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Motivated by the b → s`+ `− anomalies recently reported by the LHCb collaboration, I present a
class of flavored U(1)0 gauge extensions of the Standard Model that naturally accommodates them
and possesses a rich phenomenology. This model is characterized by the presence of tree-level
flavor-changing interactions in the down-quark sector, protected by off-diagonal quark-mixing
matrix elements. Anomaly cancellation fixes the extension of the symmetry to the lepton sector
in a very specific way, giving rise to flavor-conserving family-non-universal Z 0 couplings. The
fermion content of this model is the same as in the SM while the scalar sector is extended with
an extra Higgs doublet and a scalar singlet. The model will be tested in the next run of LHC
and presents specific correlations in certain flavor observables that allow to clearly discriminate
among them and from other new physics signals.
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1. Introduction

2. The Branco-Grimus-Lavoura model
BGL models [27] provide a class of 2HDMs characterized by the presence of FCNCs at treelevel entirely fixed by CKM matrix elements and the ratio of vevs of the Higgs doublets. This
is achieved by the imposition of a global horizontal symmetry that gives rise to a specific set of
Yukawa textures. The Yukawa sector of the model is given by
quark
e i u0R + h.c. ,
−LYuk = q0L Γi Φi dR0 + q0L ∆i Φ

(2.1)

where Φ̃i ≡ iσ2 Φ∗i , with σ2 the Pauli matrix. Both Higgs doublets, Φi (i = 1, 2), acquire vacuum
√
√

expectation values (vev) |hΦ0i i| = vi / 2 with v ≡ v21 + v22 = ( 2GF )−1/2 ' 246 GeV fixed by
measurements of the muon lifetime; as usual I define tan β = v2 /v1 . In this talk I will focus on the
2
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The great success of the LHC during its first run has provided a plethora of data that have
tested the Standard Model (SM) to great accuracy. The high precision achieved in many observables, together with their agreement with the SM predictions, has resulted in strong implications
for new physics (NP) frameworks, increasing the NP scale or requiring non-trivial flavor structures. In spite of the undisputed success of the SM predictions, this run of LHC has left several
hints of NP in semileptonic transitions b → s`+ `− . In particular the recent measurement by the
LHCb collaboration of the ratio RK = Br(B → Kµ + µ − )/Br(B → Ke+ e− ) shows a deviation from
the SM prediction at the 2.6σ level, hinting to a large violation of lepton flavor universality [1].
Several global analyses of b → s`+ `− transitions have been performed [2–5], showing a significant preference towards a NP explanation of the experimental anomalies found in these transitions.
Among the many observables entering in the fit, the angular analysis of B → K ∗ µ + µ − decays, also
by the LHCb collaboration, presents a clear example of deviation from the SM prediction in the
observable P50 with 2.9σ significance in two of the bins [6].
The NP necessary to accommodate the b → s`+ `− anomalies should be non-universal in the
lepton sector and present flavor changing neutral currents (FCNCs) in the down-quark sector. Various attempts to analize these anomalies in a model-independent way or to accommodate them with
specific NP models can be found the literature [7–26]. In this talk I will present a U(1)0 gauge
symmetry implementation with a minimal particle content and characterized by having all the flavor violations controlled by the gauge symmetry, which makes them proportional to off-diagonal
elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. This model can be obtained by
gauging the global symmetry introduced by Branco, Grimus and Lavoura (BGL) in the context of
two-Higgs-doublet models (2HDMs) to address the flavor problem of these models while allowing
for (controlled) flavor violations [27], providing a solution completely different from the hypothesis
of natural flavor conservation [28, 29].
The outline of the talk is as follows: In Section 2 I introduce the BGL models and their main
properties. Section 3 is devoted to the construction of the gauged U(1)BGL model. A discussion
on the main constraints and phenomenological implications of the new gauge sector is given in
Section 4. I summarize in Section 5.
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These quark textures introduce FCNCs only in the down-quark sector that are suppressed by quark
masses and off-diagonal elements of the third row of the CKM matrix [27], which results in a
strong suppression of flavor-changing processes involving light quarks. This symmetry suppression
of FCNCs allows top-BGL models to avoid experimental constraints even when the new scalars
remain light, with masses of O (100) GeV [30, 31].
Given an Abelian symmetry characterized by the field transformation
ψ

