%
%
&

. (2.9)

For the sake of readability we only show here one chiral family in the neutrino mass matrix.
In fact the upper left 3 $ 3 block has dimensions 9$ 9 if all three chiral families are included.
The parametersµ, m10, y1, Y1 and Y2 are deÞned as in Eq. (2.7) and vu is the VEV of the
Higgs doublet Hu in 10H at the electroweak scale. The VEVs of (1, 5) and (5, ! 3) in 16H

are labeled byvR and vL respectively. The øvR and øvL in 16H are deÞned in a similar way.
As discussed above,m10, vR and øvR lie at the few TeV scale in order to have big mixing of
the chiral families with the vector-like family in the quark and charged lepton sectors and to
break U(1)X .

In the limit µ, øvL % 0 the neutrino mass matrix in Eq. (2.9) has one eigenvalue equal to
zero and four of the order of few TeV, corresponding to the mass scale of the vector-like
family. If a small non-zero value of µ (i.e. µ & vu) is switched on, the light left-handed
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in Eq. (2.7). Assuming, e.g., that the VEV of 210H is at the GUT scale, aligned in the
SU(5)-singlet direction, and that m45 is at the GUT scale as well, the mass of the vector-like
family at the TeV scale is obtained by choosing/tuning the values of h210Hi and m45.

After EW symmetry breaking we obtain the mass matrices for the up- and down-type quarks
Mu and Md, for the charged leptons Me and for the neutrinos M⌫ . They include the three
chiral families and the fourth vector-like family. Since the states coming from (1, 0) and
(24, 0) in 45F have masses at the GUT scale, they can safely be ignored in the following
considerations. Explicit calculations showed that there is indeed a big mixing between the
chiral families and the vector-like family in the left and right components in Mu, Md and
Me.

Let us now turn to the neutrino sector. We consider the basis

(⌫Li, ⌫Ri, si, ⌫L4, ⌫̃R4) , (2.8)

where ⌫Li and ⌫Ri are the states which correspond to the left and right handed neutrinos in
16Fi and si is basically the 1Fi. Furthermore, ⌫L4 labels the state of the left handed neutrino
in (5̄, 2) of 10F and ⌫̃R4 is the corresponding state in (5,�2) of 10F . The notation follows
closely [11]. In this basis the neutrino mass matrix is given by

M⌫ =

0

BBBB@

0 y1vu Y1v̄L 0 Y2vR
y1vu 0 Y1v̄R 0 Y2vL
Y1v̄L Y1v̄R µ 0 0
0 0 0 0 m10

Y2vR Y2vL 0 m10 0

1

CCCCA
. (2.9)

For the sake of readability we only show here one chiral family in the neutrino mass matrix.
In fact the upper left 3⇥3 block has dimensions 9⇥9 if all three chiral families are included.
The parameters µ, m10, y1, Y1 and Y2 are defined as in Eq. (2.7) and vu is the VEV of the
Higgs doublet Hu in 10H at the electroweak scale. The VEVs of (1, 5) and (5,�3) in 16H
are labeled by vR and vL respectively. The v̄R and v̄L in 16H are defined in a similar way.
As discussed above, m10, vR and v̄R lie at the few TeV scale in order to have big mixing of
the chiral families with the vector-like family in the quark and charged lepton sectors and to
break U(1)X .

In the limit µ, v̄L ! 0 the neutrino mass matrix in Eq. (2.9) has one eigenvalue equal to
zero and four of the order of few TeV, corresponding to the mass scale of the vector-like
family. If a small non-zero value of µ (i.e. µ ⌧ vu) is switched on, the light left-handed

4

Inverse 

mlin
! !

y1vuvL

vR

minv
⌫ ! µ

!
y1vu

Y1vR

" 2

Linear Dirac



Antusch, Hohl, SFK, Susic (in prep)

Lepton flavour violation
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Figure 1 . Lepton ßavour violating decay µ ! 3e via the Z !. In the diagram the couplings of the left-
and right-handed leptons to the Z ! have to be normalised with a factor of 5
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10
and 1

2
"
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, respectively.

sumrules (cf. section3). From the present bounds on Br(µ ! 3e), which translate into
bounds on ! e

12, we can already exclude certain scenarios for the origin of the lepton mixing
angle ! PMNS

13 , as we will discuss in the next section. If theZ ! is discovered at future runs
of the LHC (or future colliders) and when the couplings of theZ ! are measured/conÞrmed,
extracting ! e

12 from Br( µ ! 3e) could be a unique window into the origin of lepton mixing.

In the proposed scenario, the lepton ßavour violating decayµ ! 3e is realised dominantly
via the diagram shown in Þg. (1). With the couplings g2 = 0 .64 [? ], g! = 0 .46 [? ] and
taking sL

14 =
!

3/ 5, M W = 80.4 GeV [? ] we obtain

Br( µ ! 3e) "
1
82 á(! e

12)2(sL
14)4 á

g!4M 4
W

g4
2M 4

Z 0

" 1.64á10" 12
"

! e
12

3#

# 2 "
3.2 á103 GeV

M Z 0

# 4

.