ψ → eiQ ψ ,

(2.3)

the most general implementation of the top-BGL Yukawa textures is defined by the following set
of charges
1
[diag (XuR , XuR , XtR ) + XdR 1] ,
2
QuR = diag (XuR , XuR , XtR ) ,
QqL =

QdR = XdR 1 ,

(2.4)

1
QΦ = diag (XΦ1 , XΦ2 ) = diag (XuR − XdR , XtR − XdR ) ,
2
with XuR 6= XtR .
Although the Abelian BGL symmetry can be discrete, it always leads to an enhanced accidental U(1) global symmetry in the scalar sector, which results in the presence of an undesired
Goldstone in the theory [27]. Several solutions to this problem of BGL models can be found in
Refs. [27, 32, 33]. Following Ref. [34] I present here a different solution based on the promotion
of the BGL symmetry to a local one. This way the gauging of the BGL symmetry serves a twofold purpose: it provides a natural solution to the Goldstone boson problem in BGL models and
introduces at the same time a new gauge boson with a very rich phenomenology, allowing for an
explanation of the b → s`+ `− anomalies in terms of symmetry principles.

3. Gauged BGL symmetry
In this section I extend the SM gauge symmetry with an extra U(1)0 factor that is identified
with the BGL symmetry introduced in the previous section. The scalar sector of this model consists
of two Higgs doublets and a complex SM singlet, necessary to give a heavy mass to the new gauge
boson, while the fermion content remains the same as in the SM. As we are dealing with a chiral
3
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so-called top-BGL implementation where up and down Yukawa matrices, ∆i and Γi , are constrained
by the BGL symmetry to have the following structure:




×××
0 0 0




Γ1 = × × × , Γ2 =  0 0 0  ,
0 0 0
×××
(2.2)




××0
00 0




∆1 = × × 0 , ∆2 = 0 0 0  .
0 0 0
00×
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symmetry, one should pay special attention to the cancellation of anomalies when gauging the BGL
symmetry. In Ref. [32] it was shown that in BGL 2HDMs the cancellation is automatic for the QCD
currents, i.e. U(1)0 [SU(3)C ]2 . However, this is not the case for the rest of the anomalies,
U(1)0 [SU(2)L ]2 ,

U(1)0 [U(1)Y ]2 ,

[U(1)0 ]2 U(1)Y ,

[U(1)0 ]3 ,

U(1)0 [Gravity]2 .

(3.1)


Q`L = diag XeL , XµL , XτL ,


QeR = diag XeR , XµR , XτR ,

(3.2)

we find only one solution to the anomaly cancellation conditions. It is characterized by only two
free charges, XdR and XµR , up to lepton-flavor permutations:
2
1
XuR = −XdR − XµR , XtR = −4XdR + XµR ,
3
3
1
1
XeL = XdR + XµR ,
XeR = 2XdR + XµR ,
6
3
4
9
XτR = 7XdR − XµR ,
XτL = XdR − XµR ,
2
3
5
XµL = −XdR + XµR .
6

(3.3)

However, one should note that the global scale of the charges is unphysical and only accounts for
a rescaling of the U(1)BGL gauge coupling, g0 , allowing us to freely remove one of the charges. As
we can see, anomaly cancellation conditions determine the extension of the symmetry to the lepton
sector in an unique way, with the charged-lepton Yukawa sector of the model taking the form
c-leptons

−LYuk
where

= `0L Πi Φi e0R + h.c. ,




× 0 0


Π1 =  0 × 0 ,
0 0 0


00 0


Π2 = 0 0 0  .
00×

(3.4)



(3.5)

Since the only source of flavor violation of the model is found in the Yukawa matrices, chargedlepton flavor conservation appears in this model as a natural consequence of the gauge symmetry.
I call to attention that the neutrino sector of the model has not been specified. Extensions to
account for neutrino masses and mixings can potentially modify the anomaly conditions, opening
the possibility for new solutions. A systematic study of the neutrino sector will be presented in a
future publication.
For phenomenological purposes it is convenient to eliminate the remaining freedom in the
model by fixing XΦ2 = 0 (or equivalently XdR = 2/15 XµR ), so that the mixing between neutral
4
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In particular we find that, with the charge assignments in Eq. (2.4), there is no solution to all the
anomaly cancellation conditions unless we extend the symmetry to the lepton sector. Just like in
the SM we find that anomaly cancellation can only be granted through the interplay of quarks and
leptons. Taking the most general symmetry implementation, with all the lepton charges being free
parameters,
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Permutations of lepton flavors yield six different implementations of the symmetry which we denote as (e, µ, τ) = (i, j, k), with the model implementation in Eq. (3.6) denoted as (1, 2, 3).
To avoid experimental constraints the new gauge boson associated to the BGL symmetry, Z 0 ,
should have a heavy mass of a few TeV. This is achieved through the inclusion of a complex scalar
√
SM singlet, S, charged under the new symmetry, that acquires a large vev |hSi| = vS / 2  v and
spontaneously breaks the extra gauge symmetry. Also note that the charge of the singlet, XS , should
be fixed in terms of the other scalar charges in order to avoid undesired Goldstone bosons (for more
details see Ref. [34]), I choose XS = 1/2 (XΦ1 − XΦ2 ) = −9/8. The Lagrangian for the new gauge
sector then reads
1 0 0 µν
2
µ
LZ 0 ' − Zµν
Z
+ Dµ S −V (S) − JZ 0 Zµ0 .
4

(3.7)

0 is the Z 0 field-strength tensor and the Z 0 current is denoted as J . Its fermionic piece
Here Zµν
Z0
takes the form
i
h
µ
eψ PR ψ j ,
eψ PL + Q
(3.8)
JZ 0 ⊃ g0 ψi γ µ Q
R,i j
L,i j
µ

eψ stands for the Z 0 charges (see Eq. (3.6)) rotated to the
where g0 is the Z 0 gauge coupling and Q
fermion physical eigenbasis


|Vtd |2 VtsVtd∗ VtbVtd∗

euL = Qq , Q
e`L = Q`L , Q
edL = − 5 1 + 9 
eψ = Qψ , Q
Q
(3.9)
Vtd Vts∗ |Vts |2 VtbVts∗  .
R
L
R
4
4
∗
∗
2
Vtd Vtb VtsVtb |Vtb |
Note that Z 0 -mediated flavor violations are only present in the left-handed down-quark sector.

4. Phenomenological constraints and model predictions
In this section I will only highlight the main constraints and predictions concerning Z 0 observables and refer the reader to Ref. [34] for an extended discussion on the phenomenology of the
model. Since all BGL charges are fixed, Z 0 observables are completely determined in terms of just
two free parameters, the Z 0 mass and gauge coupling.
Constraints on the Z 0 from low energy observables are only sensitive to the combination of
parameters MZ 0 /g0 . Bounds from Bs -mixing give the limit MZ 0 /g0 & 16 TeV at 95% CL and we
5
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gauge bosons is suppressed for large tan β . For simplicity, I work in this limit and neglect mixing
effects for the rest of the talk, leaving a more general analysis of the model for future work. Finally,
without loss of generality, I choose a charge normalization by setting XdR = 1, with no physical
implications. With these choices the U(1)BGL charges read