(4.1)

This means that for the example values ... for! e
12 discussed in the previous section, we

obtain ... . In particular, ... . The sumrule relation in eq. ( 3.3) furthermore implies that in
the considered scenario the present bounds onµ ! 3e decays constrain the neutrino sector
1-2 mixing angle ! !

12 to be in the range [...], which for instance alreadz excludes a maximal
neutrino mixing ! !

12 = 45#. In the future, a measurement ... or improved constraints ... .

Finally we note that this is only an example ... also for exampleµ # e conversion in nu-
clei can give interesting insight (and can eliminate other parameter depencences). (ToDo:
ESTIMATE CR for µ # e conversion!)
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12 from Br( µ ! 3e) could be a unique window into the origin of lepton mixing.

In the proposed scenario, the lepton ßavour violating decayµ ! 3e is realised dominantly
via the diagram shown in Þg. (1). With the couplings g2 = 0 .64 [? ], g! = 0 .46 [? ] and
taking sL

14 =
p

3/ 5, M W = 80.4 GeV [? ] we obtain

Br( µ ! 3e) ⇡ 1
82

· (! e
12)

2(sL
14)

4 · g!4M 4
W

g42M 4
Z !

⇡ 1.64 · 10" 12

✓
! e
12

3#

◆2✓3.2 · 103 GeV
M Z !

◆4

.

(4.1)

This means that for the example values ... for! e12 discussed in the previous section, we
obtain ... . In particular, ... . The sumrule relation in eq. ( 3.3) furthermore implies that in
the considered scenario the present bounds onµ ! 3e decays constrain the neutrino sector
1-2 mixing angle ! !

12 to be in the range [...], which for instance alreadz excludes a maximal
neutrino mixing ! !

12 = 45#. In the future, a measurement ... or improved constraints ... .

Finally we note that this is only an example ... also for exampleµ � e conversion in nu-
clei can give interesting insight (and can eliminate other parameter depencences). (ToDo:
ESTIMATE CR for µ � e conversion!)

7

Near current bound 10-12
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Z 0
E8 

SU(5)GUT x SU(5)Perp 

SU(5)GUT x U(1)4Perp 

SU(3)xSU(2)xU(1)Y x U(1)3Perp 

SU(3)xSU(2)xU(1)Y x U(1)X 

Higgs

Higgs

Flux Z2 monodromy

Singlets  

Z 0

SU(5)GUT

E8

NR

10M

5H
5H

5M

Y10

10
YÕ

XD

Figure 3: Depiction of an F-theory GUT in which all of the necessary interaction terms
descend from a single point ofE8 enhancement. In all but one Dirac neutrino scenario,
accommodating messenger Þelds in the gauge mediated supersymmetry breaking sector
turns out to force the messengers (Y10 and Y !

10) to transform in the 10 ! 10 of SU(5)GUT .
GUT singlets such as the right-handed neutrinosNR and X Þeld localize on curves normal
to the GUT seven-brane. Here we have also included a dark matter candidateD which is
localized on a curve.

feature of the classiÞcation is that in all but one scenario, it forces the messengers to
transform in the 10! 10 of SU(5)GUT . After commenting on some of the implications of
this for phenomenology, we next discuss potential Òsemi-visibleÓ dark matter candidates
corresponding to electrically neutral components of non-trivialSU(5)GUT multiplets.

5.1 Flux and Monodromy

Before reviewing the main elements of the classiÞcation, we Þrst discuss some of the neces-
sary conditions on matter curves and ßuxes which a monodromy group action must respect
in order to remain consistent with the assumptions spelled out at the beginning of this
section.

Recall that the chiral matter is determined by the choice of background ßuxes through
the matter curves of the geometry. In particular, we must require that if a zero mode in
a representation localizes on a curve, then the conjugate representation cannot appear. In
this context, keeping the 5H , 5H and 5M localized on distinct curves imposes the following
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Z 0

which we used to solve forM56 and M104 . Notice that this solves G3
SM anomaly trivially. Further, the

MSSM spectrum was imposed
# L + # L = 5

# dc = # Q = # uc = # ec = 3
(7)

and we demanded the existence of a solution for the doublet-triplet splitting problem

|N7| + |N8| + |N9| != 0 (8)

Due to computational time constraints, we only scanned

Ni , Mi " [# 2, 2] (9)

For each collection of ßux data, (Mi , Ni ), remaining four anomaly equations ÐG2
SM $ U (1)3, U (1)Y $

U (1)2
3, U (1)3

3, Tr Q3 Ð can be used to solve for the multiplicities of the singlets and the mixing angles.
Since the anomalies involvingGSM factors do not include singlets, the angles will always be solved for
(Mi , Ni ), and the singlets multiplicities solved for these and the angles.