7 7
d
u
QR = 1 ,
QR = diag − , − , 1 ,
2 2




5 5
9 21
QqL = diag − , − , 1 ,
Q`L = diag
, , −3 ,
(3.6)
4 4
4 4




9 15
9
e
Φ
QR = diag
, , −3 ,
Q = diag − , 0 .
2 2
4
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NPµ

C9NPe /C9

NPe /C
C10
9

NPµ

C9NPτ /C9

NPµ

NPτ /C
C10
9

µ

κ9

(1,2,3)

3/17

9/17

3/17

−8/17

0

−1.235

(1,3,2)

0

−9/8

−3/8

−17/8

−3/8

0.581

(2,1,3)

1/3

17/9

1/3

−8/9

0

−0.654

(2,3,1)

0

−17/8

−3/8

−9/8

−3/8

0.581

(3,1,2)

1/3

−8/9

0

17/9

1/3

−0.654

(3,2,1)

3/17

−8/17

0

9/17

3/17

−1.235

find that other low-energy constraints such as those from neutrino trident production, atomic parity
violation, electric dipole moments or anomalous magnetic moments are always weaker than the
one from Bs -mixing. Also interesting are the LHC bounds on direct searches for a Z 0 decaying
into a pair of leptons, since they allow to disentangle the two free parameters. Using the model
independent analysis provided by the CMS collaboration [35, 36] we find the exclusion limit in the
mass of the Z 0 , MZ 0 & 3 − 4 TeV, depending on the model implementation. Additionally, requiring
the gauge couplings to remain perturbative we obtain an upper limit on the the value of g0 . The
model develops a Landau pole at the see-saw scale, ΛLP & 1014 GeV, for g0 . 0.14 while if we push
the Landau pole to the Planck scale, ΛLP & 1019 GeV, we find the limit g0 . 0.12.
I now turn to the b → s`+ `− anomalies, the effective Hamiltonian for these transitions reads


GF α
Heff = − √ VtbVts∗ ∑ Ci` Oi` +Ci0` Oi0` ,
(4.1)
2π
i
with



`γ µ ` ,
O90` = sγµ PR b `γ µ ` ,




`
0`
O10
= sγµ PL b `γ µ γ5 ` , O10
= sγµ PR b `γ µ γ5 ` .
O9` = sγµ PL b



(4.2)

SM ' 4.2 ∀ `, with negligible contributions to
The SM contribution to these operators is C9SM ' −C10
0`
the primed operators. Since right-handed quark currents are flavor conserving in our model, O9,10
`
also receive negligible contributions from the Z 0 . Its contribution to O9,10
is given by


  g0 v 2
π
d
e
e
e
e
e
'−
Q
Q + QR,``
,
αVts∗Vtb L,sb L,``
MZ 0

  g0 v 2
π
e
e
NP`
d
e
e
e
C10 '
Q
Q − QR,``
,
αVts∗Vtb L,sb L,``
MZ 0
C9NP`

(4.3)

where Ci` ≡ CiSM + CiNP` . The correlations among the different contributions is shown in Table 1
NPµ
where I also provide the value of C9
as a function of g0 /MZ 0 , which is given in terms of the
following normalization
 0 2
 0 2
gv
g
NPµ
µ
µ
4
2
= κ9 × 605 TeV
.
(4.4)
C9 ≡ κ9 × 10
MZ 0
MZ 0
6
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` .
Table 1: Correlations among the NP contributions to the effective operators O9,10
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Model
(1,2,3)

NPµ

C9

(1σ )
–

NPµ

C9 (2σ )
[−2.92, −0.61]

(3,1,2) [−0.93, −0.43] [−1.16, −0.17]

Figure 1 & Table 2: In figure, model prediction for RK as a function of g0 /MZ 0 . This is shown together with
the SM prediction, the experimental measurement by LHCb at 1 σ and 2 σ and the bound from Bs -mixing. In
NPµ
table, bounds on C9
from RK for the implementations that are able to accommodate the anomaly.

These NP contributions to the effective Hamiltonian can be tested with global fits to the angular
distributions of the semileptonic b → s`+ `− transitions. Furthermore, the hadronic ratios
RM ≡

Br(B̄ → M̄µ + µ − ) SM
= 1 + O(m2µ /m2b ) ,
Br(B̄ → M̄e+ e− )

(4.5)

with M ∈ {K, K ∗ , Xs , K0 (1430), . . .} [37], provide a precise test on the universality of these transitions. In Figure 1 I show the model prediction for RK from the different implementations of
the model together with the recent experimental measurement of the ratio by the LHCb collaboration [1] and the bound from Bs -mixing. As we can see, only two of the implementations are able
to explain the anomaly at 1σ and a third one is able to accommodate it at 2σ . For these models,
NPµ
I show in Table 2 the bounds on C9 that are extracted from RK . The values obtained for this
operator are in good agreement with those favored by the global fits, as was also noticed in other Z 0
models [2–4,7,38]. Furthermore, as noted in Ref. [39] the absence of flavor violating NP couplings
to right-handed quarks, as it happens in this model, implies a strong condition on the ratios defined
in Eq. (4.5), RK = RK ∗ = RXs = . . . This provides an important test on the validity of the model and
shows the importance of further measurements of these ratios.
Finally, if a Z 0 is discovered in the next runs of LHC a useful test on its universality can be
found in the ratios
µf/f0 ≡

σ (pp → Z 0 → f f¯)
,
σ (pp → Z 0 → f 0 f¯0 )

(4.6)

that in our model take the following form
µb/t '

2 + X2
XbL
bR
,
2 + X2
XtL
tR

µ`/`0 '

7

2 + X2
X`L
`R
.
X`20 L + X`20 R

(4.7)
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(3,2,1) [−1.20, −0.53] [−1.54, −0.20]
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(1, 2, 3), (3, 1, 2) and (3, 2, 1). Exclusion limits from Z 0 searches at the LHC are shown in gray. The black
lines indicate bounds from perturbativity of g0 .

We find µb/t ' 1 while the ratios µ`/`0 are highly dependent on the model implementation, opening
the possibility to test this model and discriminate among the different implementations.

5. Summary
In this talk I presented a class of family non-universal Z 0 models based on an horizontal gauge
symmetry that completely determines the flavor structure of the model, characterized by the presence of tree-level FCNC in the down-quark sector controlled by the CKM matrix, with no flavor
violations in the up-quark sector. Anomaly cancellation conditions extend the symmetry to leptons
in a precise way, giving rise to flavor-conserving non-universal couplings in the charged-lepton
sector and six possible implementations. Moreover, cancellation of anomalies only allows for two
free charges which are fixed for phenomenological purposes, leaving only two relevant parameters in the heavy gauge boson sector, the Z 0 mass, MZ 0 , and its gauge coupling, g0 . This renders a
highly predictive NP scenario which is able to accommodate the b → s`+ `− anomalies in some of
its implementations.
Present data strongly constraints the parameter space of the model: bounds from Bs -mixing
imply MZ 0 /g0 ≥ 16 TeV (95% CL), direct searches at LHC exclude our Z 0 for a mass below 3 − 4
TeV and perturbativity of the gauge couplings give the upper limit, g0 . 0.14. These constraints
are shown together with the regions allowed by RK in Figure 2. The model also presents smokinggun signatures that will be tested in the recent future, such as the equality of all the hadronic
ratios defined in Eq. (4.5), i.e. RK = RK ∗ = RXs = . . . Moreover, if a Z 0 is discovered at LHC,
measurements of the ratios σ (pp → Z 0 → `i `¯i )/σ (pp → Z 0 → ` j `¯j ) would be insightful in order
to discriminate among the different model variations and from other NP implementations.
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Figure 2: Regions allowed at 1σ and 2σ by the RK measurement in the {MZ 0 , g0 } plane for the models
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