2.2 Models with unambiguous top quark and Hu, i.e. using F-Theory top
Yukawa monodromy solution

For these models, identifyingHu and top-quark is immediate as long as the top-quark Yukawa

5H u 10t 10t (10)

exists. This accounts for
M5H u

+ ÷N % 1

M10t % 1

M100 + ÷N % 1

(11)

and we further imposeM10t = 1 to Þx tL (this is an assumption, can be changed).
We also restrict our searches that have a single and isolatedHu in the 5H u curve, as we are preventing

exotics in the spectrum. This accounts for
M5H u

= 0
÷N = 1

(12)

where the last equation can be used to solve for one of theNi ßux

N7 = 1 # N8 # N9 (13)

There are only 48 solutions, which fall in just a few di! erent classes.

Model 1: (Hu )2 1!
15

+ ( Hd)! 2 1!
15

+ 3 $ 51
2

1!
15

+ 2 $ 10! 1!
15

+ 10 3
2

1!
15

Model 2: (Hu ) 1
2

1!
15

+ ( Hd)! 1
2

1!
15

+ 2 $ 52 1!
15

+ 5! 7
4

1!
15

+ 3 $ 10! 1
4

1!
15

Model 3: (Hu ) 3
2

1!
10

+ 5! 1
4

1!
10

+ 5 1!
10

+ (2L + dc)! 3
2

1!
10

+ 2 $ 10! 3
4

+ 10 7
4

1!
10

Model 4: (Hu ) 3
2

1!
10

+ ( Hd)! 3
2

1!
10

+ 5! 1
4

1!
10

+ 5 1!
10

+ 59
4

1!
10

+ 2 $ 10! 3
4

1!
10

+ 10 1
2

1!
10

(14)

in addition to Q3 & # Q3.

3

Three chiral families with non-universal Z’

Example 1: (Hu)2 1p
115

+ (Hd)�2 1p
115

+ 3⇥ 5 11
2

1p
115

+ 5�3 1p
115

+ 5� 9
2

1p
115

+ 3⇥ 10�1 1p
115

Example 2: (Hu) 1
2
+ (Hd)� 1

2
+ 5 3

4
+ (2⇥ 50 + L0) + dc� 1

4
+ dc1

4
+ L0 + 2⇥ 10� 1

4
+ 10 1

4

Example 3: (Hu)7 1p
190

+ (Hd)�7 1p
190

+ 3⇥ 5 1
2

1p
190

+ 5�3 1p
190

+ 5 21
2

1p
190

+ 2⇥ 10� 7
2

1p
190

+ 104 1p
190

(27)

3.2 Models with extra 10 + 10

Surprisingly, there are considerably less models that only allow for an extra 10+ 10 pair. With the same
restrictions as above, we only find 215 models. If one further ignores the perp charges, these restrict to
only 22 models.

Example 1: (Hu) 1p
6
+ (Hd)� 1p

6
+ 2⇥ 5 1

2
1p
6
+ 5 1p

6
+ 3⇥ 10� 1

2
1p
6
+ 10 3

2
1p
6
+ 100

Example 2: (Hu)� 3
2

1p
10

+ (Hd) 3
2

1p
10

+ 5 9
4

1p
10

+ 5 1p
10

+ 5� 1
4

1p
10

+ 3⇥ 3
4

1p
10

+10� 7
4

1p
10

+ 10 1
2

1p
10

Example 3: (Hu)�2 1p
15

+ (Hd)2 1p
15

+ 3⇥ 5� 1
2

1p
15

+ 2⇥ 10 1p
15

+ 2⇥ 10� 3
2

1p
15

+ 10 3
2

1p
15

(28)

3.3 Models with extra vector-like family

There are 4067 models with extra vector-like family, but only 397 distinct GSM ⇥ U(1) assignments.
Again, we present some examples that might be interesting for phenomenology.

Example 1: (Hu)4 1p
85

+ (Hd)�4 1p
85

+ 3⇥ 5 7
2

1p
85

+ 5 3
2

1p
85

+ 56 1p
85

+ 3⇥ 102 1p
85

+ 10� 11
2

1p
85

+ 10 1
2

1p
85

Example 2: (Hu) 3
2

1p
10

+ (Hd)� 3
2

1p
10

+ 5 1p
10

+ 5� 1
4

1p
10

+ 5� 9
4

1p
10

+ L 1p
10

+ dc� 1
4

1p
10

+ 5� 1p
10

+ 3⇥ 10� 3
4

1p
10

+ 10 7
4

1p
10

+ 10� 1
2

1p
10

Example 3: (Hu)� 1
2
+ (Hd) 1

2
+ 3⇥ 5� 1

4
+ 5 3

4
+ 50 + 3⇥ 10 1

4
+ 10� 1

2
+ 10 1

4

7

Three chiral plus one vector-like family w/ non-universal Z’



Conclusion
• RK(*) motivates non-universal Z’ models

• Any Z’ model can be made non-universal by adding fourth 
vector-like family with non-universal charges which mixes 

• We studied an SO(10) GUT example with U(1)X at TeV and 
a vector-like family coming from 45F and 10F 

• SO(10) GUT for  RK(*) requires Z’ near 3 TeV LHC bound 
with  mu->eee near current bound 10-12

• SO(10) with U(1)X at TeV requires inverse/linear seesaw

• F-theory for non-universal Z’ with optional vector-like family



Thank YOU 


